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Abstract Unraveling the evolution of supradetachment basins developed in the hanging wall of
low-angle detachment faults may be an invaluable tool in reconstructing the tectonic evolution of highly
extended terrains. These basins may record major regional tectonic events related to the exhumation of
metamorphic core complexes, and the reconstruction of their evolution helps to quantify the amount of
extension accommodated by such processes. Here we present stratigraphic and structural field evidence and
micropaleontological constraints to the Neogene-to-Quaternary evolution of the supradetachment Gediz
Graben that developed on top of the exhuming Central Menderes Massif (SW Turkey). This basin displays
three different structural styles during its evolution: (i) it initiated as a ramp basin following the
activation of the Gediz Detachment in the Middle Miocene, (ii) evolved as a half graben during the late
Miocene following the activation of high-angle brittle faults at its southern margin, and (iii) reached its final
symmetric graben configuration in Late Pliocene (?)-Quaternary times following the activation of its
northern margin. New micropaleontological data document a short-lived upper Tortonian marine episode in
the basin, and major along-strike variations in exhumation are documented on its southern margin. Our
reconstruction shows how sedimentary basins originally formed in the hanging wall of detachment faults
may eventually end up in tectonic contact with the mylonitic footwall. Finally, we highlight the
importance of magmatism in localizing the deformation in highly extended terrains and in controlling the
evolution of supradetachment systems.

1. Introduction

Supradetachment basins are subsiding regions developed in the hanging wall of highly extended terranes
(metamorphic core complexes) exhumed in the footwall of low-angle ductile-to-brittle shear zones, also
referred to as detachment faults (e.g., Crittenden et al., 1980; Davis et al., 2004; Lister et al., 1984;
Wernicke, 1985; Whitney et al., 2013). After early attempts to define a general model for the formation of
supradetachment basins (Friedmann & Burbank, 1995), several other examples have been studied and char-
acterized all over the world: in the Basin and Range province of the western USA (e.g., Davis & Friedmann,
2005; Fillmore & Walker, 1996; Janecke et al., 1999; Snyder & Hodges, 2000), in the British Columbia (e.g.,
McClaughry & Gaylord, 2005), in the Aegean region (e.g., Van Hinsbergen & Meulenkamp, 2006;
Zachariasse et al.,, 2011; Bargnesi et al., 2013), in the Norwegian Caledonides (e.g., Osmundsen &
Andersen, 2001; Séranne & Séguret, 1987; Vetti & Fossen, 2012), and in Chinese Inner Mongolia (e.g.,
Ritts et al., 2010; Wang et al., 2004). These studies have documented that the spatiotemporal tectonosedi-
mentary evolution is linked to the activity of the detachment faults, as attested by the source-to-sink relation-
ships between the exhumed footwall of the detachment and the basin fill and by concordant ages between
cooling/exhumation of the footwall and sedimentation in the basin (e.g., Asti et al., 2018; Bargnesi et al.,
2013; Fillmore et al., 1994; Friedmann & Burbank, 1995; Fillmore & Walker, 1996; Oner & Dilek, 2011;
van Hinsbergen & Meulenkamp, 2006; Vetti & Fossen, 2012). In general, two main types of supradetach-
ment basins may form in the hanging wall of detachment faults (e.g., Fillmore et al., 1994; Vetti & Fossen,
2012): (i) basins forming as half-grabens at the breakaway of the detachment, with sediments in tectonic
contact with mylonitic rocks of the detachment (breakaway basins, hereafter), and (ii) basins forming on
the hanging wall of the detachment, far away from the breakaway, developing as sag basins reflecting the
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flat-ramp geometry of the detachment at depth, with sediments unconformably overlying their basement,
also referred to as ramp basins. This second category may also evolve in half- and/or full-grabens after the
breakup in the hanging wall of the detachment by brittle normal faulting (Fillmore, 1993). Unraveling the
evolution of supradetachment basins may then represent a key tool in understanding the evolution of highly
extended terrains, yielding important insights into the amount and rates of extension and exhumation.

Western Turkey is located at the eastern termination of the Aegean Extensional Province and is one of the
best examples of active continental extension. Between the latest Paleogene and the Neogene, N-S extension
led to extreme crustal attenuation, magmatism, and exhumation of the Menderes metamorphic core com-
plex (MMCC, e.g., Hetzel et al., 1995; Gessner et al., 2013, 2001; Ring et al., 2003; Ring & Collins, 2005;
Thomson & Ring, 2006; Rossetti et al., 2017). Exhumation of the MMCC was accompanied by the formation
of a series of Neogene-Quaternary supradetachment basins, oriented both parallel and perpendicular to the
N-S trending ductile-to-brittle stretching direction (e.g., Ersoy et al., 2011; Sengor, 1987, and references
therein). Among these basins, the Gediz Graben developed in the hanging wall of the ductile-to-brittle north
dipping Gediz Detachment (e.g., Cohen et al., 1995; Emre, 1996; Kogyigit et al., 1999; Seyitoglu et al., 2002;
Purvis & Robertson, 2005a; Ciftci & Bozkurt, 2009a; Oner & Dilek, 2011) and displays all of the characteris-
tics that are typical of a supradetachment basin. Although many studies have addressed the tectonosedimen-
tary evolution of this basin, there are still some major issues to be solved. In particular, the sedimentary
history of the graben has very poor age constraints and its structural evolution is also debated. General agree-
ment exists in the recognition of two distinct deformation styles related to the Neogene extensional phase: an
earlier one involving low-angle ductile-to-brittle detachment faulting and a later one involving high-angle
brittle faulting (e.g., Bozkurt & Oberhinsli, 2001, and references therein). The relationship between these
two different styles of deformation is still debated, and general agreement is also lacking regarding whether
the two extensional phases were continuous (e.g., Glodny & Hetzel, 2007; Seyitoglu et al., 2000) or separated
in time (possibly with a compressional phase in between; e.g., Kogyigit et al., 1999; Yilmaz et al., 2000; Purvis
& Robertson, 2004, 2005a; Ciftci & Bozkurt, 2009a; Oner & Dilek, 2011). Moreover, recent detrital apatite
fission track studies showed that the exhumation pattern along the southern margin of the basin, where
the Gediz Detachment is locally exposed, is not homogeneous (Asti et al., 2018), suggesting possible feed-
backs between magma emplacement in the crust and the subsidence/erosion history of the Gediz Graben.

In this study, we use the Gediz Graben as a case study to show how the geometric and tectonic relationships
proposed to be diagnostic for the different kinds of supradetachment basins may occur together in a single
basin. Based on structural and stratigraphic field evidence and on new paleontological constraints from
the Neogene-to-Quaternary sedimentary basin fill, we propose an original tectonostratigraphic evolutionary
model. This model aims to explain the development of the Gediz Graben as a ramp basin in the hanging
wall of the active Gediz Detachment, which was subsequently affected by brittle faulting and where synex-
tensional deposits were eventually juxtaposed with the exhumed mylonitic rocks of the detachment.
Implications of these results are discussed at the regional scale, highlighting the importance of magmatism
in localizing the deformation in highly extended terrains and in controlling the evolution of supradetach-
ment systems, in general.

2. Geological Setting

The Menderes Massif of Western Turkey (Figure 1) is an outstanding example of metamorphic core complex
exhumed during the Cenozoic (Sengér & Yilmaz, 1981; Sengor et al., 1984; Bozkurt & Park, 1994; Gessner
et al., 2001; Isik & Tekeli, 2001; Ring et al., 2003; Seyitoglu et al., 2004; Van Hinsbergen et al., 2010;
Rossetti et al., 2017). It is exposed along the southwestern Anatolian portion of the Mediterranean-Alpine
belt, which underwent Cenozoic orogenic contraction followed by postorogenic extension, both related to
the dynamics and evolution of the Aegean subduction (e.g., Jolivet & Brun, 2010; Sengdr, 1987; Sengor
et al., 1984). This portion of the chain is built up of continental fragments of African affinity accreted along
the southern margin of Laurasia and separated by major suture zones (Sengor et al., 1984). The Menderes
Massif is located in the southernmost of these continental blocks, namely, the Tauride-Anatolide
Platform, and is separated from the Sakarya zone to the North by the Izmir-Ankara Suture Zone (Sengor
& Yilmaz, 1981). The MMCC has recorded a complex and polyphase Pan-African, Variscan, and Alpine
tectonometamorphic history (e.g., Catlos & Cemen, 2005; Hetzel & Reischmann, 1996; Lips et al., 2001;
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Figure 1. Schematic tectonic map of SW Turkey. The black line delimitates the Menderes Massif. The red box represents
the location of the study area in Figure 2. The inset shows the main structures bounding the Anatolian plate (red lines)
and the main metamorphic core complexes in the Aegean region (blue lines). Abbreviations: ASZ, Aegean Subduction
Zone; CA, Cyprian Arc; CrM, Crete Massif; CyM, Cycladic Massif; DSF, Dead Sea Fault; EAF, East Anatolian Fault;
KM, Kazdag Massif; MM, Menderes Massif; NAF, North Anatolian Fault; RM, Rhodope Massif.

