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The Central and Eastern Anatolian plateaus are integral parts of the world's third largest orogenic plateau. In the
past decade, geophysical surveys have provided insights into the crust, lithosphere, and mantle beneath Eastern
Anatolia. These observations are now accompanied by recent surveys in Central Anatolia and new data
constraining the timing and magnitude of uplift along its northern and southernmargins. Together with predic-
tions from geodynamic models on the effects of various processes on surface deformation and uplift, the obser-
vations can be integrated to identify probable mechanisms of Anatolian Plateau growth.
A changeover from shortening to extension along the southernmargin of Central Anatolia that is coeval with the
start of uplift can bemost easily associatedwith oceanic slab break-off and tearing. This interpretation is support-
ed by tomography, deep seismicity (or lack thereof), and gravity data. Based on the timing of uplift, geophysical
and geochemical observations, andmodel predictions, slab break-off likely occurred first beneath Eastern Anato-
lia inmiddle to lateMiocene time, and propagatedwestward toward Cyprus by the latest Miocene. Alternatively,
the break-off near Cyprus could have occurred in late Pliocene to early Pleistocene time, in association with col-
lision of the Eratosthenes Seamount (continental fragment) with the subduction zone. Uplift at the northern
margin of Central Anatolia appears to result from crustal shortening starting in the lateMiocene or early Pliocene,
which has been linked to the broad restraining bend of the North Anatolian Fault. The uplift history of the interior
of Central Anatolia since the lateMiocene is unclear, although shortening there appears to have ended by the late
Miocene, followed by NE–SW extension. This change in the deformation style broadly coincides with faster
retreat of the Hellenic trench as well as uplift of the northern and southern margins of Central Anatolia.
These different events throughout the plateaumay be linked, as faster retreat of theHellenic trench has been pre-
dicted to occur after slab break-off, which could have induced extension of Central Anatolia and helped to form
the North Anatolian Fault through accelerated westward movement of Anatolia relative to Eurasia. Correlative
geochronologic evidence thatwe summarize here supports the hypothesis that the geodynamic activity through-
out the Aegean–Anatolian domain starting in latest Miocene to early Pliocene time defines a series of events that
may all be linked to slab break-off.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

A wide range of geodynamic mechanisms has been invoked to ex-
plain the growth of high topography in orogenic belts and plateaus. In
some cases, a single mechanism capable of inducing broad, regional up-
lift, such as lithospheric delamination, has emerged as a favored inter-
pretation, for example in the Sierra Nevada (Jones et al., 2004; Zandt
et al., 2004) and the southern Central Andes (Kay and Kay, 1993; Kay
et al., 1994; Yuan et al., 2002). Often, however, delamination only occurs
after significant crustal and lithospheric shortening and thickening,
which itself should produce isostatic uplift. Such temporal changes in
uplift mechanisms have spurred investigations into the relative contri-
butions of crustal shortening, lithospheric thinning, lower crustal flow,
magmatic addition, or other processes in producing uplift (e.g., Dewey
and Burke, 1973; Froidevaux and Isacks, 1984; Allmendinger et al.,
1997; Şengör et al., 2008). Further complications arise in regions near
oceanic subduction zones, where the subduction of oceanic ridges, sea-