Oberhinsli et al., 2010; Ring et al., 1999; Ring & Collins, 2005, and references therein) and has undergone
extension and exhumation since the latest Oligocene (e.g., Gessner et al., 2001; Ring et al., 2003; Thomson
& Ring, 2006).

The earliest evidence of N-S extension in the Aegean region is recorded in the Rhodope massif in the Eocene
(Brun & Sokoutis, 2007; Burg, 2011; Dinter, 1998). N-S extension propagated later to the Central Aegean
(Cyclades) and to the Menderes Massif during Oligo-Miocene times (see review in Jolivet and Brun, 2010).
Total N-S extension is larger in the Aegean (~350 km; Gautier et al., 1999) than in the Menderes Massif
(~150 km; van Hinsbergen, 2011). The overall Cenozoic extension in the Aegean region is related to the
southward retreat of the Hellenic slab (Jolivet et al., 2012; Jolivet & Brun, 2010; Jolivet & Faccenna, 2000).

During the Neogene-to-Present extensional phase, three E-W trending syntectonic sedimentary basins
developed in relation to faults that dissected the Menderes Massif into three submassifs (Figure 1). Apatite
fission track data show distinct cooling ages for those three submassifs; the northern and the southern sub-
massifs show ages ranging between the latest Oligocene and the middle Miocene (Gessner et al., 2013, 2001;
Ring et al., 2003; Thomson & Ring, 2006), whereas the central submassif shows ages mostly spanning
between the late Miocene and the early Pleistocene (even if some early-middle Miocene cooling ages are pre-
served in its central part; Asti et al., 2018; Buscher et al., 2013; Gessner et al., 2001; Ring et al., 2003). These
younger ages are limited to the footwall of the two major structures bounding the central submassif, namely,
the Gediz Detachment to the nortN (also named Kuzey, Alasehir, or Karadut Detachment) and the Biiyiik
Menderes Detachment to the south (also named Giiney or Basgayir Detachment; Figure 1). Two granodiori-
tic bodies intruded the northern margin of the central submassif in the Burdigalian, namely, the Salihli and
Turgutlu granodiorites, and are presently outcropping in the footwall of the ductile-to-brittle Gediz
Detachment (Catlos et al., 2010, 2011; Glodny & Hetzel, 2007; Hetzel, Ring, et al., 1995; Rossetti et al.,
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2017). This magmatic event is thought to have triggered extensional detachment tectonics in this sector of
the Menderes Massif at ~14.6 Ma (Rossetti et al., 2017).

Two categories of models have been proposed for the Oligo-Miocene exhumation of the Menderes Massif: (i)
models arguing for symmetric bivergent exhumation through a southern and a northern detachment system
(e.g., Bozkurt & Park, 1994; Gessner et al., 2001; Hetzel et al., 1995; Ring et al., 2003) or (ii) models arguing
for asymmetric exhumation via the north verging Simav Detachment system to the north (Figure 1; e.g.,
Gessner et al., 2013; Seyitoglu et al., 2004). However, both categories of models consider that the central
submassif was further symmetrically exhumed between the Serravallian and the early Pleistocene.

The formation of the Neogene-to-Quaternary Gediz Graben at the northern margin of the central submassif
is related to the activity of the Gediz Detachment and of the other major normal faults bounding the
southern and northern margin of the Central Menderes Massif (e.g., Asti et al., 2018; Ciftci & Bozkurt,
2009a; Cohen et al., 1995; Emre, 1996; Kogyigit et al., 1999; Oner & Dilek, 2011; Purvis & Robertson,
2005a; Rossetti et al., 2017; Seyitoglu et al., 2002). Detrital apatite fission track data show that the southern
margin of the Gediz Graben experienced two major exhumation events, one involving the whole margin
during late Miocene and one involving only its western part (Salihli area) during Plio-Quaternary times, thus
generating a differential uplift of this sector (Asti et al., 2018). This differential exhumation is consistent with
the differential evolution of slip rates on faults bounding the southern margin of the modern graben in
response to fault segments interaction and linkage (Kent et al., 2016, 2017).

Firm age constraints for the onset of sedimentation and for the main sedimentary events are lacking. The age
of the older sequence has been inferred to be early to middle Miocene based on palynological data (e.g.,
Ediger et al., 1996; Seyitoglu & Scott, 1992). More recently, well log (Cift¢ci & Bozkurt, 2009a) and detrital
apatite fission track data (Asti et al., 2018) showed that the basin is likely not older than the middle
Miocene. Ciftci and Bozkurt (2009a) suggested that the basin developed as a half-graben with an active
southern margin during the Miocene and changed its geometry due to the post-Miocene activation of its
northern margin. Moreover, Ciftci and Bozkurt (2010) proposed that the basin did not develop as a single
trough since its early phases, but rather as a composite basin, formed by two/three subbasins that evolved
independently and eventually linked in post-Miocene times.

3. Materials and Methods
3.1. Field Data Collection

We carried out field mapping at a 1:25.000 scale along the southern margin of the Gediz Graben, between
Salihli (to the west) and Alasehir (to the east; Figure 2). We constructed stratigraphic logs and collected
structural measurements to define the tectonostratigraphic evolution of the basin.

In this study, for the subdivision of the lithostratigraphic units of the Gediz Graben we use the nomenclature
proposed by Ciftci and Bozkurt (2009a) based on an early stratigraphic scheme (i.e., Iztan & Yazman, 1991),
to avoid complications due the introduction of different stratigraphic names in later studies (i.e., Ciftci &
Bozkurt, 2009a; Cohen et al., 1995; Iztan & Yazman, 1991; Kocyigit et al., 1999; Oner & Dilek, 2011;
Purvis & Robertson, 2005a; Sarica, 2000; Seyitoglu et al., 2002; Yilmaz et al., 2000). According to this subdi-
vision, four lithostratigraphic formations (Fm) crop out at the southern margin of the basin. They are (from
bottom to top) the conformable Alasehir Fm, Caltilik Fm, and Gediz Fm, and the unconformably overlying
Kaletepe Fm (Figure 3).

Measurements of foliation and stretching lineation were collected in the Gediz Detachment shear zone, in
the weakly deformed part of the Salihli granodiorite and in the Menderes metamorphic basement.
Measurements of fault surfaces and associated slickenlines were collected on low-angle normal faults in
the Alasehir area and in high-angle normal faults affecting the bedrock and the Neogene sedimentary units.
In section 4, we first present the stratigraphic results and then the results of structural analysis.

3.2. Sampling Strategy and Samples Preparation for Micropaleontological Analyses

In order to obtain chronostratigraphic constraints for the evolution of the Gediz Graben sedimentary fill,
about 30 samples in the whole stratigraphic succession were collected for micropaleontological analysis,
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from the fine-grained levels (shales and silts) of the whole stratigraphic succession and from a limestone at
the base of the Caltilik Fm.

The poorly or noncemented fine-grained samples were washed and disaggregated in an hydrogen peroxide
solution (5%y,1) and then sieved under running water through 500-, 125-, and 63-um mesh sieves. The result-
ing sediment fractions were dried at 50 °C and then analyzed under a stereomicroscope.

Limestone from the Caltilik Fm was analyzed in thin section to first assess the potential fossil content; then
the samples with positive results were selected for disaggregation. These rocks are very cohesive, so a disag-
gregation technique that is comparable with natural weathering that makes use of sodium thiosulfate
pentahydrate (Na,S,03-5H,0, commonly and improperly called sodium hyposulphite) was used, as
described in Tinn and Meidla (1999, and references therein). This salt melts at 48 °C and crystallizes pretty
easily below this temperature, if seed crystals are present.

About 300-400 g of limestone for each sample were mechanically crushed into 1-2-cm size pieces; a compar-
able amount, in terms of volume, of thiosulfate was added; then the compound was heated on a stove to melt
the salt and finally was cooled for few hours at room temperature to let the salt crystallize again. The cycle
was repeated about 30 times for each sample in order to obtain a suitable amount of fine crushed material.
After this treatment, the samples were drowned in Rewoquate® WE15 and then sieved under running water
through 2-cm, 500-, 125-, and 63-um mesh sieves. The resulting sediment fractions were dried at 50 °C, and
the fractions between 500 and 125 um were analyzed under a stereomicroscope.

4. Basin Stratigraphy

In the following, we will present our results from the lower to the upper stratigraphic units and illustrate the
differences between the western (Salihli area) and eastern (Alasehir area) sectors of the study area (Figures 2
and 3). The proposed thicknesses for the formations described below are likely biased by the large number of
synsedimentary and postsedimentary minor faults that affected the sedimentary sequence (see section 6.3).

4.1. Alasehir Formation

The Alagehir Fm is the lowermost Neogene lithostratigraphic formation cropping out at the southern mar-
gin of the Gediz Graben and represents the first and oldest sedimentary unit of the basin. This formation
crops out only in the eastern part of the study area and particularly in proximity of the town of Alasehir.
According to Ciftci and Bozkurt (2009a), it is composed of two interfingering members (Mbr), the coarser
Evrenli Mbr and the finer Zeytingayi Mbr.

In the study area, the Evrenli Mbr is exposed in the area around the Evrenli village (to the south of the town
of Alagehir; Figure 2), showing a fining-upward trend. The lower part consists of well-cemented, unsorted,
and reddish matrix-supported conglomerates (Figure 4a and supporting information Figure S1a), with angu-
lar to subrounded clasts, from millimeter to meter sized, lying within a sandy matrix. The upper part of this
member mainly consists of bedded sandstones, pebbly sandstones, and minor siltstones (Figure 4b and
supporting information Figure S1d) with parallel and convolute laminations, locally associated with fluid-
expulsion structures. Pebbles derive from metamorphic rocks, mostly gneiss, schist, quartzite, and marble.
This member seems to display an overall fining upward trend.

The finer Zeytincayi Mbr is exposed extensively to the north and to the south of Osmaniye village, to the SW
of the town of Alagehir. This member is mainly represented by alternations of well-bedded, grayish-to-
yellowish, finely laminated clayey siltstones (Figure 4b and supporting information Figure S1b), organic-
rich shales, and silty sandstones. In the finer-grained layers, vegetal fragments and oxide nodules
(Figure 4b and supporting information Figure Slc) are quite frequent. The coarser sandy layers generally
show an internal normal grading.

The upper limit of the Alagehir Fm is always marked by alternating yellowish stratified cross-bedded sand-
stones and pebbly sandstones, with pebbles ranging from cm to dm in size (Figure 4c and supporting
information Figure S2a). Occasionally and only in this upper portion, pebble imbrication in the coarser com-
ponent is detectable, possibly pointing to a mean NE paleocurrent direction.

The thickness of the Alagehir Fm is hard to estimate due to internal syndepositional and postdepositional
faulting (supporting information Figure Sle), but its maximum thickness in outcrop should not exceed
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Figure 4. Outcrop pictures showing some characteristic features of the Neogene-to-Quaternary basin fill. (a) Well-
cemented conglomerate in the Evrenli Mbr of the Alagehir Fm (note that all the clasts are derived from metamorphic
lithologies). (b) Laminated silts of the Zeytincayi Mbr of the Alagehir Fm (oxide nodules indicated by black arrows).

(c) Stratigraphic limit between stratified sandstones and conglomerates of the Alasehir Fm (below) and the irregularly
stratified limestone at the base of the Caltilik Fm (above); the red circle shows the location of sample 10a characterized by
an upper Tortonian shallow marine faunal assemblage (Section10, between Sogukyurt and Kara Kirse villages; see text for
further explanations). (d) Conglomerate and sandstone layers of the lower part of the Caltilik Fm outcropping in the
eastern part of the study area (Alasehir area). (e) Sandstone layers in the upper part of the Caltilik Fm (Salihli area).

(f) Finer-grained (sandstones and minor conglomerates) lower part of the Gediz Fm. (g) Coarser-grained (conglomerates
and minor sandstones) in the upper part of the Gediz Fm. (h) Stratigraphic erosional contact between the Gediz Fm
(below) and the Kaletepe Fm (above). See supporting information Figures S1 to S5 for more details on the characteristic
features of the stratigraphic formations in outcrop.
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200 m. This unit does not show evidence of growth or thickening toward the S and therefore its deposition
was not controlled by fault activity at the southern margin of the basin. Its thickness can be more than
1,000 m in the central part of the basin (see Ciftci & Bozkurt, 2009a; Ciftci & Bozkurt, 2010).

4.2. Caltilik Formation

The Caltilik Fm conformably overlies the Alasehir Fm and is exposed extensively all along the southern mar-
gin of the study area, with major differences between the Salihli and the Alasehir areas. The base of this for-
mation crops out only in the Alasehir area, particularly near Sogukyurt, Osmaniye, and Caltilik villages
(Figure 2). It consists of an irregularly bedded, decametric thick, grayish-to-yellowish limestone interval
(Figure 4c and supporting information Figure S2). The limestone sequence consists of regularly (supporting
information Figure S2b) to irregularly bedded ( supporting information Figure S2c) wakestones and minor
packstones, rich in extraclasts and bioclastic fragments and minor well-preserved bioclasts, such as forami-
nifer and ostracod shells. To the top, the limestones gradually pass to continental red sandstone layers,
with alternations of decimetric calcareous layers and metric red arenaceous layers with calcareous cement
(supporting information Figure S2d). The total thickness of this limestone interval does not exceed a few tens
of meters.

In the Alasehir area, above the limestone interval, this formation includes mainly sandy red layers with
muddy matrix and minor gravelly intervals, with sedimentary structures such as horizontal lamination
and low-angle cross lamination. These layers are generally poorly sorted and polymictic, with pebbles
derived from the metamorphic lithologies of the Menderes Massif. In this sector, this formation shows a
coarsening upward trend, from mainly arenaceous deposits to mainly matrix-supported conglomeratic red
layers with a sandy/silty matrix (Figure 4d and supporting information Figures S3a and S3b). In the upper
part, exposed extensively on the eastern flank of the Derekdy valley, clasts are rounded to subangular,
ranging from gravel to boulders in size and are still derived exclusively from metamorphic lithologies.
Clast imbrication suggests a NNE directed transport. In this area, the total thickness of the Caltilik Fm likely
exceeds 400 m.

In the Salihli area the red clastic deposits of the Caltilik Fm tectonically overlie the surface of the Gediz
Detachment, but the calcareous layer at the base of this formation is not present in outcrop; in contrast to
what is observed in the Alasehir area, here these deposits show a fining upward trend. The lower and coarser
member is well exposed to the S of the Acidere village (Figure 2), in the footwall of the MF1 fault (see
section 6.3), and consists of poorly sorted, mainly conglomeratic, matrix supported, red layers with minor
silty/sandy layers (supporting information Figures S3c and S3d); the clasts, always derived from the
Menderes metamorphic basement, are angular or subangular, with centimetric to decimetric size. The upper
part of the formation is characterized by a marked decrease in the mean grain size and is represented by
mainly arenaceous red layers, sometimes with gravel intercalations, and minor siltstone/mudstone layers
(Figure 4e and supporting information Figures S3e and S3f); cross laminations are characteristic of arenac-
eous layers, while fine-grained layers might preserve parallel laminations. In places, clast imbrication
suggests a NNE sediment transport direction. In this area, the exposed section of the Caltilik Fm reaches
a maximum value of about 800 m.

Due to the lack of suitable marker horizons such as volcanic layers or biochronologically constrained levels,
no straightforward correlations could be made between portions of the Caltilik Fm preserved in the eastern
and western sectors of the study area. We suggest, dubitatively, that the stratigraphically higher and coarser
deposits outcropping in the eastern sector might be correlated with the lower and coarser part outcropping
in the western sector (see Figure 3). If this interpretation is correct, this would mean that the older portion of
the Caltilik Fm is mainly exposed in the Alasehir area, whereas the Salihli area only includes the upper part
of the formation.

4.3. Gediz Formation

The transition to the overlying Gediz Fm is seldom visible in outcrop. It is not sharp but is rather represented
by a gradual change in color in the upper part of the Caltilik Fm, which gradually passes from light red to
grayish/yellowish moving upsection. This relationship between the two formations is clearly visible when
approaching Yagmurlar village, moving from north to south (Figure 2). In general, the Gediz Fm shows
an overall coarsening upward trend. The lower part is more fine grained and mainly represented by
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yellowish/brownish, cross-bedded, sandy, and silty layers with gravel intercalations (Figure 4f and
supporting information Figures S4a-S4c); pebbles are generally well sorted, centimeter to decimeter in size,
rounded to subrounded and exclusively derived from metamorphic lithologies of the Menderes Massif. In
the lowermost part of this formation, decimeter-thick layers of organic-rich dark shale with gypsum crystals
and ostracod and gastropod fragments are also present (well exposed to the south of the town of Salihli;
supporting information Figures S4c and S4d). The upper part of this formation is dominated by
yellowish/brownish matrix supported conglomerates, intercalated with minor sandy and silty layers
(Figure 4g and supporting information Figures S4e and S4f). Clasts are subrounded to subangular and still
derived exclusively from the metamorphic basement; imbrication of the clasts shows a variable transport
direction, ranging between NE and NW. No major differences in the Gediz Fm were observed between
the western and the eastern sector of the study area. The thickness of this formation likely exceeds 400 m.

The lithological differences between the Caltilik Fm and the Gediz Fm, with the notable exception of the
basal limestone, are not striking. Both formations were deposited in a continental alluvial environment
(Ciftci & Bozkurt, 2009a; Oner & Dilek, 2011; this study). In the field, they can be distinguished as the older
one shows a distinctive reddish color, while the younger one shows a yellowish/brownish/grayish color. This
difference is due to syndiagenetic oxygenated groundwater circulation (e.g., Miicke, 1994; Van Houten,
1973; Walker, 1967) particularly intense in the older deposits. This process is, however, not expected to affect
the whole basin uniformly, and the transition between the two units is indeed a gradual transition.
Therefore, the boundary between these two formations may be time transgressive.

4.4. Kaletepe Formation

The Kaletepe Fm is the highest and youngest formation predating the modern Gediz Graben sedimentary
fill. It outcrops to the south of the Yesilkavak and Koseali villages (Figure 2), right at the footwall of the
active fault presently bounding the alluvial plain (MF2 fault; see section 6.3) and unconformably overlies
the older formations (Figure 4h and supporting information Figure S5a). The Kaletepe Fm is represented
by brownish, mainly conglomeratic, poorly bedded deposits with a silty matrix. In this formation the
subrounded to subangular clasts are derived not only from the Menderes metamorphic bedrock but
also from the underlying Caltilik Fm and Gediz Fm and from the Gediz Detachment (supporting
information Figures S5b—S5d). This suggests that at the time of deposition of the Kaletepe Fm, the rocks
of the older basin fill were already exhumed and being eroded.

‘We observed only a small portion of the Kaletepe Fm in outcrop, which is less than 100 m thick. Previous
studies (e.g., Cift¢i & Bozkurt, 2009a; Oner & Dilek, 2011) suggest that this formation may be thicker (up
to ~500 m).

5. Micropaleontological Analyses

Among the 18 shale and silt samples collected in the Alasehir Fm, Caltilik Fm, Gediz Fm, and Kaletepe Fm,
only sample GED_SAL, from the lower Gediz Fm, yielded some fossil remains, while all the others were
barren. Sample GED_SAL was collected in the lower part of the Gediz Fm, right to the south of the town
of Salihli (N 38°28’15.5”, E 028°08’29.0”), in an ~30-cm-thick layer of dark shale with abundant organic
matter, vegetal remains, shell fragments, and gypsum crystals embedded in the matrix (supporting
information Figures S4c and S4d). The outcrop is cut by a number of small-offset conjugate normal faults
(supporting information Figure S4c). The stratigraphic level of this layer should be close to the one reported
by Emre (1996) as bearing Dacian (Mio-Pliocene boundary) continental gastropods near the village of
Yagmurlar (~20 km to the SE). In sample GED_SAL, some ostracod shells, entire or in fragments, and some
gastropod fragments have been found. Unfortunately, all the well-preserved ostracod shells represent only
young specimens related to the genus Candona, only confirming the continental depositional setting.

We sampled the limestone at the base of the Caltilik Fm between the villages of Sogukyurt and Kara Kirse
(Section10; Figure 4c and supporting information Figure S2a), where the limit with the lower Alasehir Fm is
exposed, and many other outcrops along the eastern sector of the study area. After thin section analysis
(supporting information Figure S7), three samples from Section10 were disaggregated by sodium thiosulfate
pentahydrate, but only one of them (sample 10a) yielded a small, but significant, number of ostracods and
planktonic foraminifera (Figure 5).
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Figure 5. SEM photographs of foraminifera and ostracods retrieved from sample 10a (Section10, Caltilik Fm, between Sogukyurt and Kara Kirse villages: N 38°21’
01,4”; E 28°24'33,3”) and the relative biostratigraphic scheme. (a) Globigerina bulloides d'Orbigny, ventral view; (b and c) Globigerinoides extremus Bolli and
Bermudez, ventral view; (d) Globigerinoides quadrilobatus (d'Orbigny), ventral view; (e) Orbulina universa d'Orbigny, ventral view; (f) Pseudopsammocythere
kollmanni Carbonnel, right valve, external view; (g) internal mold of ostracod, dubitatively related to the genus Cyprideis. (h) Mediterranean biostratigraphic
scheme for the late Miocene with the distribution of biostratigraphically useful species recovered in sample 10a. The light gray horizontal band show the proposed
age interval for sample 10a (i.e., overlapping period for the distribution of G. extremus and P. kollmanni). Mediterranean planktic foraminifera biostratigraphy from
Taccarino et al. (2007). NDZ = nondistinctive zone.

In sample 10a, six different species of surprisingly well-preserved marine planktonic Foraminifera have been
recognized: Globigerina bulloides d'Orbigny (Figure 5a), Globigerinoides extremus Bolli and Bermudez
(Figures 5b and 5c), Globigerinoides quadrilobatus (d'Orbigny; Figure 5d), Orbulina universa d'Orbigny
(Figure 5e), Globigerinoides obliquus Bolli, and Globoturborotalia druryi (Akers). In addition, we found a
few ostracod remains also including a single right valve with preserved shell identified as
Pseudopsammocythere kollmanni Carbonnel (Figure 5f) and few internal molds of other undetermined
ostracod species, dubitatively related to the genus Cyprideis (Figure 5g).

Among all these species, only G. extremus and P. kollmanni are biostratigraphically useful, with the latter
also providing information on the possible bathymetry of the depositional setting of the limestone at the base
of the Caltilik Fm. G. extremus is distributed from the uppermost Tortonian (base of the MMi 12a biozone) to
the lowermost Pleistocene (top of the MPI 5a biozone; Iaccarino et al., 2007). In general, P. kollmanni is dis-
tributed from the upper Langhian to the Tortonian in marine shelf deposits, from circalittoral to external
infralittoral environments (see Appendix A for details). The coexistence of G. extremus and P. kollmanni
in the faunal assemblage points to a possible upper Tortonian age (MMi 12 biozone, i.e. 8.35-7.246 Ma)
for the limestone at the base of the Caltilik Fm (Figure 5h), possibly in a 50-150-m deep marine
shelf environment.

6. Structural Analysis

Major differences exist in the structural pattern of the southern margin of the basin between the western
(Salihli area) and eastern (Alasehir area) sector of the study area, especially for what concerns the southern-
most structures (Figures 2 and 6h).

6.1. Structure of the Basin Margin in the Salihli Area: The Gediz Detachment

The Salihli area is morphologically dominated by the N-to-NE gently dipping Gediz Detachment Fault,
which represents the southern margin of the basin in this sector (Figures 2 and 6a). This structure has been
extensively described (e.g., Cemen et al., 2005; Hetzel, Ring, et al., 1995; Isik et al., 2003; Rossetti et al., 2017;
Sarikaya, 2004; Seyitoglu et al., 2000, 2015).
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Figure 6. Outcrop pictures showing some characteristic features of the Gediz Detachment and of the Salihli granodiorite.
(a) Landscape view of the gently NE dipping Gediz Detachment surface (to the left) with Neogene sediments at the
hanging wall (to the right) tilted toward the SW. (b) Outcrop view of the structurally uppermost ultracataclastic layer.
(c) Detail of the ultracataclastic layer with macroscopic quartz fragments. (d) Large quartz porphyroclasts and C’
planes cutting the mylonitic foliation in the upper ductile layer. (e) C’ planes cutting the mylonitic foliation in the upper
ductile layer. (f) Chlorite Breccia; note diffused fracturing and green color of the rock due to pervasive chloritization.
(g) Gneissic fabric of the Salihli granodiorite in the lowermost layer of the Gediz Detachment. (h) Landscape view of the
southern margin of the Gediz Graben; on the right (west) the NE dipping Gediz Detachment and its footwall (with

the Bozdag peaks), on the left (east) the Menderes metamorphic bedrock in the hanging wall of the detachment. The
dashed white line corresponds to the Derekdy valley, which marks the limit between the Alasehir area (to the east) and
the Salihli area (to the west).
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The dip of the detachment surface is gentle, between 10° and 30° (green box in Figure 7). The stretching
lineation, as provided by quartz-biotite aggregates in the shear zone of the detachment, trends mainly
NNE, varying generally between N20° and N40°, with a sense of shear always top-to-the-NNE. An exception
is represented by the easternmost outcrop area of the detachment surface (western side of the Derekdy
valley), where the foliation plunges to the east and the direction of the stretching lineation turns abruptly
to the east, with a mean direction around N90° (Figure 7, station 15). The mylonitic foliation and the detach-
ment surface itself dip on average to the NNE, but it is folded by gentle antiformal and synformal folds with
axes that are parallel to the stretching direction on an overall convex-up detachment surface, thus defining a
corrugated turtleback structure (Cemen et al., 2005; Seyitoglu et al., 2015).

High-angle normal faults in the hanging wall, cutting the Neogene-to-Quaternary basin fill, root into the
detachment surface. This observation is consistent with seismic reflection profiles showing high-angle nor-
mal faults rooting on the Gediz Detachment at depth in the Alasehir area (Ciftci & Bozkurt, 2008, 2010;
Demircioglu et al., 2010; Yilmaz & Gelisli, 2003). Major synclines and anticlines in the hanging wall, with
axes near parallel to the strike of the detachment, may reflect the ramp-flat geometry of the detachment sur-
face at depth (e.g., Gibbs, 1984; Figure 8 A-A’, B-B’, and C-C’ cross sections).

The Gediz Detachment consists of a ductile-to-brittle shear zone with variable thickness generally not
exceeding ~100 m. The shear zone can be described as a mylonite with cataclastic overprint that gradually
transitions upward into a very fine grained ultracataclasite (Hetzel, Ring, et al., 1995; Isik et al., 2003;
Rossetti et al., 2017). In detail, from top to bottom, the Gediz Detachment structure is characterized by
(i) a dark, fine-grained ultracataclastic layer with quartz and chlorite veins and, occasionally, macroscopic
quartz fragments in its lower part with evidence for cataclastic flow (Figures 6b and 6c); (ii) a dark gray
phyllonite with cm-sized quartz fragments (Figures 6d and 6e); (iii) a chlorite breccia, made of a cataclasite
cemented by quartz and chlorite veins and minor oxide and calcite mineralizations (Figure 6f); (iv) a top-to-
the-NE mylonite horizon with gneissic texture made of porphyroclastic feldspar embedded in a matrix made
of recrystallized quartz-feldspar-biotite + amphibole (Figure 6g), formed at the expenses of the Salihli
Granodiorite. The footwall of the detachment is constituted by the undeformed Salihli Granodiorite
(outcropping only between the Yesilkavak and Gobekli valleys).

A small klippe of hanging wall metamorphic basement is preserved above the detachment surface ~7 km to
the south of Yenipazar (Figure 2). Its internal foliation dips southwestward and represents the only remnant
of the hanging wall metamorphic basement in the whole Salihli area.

6.2. Structure of the Basin Margin in the Alasehir Area

In the Alasehir area, the morphology of the southern margin of the basin is controlled by NE dipping normal
faults with a step-like pattern (Figure 2). The most southerly structure is represented by isolated remnants of
a gently dipping (between 15° and 30°) fault surface (slickenside; brown box in Figure 7 and supporting
information Figure S8), with NE trending slickenlines, which separates the metamorphic rocks of the
Menderes Massif in the footwall from the older formations of the Gediz Graben sedimentary fill (i.e.,
Alasehir Fm and Caltilik Fm). In contrast with the footwall of the Gediz Detachment, here no clear ductile
S-L fabric related to a top-to-the-NE extensional shear was observed, but only brittle features (such as
fractures, slickenlines, and cataclasite; supporting information Figures S8e and S8f). Here the most southerly
fault surface is cut and displaced by younger high-angle normal faults, which is not the case for the Gediz
Detachment in the Salihli area.

In the Menderes metamorphic units at the southern margin of the graben, foliation always dips between
south and SW (purple box in Figure 7), with a stretching lineation parallel to the one observed on the
mylonitic shear zone of the Salihli area, but with sense of shear either pointing to the NE or to the SW.

6.3. High-Angle Brittle Faulting and Synsedimentary Faults

To the north of the Gediz Detachment, a series of subparallel high-angle normal faults are clearly visible at
the outcrop scale, with dip angles generally decreasing from north to south and ranging from ~45° for the
more southerly to ~70° for the more northerly structures (yellow box in Figure 7). Among all these structures
two major normal faults affect the entire length of the study area (Figure 2): (1) the southernmost fault (MF1
in Figure 2) separates an area mainly characterized by outcrops of the Gediz Fm to the north (in the hanging
wall), from an area mainly characterized by exposures of older deposits to the south (also known as the
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Figure 7. Stereoplots (equal-area Schmidt net, lower hemisphere projection) of measured structural features in the study
area. Numbers in bold on the stereoplots refer to the number of the measuring station indicated in the map in Figure 2.
(a) Mylonitic foliation (solid lines), stretching lineation (red lines), and C’ planes (dashed lines) measured in the Gediz
Detachment Shear Zone. (b) Mylonitic foliation (solid lines), stretching lineation (red lines) measured in the Salihli
granodiorite. (c) Mylonitic foliation (solid lines), stretching lineation (red lines) measured in the metamorphic basement
in the hanging wall of the Gediz Detachment. (d) High-angle brittle normal faults (solid lines) cutting both the basin
sedimentary fill and the metamorphic bedrock. (e) Low-angle brittle normal fault surfaces (solid lines) separating the
metamorphic basement and the sedimentary fill of the basin in the eastern part of the study area and relative slickenlines
(red lines). In a—c, black dots are pole to foliation and triangles are poles to C’ planes. In d and e, black dots are

pole to faults.
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Figure 8. Geological cross sections across the southern margin of the Gediz Graben (see Figure 2 for locations). High-
angle brittle faults cutting the basin sedimentary fill root into the detachment, rather than crosscutting it. High-angle
brittle faults in the eastern part of the study area cut and displace low-angle brittle fault surfaces. Major sinforms and
antiforms in sediments in the hanging wall of the detachment, with axes almost parallel to the strike of the detachment,
are interpreted as reflecting the ramp-flat geometry of the detachment surface at depth.
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Master Graben Bounding Fault of Ciftci and Bozkurt, 2009a, and Ciftci and Bozkurt, 2009b, or Acidere Fault
of Oner and Dilek, 2011) and has a NNW to NW direction, a dip of ~45° and normal kinematic; (2) the
northernmost (MF2 in Figure 2) is the active normal fault bounding the present-day alluvial plain, separat-
ing Quaternary deposits to the north (hanging wall) from exposed ancient basin fill to the south (footwall).

A large number of minor and segmented normal faults exist between these two major faults and to the south
of MF1 in the Alasehir area. These structures define a step-like morphology that is characteristic of the
southern margin of the graben (Bozkurt & Sozbilir, 2004; Cift¢i & Bozkurt, 2009b; Kogyigit et al., 1999;
Seyitoglu et al., 2002).

In the western part of the study area, to the south of the town of Salihli and of Yenipazar village, there is
evidence for postsedimentary E-W trending domino faulting involving deposits of the Gediz Fm in the hang-
ing wall of the Gediz Detachment. The spacing between the faults bounding the tilted blocks is on the order
of a few hundred meters.

Evidence for synsedimentary fault activity is widespread. In the area close to Evrenli village, immediately
south of the town of Alasehir, it is possible to observe synsedimentary faults confined in the coarser member
of the Alagehir Fm (Evrenli Mbr), with a variable offset that decreases upsection. Synsedimentary fault activ-
ity is recorded in the basin fill by the presence of growth strata (e.g., in the Caltilik Fm and in the Gediz Fm;
Figures 9a and 9b) and by intraformational conjugate fault systems. Conjugate normal fault systems in the
Caltilik Fm and in the Gediz Fm are generally tilted southwestward (supporting information Figures S3f,
S4b, and S4c). In places, the thickness of the Gediz Fm strata increases slightly close to MF1. In general,
due to small offsets, no change is sedimentary facies is observed in relationship with synsedimentary faults.

In the fine-grained member of the Alasehir Fm (Zeytingayi Mbr), especially in the area between Giildere and
Osmaniye villages, many deformation structures oriented parallel to the basin margin can be observed, such
as antiformal and synformal folds (from submetric to decametric in amplitude), normal faults, and north
verging thrust faults (Figure 9c and supporting information Figure Sle). These structures are often asso-
ciated with small-scale slumps and have been related to tectonic instabilities during extension in the early
phases of basin formation (Sengdr & Bozkurt, 2013; this study).

Evidence for recent strike-slip fault activity is observed in places on the southern margin of the alluvial plain.
At the northern end of the Gobekli valley, ~1 km to the north of the Gobekli village (Figure 2), a nearly ver-
tical E-W trending fault plane is visible in outcrop, separating deposits of the Kaletepe Fm to the north from
deposits of the Gediz Fm to the south (supporting information Figure S5e); almost horizontal slickenlines
and kinematic indicators point to dextral strike-slip kinematics along this fault plane. Moreover, a series
of lower order high-angle fault planes, with kinematic indicators pointing to oblique-slip to dip-slip normal
kinematics, defines a few meter-wide negative flower structure associated with the main strike-slip fault
(supporting information Figure S5e).

7. Discussion

In the following section, we first discuss the stratigraphic evolution and the structural architecture of the
Gediz supradetachment basin to propose an evolutionary model. Finally, we discuss the implications of
our reconstruction for the exhumation history of the Central Menderes Massif and we highlight the
important role of magmatism in controlling the tectonic evolution of supradetachment systems.

7.1. Insights From Micropaleontological Data

Our micropaleontological data provide additional constraints for the stratigraphy and the paleogeographic
evolution of the Neogene extensional basins in SW Anatolia and especially for the Gediz Graben. Our find-
ings represent the first report of Neogene marine deposits in the Gediz Graben (and in the entire Menderes
Massif). Moreover, our biostratigraphic data provide a younger middle-late Miocene age for the formation of
the Gediz Graben, compared to the early-middle Miocene ages proposed previously (Cohen et al., 1995;
Emre, 1996; Kogyigit et al., 1999; Oner & Dilek, 2011; Purvis & Robertson, 2005a, 2005b; Seyitoglu et al,,
2002; Yilmaz et al., 2000). This new age is in agreement with the interpretation of borehole data (Cift¢i &
Bozkurt, 2009a) and with constraints provided by detrital apatite fission-track data (Asti et al., 2018). The
few tens of meters-thick limestone at the base of the Caltilik Fm, as far as we could observe in the field, is
preceded and followed exclusively by continental deposits, thus represents the record of a short-lived
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Figure 9. Examples of synsedimentary structures in the sedimentary fill of the basin. Growth strata in the Gediz Fm
(a) and in the Caltilik Fm (b); note the progressive tilting of the sedimentary bedding. Reverse fault in the Zeytingayi Mbr
of the Alasehir Fm (c). See section 6.3 for further explanations.

marine episode in the evolution of the Gediz Graben. Since no major global eustatic event is reported for the
upper Tortonian (e.g., Haq et al., 1987, 1988; Miller et al., 2005), this marine transgression is likely related to
the local tectonic evolution of the basin. The end of this marine episode probably marks the boundary
between an early phase of basin evolution, dominated by subsidence and increasing accommodation
space, and a later phase dominated by a pronounced uplift of the southern basin margin, with
consequently larger sedimentary flux that led to the definitive continentalization of the depositional
setting (Asti et al., 2018).

Assuming a thickness of ~1,000 m for the Caltilik Fm, and integrating our micropaleontological results with
paleontological data by Emre (1996), who assigned a Dacian age (Mio-Pliocene boundary) to the G6bekli Fm
(that, in our interpretation based on field observation, can be correlated to the lower part of the Gediz Fm),
we obtain a Messinian sedimentation rate of ~500 m/Ma. This finding is in agreement with estimations
based on apatite fission track data (Asti et al., 2018).

The sampled limestone deposit is presently located at an elevation of ~760 m a.s.l. Assuming a bathymetry of
—100 + 50 m for its depositional environment, we could estimate a mean topographic uplift of 860 + 50 m for
the southern margin of the basin in the Alasehir area since the Late Tortonian, with a mean uplift rate of
107.5 + 6 m/Ma. However, because the basin underwent major subsidence and sedimentation after the
deposition of these limestones, we infer that most of the topographic uplift occurred during the major
Plio-Quaternary tectonic reorganization of the basin margin, which was associated with a much higher
uplift rate.

7.2. Control on the Distribution of the Neogene-to-Quaternary Basin Fill

The exposure of the Neogene-to-Quaternary basin fill shows major differences between the Alasehir and the
Salihli areas. The older deposits (i.e., the Alasehir Fm and the lower part of the Caltilik Fm) are only exposed
in the eastern sector, whereas the western sector includes exposures of the middle and upper part of the
Caltilik Fm and younger deposits (Figures 2 and 3). This configuration might be explained in two different
ways. In the first hypothesis, the depositional setting was not homogeneous during the early stages of basin
evolution, and therefore, some of the sediments were only deposited in the eastern part of the basin (e.g.,
Ciftci & Bozkurt, 2009a; Yilmaz et al., 2000; Cift¢i & Bozkurt, 2010). Alternatively, the oldest deposits
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were deposited in the whole Gediz Graben area, but they are now buried beneath the younger units of the
Salihli area. According to the latter scenario, the Alagehir Fm and the limestone at the base of the Caltilik
Fm were possibly exposed in the past in the southernmost part of the Salihli area (as nowadays in the eastern
sector), to be later eroded due to the differential uplift of the basement that was higher in this sector com-
pared to the Alasehir area in Plio-Quaternary times (Asti et al., 2018). We are in favor of the second scenario,
which is supported by the structural relationship between the two sectors, with the ductile-to-brittle Gediz
Detachment being exclusively exhumed in the Salihli area, and detrital apatite fission track data pointing
to a younger exhumation event in the basement of the western sector (Asti et al., 2018).

7.3. A Reappraisal of the Structural Architecture

The low-angle fault surface at the southern margin of the basin in the Alagehir area has been previously
interpreted as the eastern equivalent of the Gediz Detachment (e.g., Cift¢i & Bozkurt, 2009a; Seyitoglu
et al., 2015). In our interpretation this is unlikely, because this sector of the basin margin (and all the out-
cropping structures therein) lies in the hanging wall of the Gediz Detachment, as confirmed by apatite fis-
sion track data (Asti et al., 2018) and by the orientation of the surface of detachment and of the stretching
lineation on it at the eastern termination of its outcropping area (i.e., western side of the Derekdy valley;
Figure 2) where it plunges to the east below the Alasehir area. This means that the eastern part of the basin
margin represents a higher crustal level with respect to the mylonitic detachment. This may explain the lack
of a clear top-to-the-NE extensional ductile mylonitic fabric related to the Neogene extensional phase in the
Alasehir area.

The relationship between the detachment and the basin is not expected to change along strike before the
localized Plio-Quaternary exhumation event, as the detachment preserves its NNE plunging at depth. The
obliquity of the strike of the detachment with respect to the rift is only localized close to the Derekdy valley;
to the east of this valley the detachment likely recovers its orientation parallel to the rift, similarly to what
proposed by Brun and van den Driessche (1994) for gneiss domes (see their Figure 3). This is also consistent
with images of the subsurface reconstructed by seismic reflection profiles which show the NE dipping Gediz
Detachment at depth in the Alasehir area (see Ciftci & Bozkurt, 2008; Demircioglu et al., 2010; Yilmaz &
Gelisli, 2003; Ciftci & Bozkurt, 2010).

The contractional structures (folds and reverse faults) observed in the Alagehir Fm (see section 4.3.3 and
Figure 4e) are interpreted as related to a N-S oriented compressional phase (e.g., Ciftci & Bozkurt, 2008),
or as being extension related (Sengor & Bozkurt, 2013). In our opinion, these apparently compressive struc-
tures may have formed in an extensional setting, possibly due to large-scale slumps in unconsolidated depos-
its. This hypothesis is supported by the fact that these structures are spatially and stratigraphically confined.

For what concerns the activity of MF1, field evidence points to a synsedimentary phase of activity for this
structure during the deposition of the Caltilik Fm and Gediz Fm. However, MF1 was likely active even after
the deposition of these formations, because the slight increase of thickness of the strata does not fit with the
large displacement accommodated by this structure (i.e., more than 1,000 m).

7.4. Neogene-To-Present 2-D Evolution of the Gediz Detachment

In order to quantify the amount of extension accommodated by the Gediz Detachment, we present a 2-D NE-
SW reconstruction through the Salihli area in Figure 10. In agreement with previous interpretations (e.g.,
Buscher et al., 2013; Oner & Dilek, 2011), we consider that the Gediz Detachment initiated with a dip angle
similar to the present day one. For the sediment thicknesses used in this reconstruction, we integrate our
field observations with well-log data and seismic reflection profiles interpretation (Ciftci & Bozkurt,
2009a, Ciftci & Bozkurt, 2010).

In our reconstruction the dip angle of the Gediz Detachment is constant through time; hence, all the block
rotations are confined to the hanging wall of the detachment. The brittle faults at the southern margin of the
basin, which control most of the sedimentation, are rooted in the ductile detachment. These faults developed
at high angle (60°-70°) and then progressively rotated during their activity, thus bordering tilted blocks
above the detachment surface. During extension (Figures 10a-10d), the lower part of the metamorphic base-
ment in the hanging wall of the detachment is progressively thinned by ductile and/or cataclastic flow.
Progressive hanging wall thinning during extension has been proposed in several evolutionary models for
the exhumation of metamorphic core complexes (e.g., Bartley & Wernicke, 1984; Cooper et al., 2010;
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Figure 10. Two-dimensional across-strike reconstruction of the western part (Salihli area) of the study area, showing the
Neogene-to-present evolution of this sector of the basin. During extension (a-d), the lower part of the metamorphic
basement in the hanging wall of the detachment is progressively thinned by ductile and cataclastic flows (see text for
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Lister & Davis, 1989; Miller et al., 1983; Platt et al., 2015). Moreover, ductile flow has been documented as an
important process assisting exhumation during crustal extension (e.g., Ring et al., 1999, and references
therein). In the Gediz supradetachment system this process might have been favored by the high geothermal
gradient induced by the emplacement of the Salihli granodiorite. In the last step of our reconstruction
(Figure 10a), block 1 in the hanging wall of the detachment is uplifted more than the rest of the basin mar-
gin, and its uppermost portion is thus removed by erosion.

After the model restoration to the prestretching conditions, we obtained an intrusion depth for the Salihli
Granodiorite between ~3.5 and ~7 km, which is in agreement with the thermobaric modeling of the empla-
cement conditions of the intrusion (P < 2 kbar; Erkiil et al., 2013; Rossetti et al., 2017). Our reconstruction
suggests that the total amount of stretching accommodated by the Gediz Detachment and the faults in its
hanging wall during their activity has been relatively small (~7.2 km) during the last ~15 Ma, producing
the ~3-km-deep and ~20-km-wide Gediz Graben and exhuming the detachment itself. The amount of exhu-
mation and the amount of horizontal extension are on the same order of magnitude. Exhumation was
favored by activation and rotation of the high-angle normal faults in the hanging wall of the Gediz
Detachment (see also Asti et al., 2018).

7.5. Evolutionary Model

By integrating our field observations and paleontological data with the wealth of published data on the Gediz
Graben and on the Gediz Detachment, we have elaborated a five-stage Neogene-to-Present evolutionary
model, schematically reported in Figure 11.

Stage 1 - The ductile deformation along the Gediz Detachment at shallow depths started around 14.6 Ma
(Langhian), following the intrusion of the Salihli Granodiorite at ~17 Ma (Burdigalian; Rossetti
et al., 2017). It is likely that the formation of the basin and the deposition of the Alagehir Fm
started synchronously with the ductile activity of the detachment at depth (i.e., Langhian;
Figure 11a), as suggested by detrital apatite fission track data (Asti et al., 2018) and volcanoclastic
deposits found in boreholes (Ciftci & Bozkurt, 2009a). These findings are in contrast with an early-
middle Miocene age as previously inferred from palynological data (Ediger et al., 1996; Iztan &
Yazman, 1991; Seyitoglu et al., 2002; Seyitoglu & Scott, 1992). Since the original relationship
between the oldest deposits of the basin and its margins is not visible in outcrop, it is not easy
to reconstruct the geometry of the basin at the time of its formation. The lack of growth strata
toward the basin margins suggests that no major extensional faults were controlling the develop-
ment of the basin during sedimentation of the Alasehir Fm. This might suggest that the sedimen-
tation started in a ramp basin setting (i.e., a sag-like depression) possibly reflecting the flat-ramp
geometry of the Gediz Detachment at depth (e.g., Fillmore et al., 1994; Gibbs, 1984; Vetti &
Fossen, 2012). Notably, no major exhumation event is evidenced during this phase by apatite
fission track data (Asti et al., 2018).

Stage 2 - The subsidence-dominated phase terminates with the upper Tortonian short-lived marine episode
represented by the limestone at the base of the Caltilik Fm (Figure 11b). During this phase, the
onset of a relatively shallow (50-150-m) marine environment is testified by the faunal assemblage
described in this study.

Stage 3 - Starting from the Messinian, the Gediz Graben experienced a major tectonosedimentary reorgani-
zation (Figure 11c). During this phase, a high-angle brittle normal fault system was activated at the
southern margin of the basin, shaping the basin as a half-graben and controlling the sedimenta-
tion of the Caltilik Fm during the Messinian and of the Gediz Fm during the (Early?) Pliocene,
which are both thickened toward the southern margin. This tectonic phase is also linked to a rele-
vant exhumation pulse at the southern margin of the basin, with associated detritus influx toward
the basin (Asti et al., 2018), which led to its definitive continentalization.

Stage 4 - During the (Late?) Pliocene-(Early?) Pleistocene, the normal fault-bounded tectonic wedges
located between the Gediz Detachment and the MF1 started being exhumed in the footwall of
this latter structure, leading to the recycling of parts of the previously deposited sedimentary
sequence (Figure 11d); the strongest evidence for such recycling is the occurrence, in the con-
glomeratic levels of the Kaletepe Fm, of pebbles of sedimentary rocks, contrasting with the older
formations that were exclusively constituted by metamorphic rocks. Interpretation of seismic
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Figure 11. Block diagrams schematically showing the main sedimentary and tectonic events in the evolution of the Gediz
Graben. Please note that for the sake of simplicity the basin is represented as a single trough since its early stages, even if
an early segmentation in two/three different subbasins is possible (see Ciftci & Bozkurt, 2010). (a) Middle Miocene-late
Miocene p.p.: deposition of the Alasehir Fm in a ramp basin contemporaneously with the activation of the ductile defor-
mation on the Gediz Detachment at depth; no major exhumation of the basin margins occurs during this period. (b) Late
Miocene p.p. (upper Tortonian): marine transgression in the Gediz Graben and deposition of the limestone at the base
of the Caltilik Fm. (c) Late Miocene p.p.-early Pliocene: activation of major brittle faults bounding the southern margin of
the basin and controlling the sedimentation of the Caltilik Fm and Gediz Fm in an half-graben setting; in this phase the
entire southern margin of the basin underwent relevant exhumation. (d) Late Pliocene (?)-Early Quaternary: deposition
of the unconformable Kaletepe Fm and activation of the norther margin of the basin; during this phase the oldest portions
of the sedimentary fill are tilted and exposed at the surface and the Salihli Granodiorite and the Gediz Detachment are
moving towards the surface in the western part of the graben. (e) Quaternary to present: activation of the MF2 fault and
formation of the present-day Gediz Graben alluvial plain; during this phase the oldest sedimentary units previously
exposed along the southern margin are more uplifted in the western part than in the eastern part and then eroded in the
former sector, thus leading to the present-day pattern of the distribution of the ancient sedimentary fill in outcrop.
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reflection profiles suggests that the northern margin of the basin was activated at this time,
shaping the geometry of the basin from a half-graben toward a symmetric graben (Ciftci &
Bozkurt, 2009a; Ciftci & Bozkurt, 2010).

Stage 5 - The last exhumation event involved only the southwestern sector of the study area, bringing the
Gediz Detachment and its footwall, including the Salihli Granodiorite, to the surface
(Figure 11e). This event is registered by fission track data (Asti et al., 2018; Buscher et al., 2013;
Gessner et al., 2001 ; Ring et al., 2003), which reveal along-strike variations in short-term erosion
rates at the southern margin of the graben. This last and localized exhumation event likely gener-
ated a recent uplift of the southwestern portion of the margin, thus uplifting the older portion of
the sedimentary fill exposed in this sector and facilitating its erosional removal (Asti et al., 2018).
In this period, fault MF2 was likely activated together with the northern margin bounding fault,
controlling the formation of the present-day alluvial plain and the physiography of the
symmetric graben.

7.6. Control of Magmatism on the Exhumation Pattern Along Detachment Systems

The proposed tectonic reconstruction has major implications for the evolution and exhumation of the
Central Menderes Massif. In particular, the late Miocene or younger exhumation events are localized at
the southern margin of the Gediz Graben. The same scenario of localized exhumation likely applies to the
northern margin of the Biiylik Menderes Graben (see contour map of the bedrock apatite fission track ages
in Gessner et al., 2013, their Figure 8). Moreover, some older (early-middle Miocene) bedrock apatite fission
track ages are observed in the inner part of the central submassif (Gessner et al., 2001; Ring et al., 2003). This
suggests that the Central Menderes Massif was exhumed to the surface more or less at the same time of the
rest of the Menderes Massif and during the same major exhumation event that took place in the latest
Oligocene-Middle Miocene. Only its northern and southern margins underwent major exhumation since
the latest Middle Miocene, although with relevant along-strike variations (Asti et al., 2018; Gessner et al.,
2001; Ring et al., 2003). This evidence rules out a younger unroofing phase of the whole central submassif
relative to the rest of the Menderes Massif. Moreover, the most recent exhumation event recorded at the
northern margin of the Central Menderes Massif was localized in the intrusion area of the Salihli and
Turgutlu granodiorites, thus suggesting that these intrusions may have played a role not only in triggering
the ductile-to-brittle detachment tectonics in this area (Rossetti et al., 2017), but also in controlling the exhu-
mation pattern, although the precise mechanism is still unclear.

Numerical models have shown that the topographic evolution of a region where a magmatic intrusion
emplaces in less dense sediments results (counterintuitively) in a positive relief of the area above the intru-
sion, which also shows a higher exhumation rate compared to the host rock (Braun et al., 2014). However,
these conditions are not matched in our study area. As a matter of fact, the Salihli and Turgutlu granodiorites
emplaced in the metamorphic basement of the Menderes Massif, which is mainly composed by greenschist
to amphibolite facies metasediments and orthogneisses (Ring, 2001; Ring, Gessner, et al., 1999). Thus, the
density contrast between the intrusion(s) and the host rocks should be null or inverse with respect to the case
presented by Braun et al. (2014). We may thus envisage some possible effect of buoyancy of the granodioritic
intrusions as a result of their lower density or of their higher temperature with respect to their host rocks.

Another possibility to explain the localization of the Plio-Quaternary exhumation event deals with the evo-
lution of faulting at the southern margin of the basin. Kent et al. (2016, 2017) showed that active fault seg-
ments bounding the southern margin of the modern Gediz Graben became connected during the last 2.6-
2 Myr, thus resulting in an increase in throw rates along the Salihli segment of this fault system. This
increase in throw rate might have also played a role in the differential exhumation of the Gediz detachment
in the Salihli area. However, it is difficult to explain the pattern of the foliation and of the stretching lineation
on the Gediz detachment surface (which seems related also to its exhumation history) simply invoking the
dynamics of recent faulting as controlling mechanism for its differential exhumation.

More work is needed to properly characterize the evolution of recent faulting and its possible interactions
with the exhumation pattern. More, in general, even though prekinematic to synkinematic intrusions are
often documented in extensional detachment systems worldwide and usually result in topographic highs,
the importance of their differential exhumation history in controlling the structural and stratigraphic
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evolution of supradetachment systems (as demonstrated in this study) is not yet studied elsewhere and opens
new prospective in the comprehension of the evolution of highly extended terrains.

7.7. Insights on the Development of Extensional Detachment Tectonics in the Aegean Region

The Aegean and Menderes case studies show that a close relationship exists between magmatic intrusions
and localization of ductile-to-brittle detachment tectonics at shallow crustal depths during regional-scale
approximately N-S stretching in the Neogene (e.g., Brichau et al., 2007; Denéle et al., 2011; Duchéne et al.,
2006; Jolivet & Brun, 2010; Laurent et al., 2015; Rossetti et al., 2017; Seward et al., 2009). This evidence sug-
gests that magma underplating and emplacement likely favored a transient rheological weakening of the
upper crust, generating the conditions for the localization of ductile extensional shearing on shallow detach-
ment faults (e.g., Caggianelli et al., 2013; Lister & Baldwin, 1993; Rossetti et al., 2017). The large amount of
extension cumulated in the whole Aegean realm since Eocene in the back arc of the Hellenic subduction sys-
tem might have been then facilitated by the widespread and polyphase magmatic activity that repeatedly
assisted the localization of deformation in different domains of the Aegean back arc. The Menderes
Massif, analogously to the Corinth Gulf to the west, represents the eastern lateral termination of the
Aegean extensional province. Here the total horizontal extension is smaller than in the central Aegean
domain and preextensional/synextensional magmatism is less distributed than in the rest of the Aegean.
This further supports the idea that a positive feedback exists between widespread synextensional magma-
tism and the amount of cumulated regional horizontal stretching in the extending crust.

Another important implication derived from the study of the tectonostratigraphic evolution of the Gediz
Graben concerns the amount of exhumation and stretching accommodated in the upper crust by detach-
ment faulting during Aegean extension. In particular, the close time-space association between enhanced
exhumation, basin subsidence, and pluton emplacement in the extending crust suggests that ductile-to-
brittle detachment faults might have been responsible only for the local exhumation of plutons emplaced
at shallow depths rather than having accommodated whole crustal stretching. The cause of the differential
evolution of the source areas induced by magmatic emplacement remains unclear, and its feedbacks with
the stratigraphic record in supradetachment systems are poorly studied in other continental detachment sys-
tems worldwide. In this sense, this study opens new perspectives for the comprehension of the tectonic evo-
lution of highly extended terranes.

8. Conclusion
The main conclusions of this work can be summarized as follows:

+ An upper Tortonian marine episode has been identified in the Neogene stratigraphic succession of the
Gediz Graben. The limestone at the base of the Caltilik Fm hosts a shallow marine faunal assemblage,
paleontologically dated between 8.35 and 7.25 Ma. This finding represents the first report for a
Neogene marine episode in the entire Menderes Massif area and constrains the onset of the basin to
Middle Miocene. This finding also provides a firm temporal constraint to evaluate the post-Miocene regio-
nal uplift rate.

+ The lower part of the stratigraphic succession (i.e., the Alasehir Fm and the lower part of the Caltilik Fm)
was likely deposited in the entire Gediz Graben, in a approximately E-W trending basin, rather than only
in its eastern sector. In the western part of the basin, these deposits would now be buried below the
younger formations in the more internal part of the basin, whereas they were probably uplifted and
eroded in the southerly part.

+ The Gediz Graben displayed many different geometries during its extensional evolution, starting in the
Middle Miocene as a ramp basin, passing to half-graben geometry with an active southern margin during
the late Miocene and ending as a symmetric graben since the (Late Pliocene? -) Quaternary activation of
the northern margin. Since no major interruption of the sedimentation has been identified in the
Neogene-to-Quaternary stratigraphic sequence, it is likely that this evolution developed as a continuous
process without major interruptions.

« Field evidence has confirmed the structural relationship between the western and the eastern sector of the
southern margin of the basin: the former is represented by the Gediz Detachment and its footwall (includ-
ing the Salihli Granodiorite), whereas the latter is represented by the metamorphic bedrock in the
hanging wall of the detachment, thus representing an higher and less exhumed crustal level. This
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geometry implies that the Gediz Detachment does not bound the entire southern margin of the Gediz
Graben along its strike but is rather exhumed only in the western sector of the basin, where the preexten-
sional Salihli and Turgutlu Granodiorites intruded its footwall.

+ No major rotation of the gently dipping Gediz Detachment occurred since the beginning of its activity in
the middle Miocene. The amount of extension accommodated by this structure and by the high-angle
brittle faults since the early formation of the Gediz Graben is relatively small (i.e., less than 10 km since
the middle Miocene). This implies that relatively small amounts of extension might be required on a low-
angle detachment system to exhume shallow (i.e., less than 7 km of depth) preextension magmatic
intrusions.

« It is likely that the Central Menderes Massif was already exhumed during the main Menderes cooling
event in the latest Oligocene-Middle Miocene times. Accordingly, the younger exhumation events were
localized on and involved only its northern and southern margins in the footwall of the structures
bounding the Gediz Graben and the Biiyiik Menderes Graben.

« The youngest late Pliocene-early Pleistocene exhumation event that led the ductile-to-brittle Gediz
Detachment to the surface was extremely localized at the exposure area of the Salihli and Turgutlu gran-
odiorites, thus suggesting that the presence of these intrusions might have somehow controlled the exhu-
mation patterns.

In general, our data allowed us to propose an evolutionary model for the tectonostratigraphic history of
supradetachment basins, where sedimentary rocks originally deposited in the hanging wall of detachment
faults are eventually put in tectonic contact with the mylonitic footwall. Moreover, this study suggests a
fundamental role of magmatism in controlling the tectonostratigraphic evolution and the exhumation his-
tory of highly extended terrains: after controlling the activation and the localization of ductile-to-brittle
extensional detachment tectonics (even at shallow crustal depths), magmatic intrusions may also generate
a complex exhumation pattern along detachment systems, thus influencing the tectonostratigraphic evolu-
tion of the associated sedimentary systems.

Appendix: Biostratigraphy and Environmental Occurrence of P. kollmanni A.

P. kollmanni is an extinct Mediterranean marine species found in France, Austria, Italy, and Crete. It has
been named by Carbonnel (1966) who first found it in Tortonian marine infralittoral deposits of the
Rhone Basin (France). Ascoli (1968) found this species in the Tortonian type-section of Rio Mazzapiedi
(Italy) in association with other circalittoral species. Sissingh (1972) found P. kollmanni in the Apostoli
Section (Crete), in deposits attributed to an infralittoral to circalittoral environment and suggested that this
species may be confined in the Cytherella vandenboldi Zone, corresponding to the Middle Tortonian
chronostratigraphic interval. Dall’Antonia and Bossio (2001) reported its occurrence in marine shelf deposits
from the uppermost Langhian to the Serravallian in the Salentine Peninsula (Italy). Finally, Gebhardt et al.
(2009) found this species in association with other circalittoral species in deposits of the Austrian Molasse
Basin, attributed to the lower Badenian (corresponding to the upper Langhian).
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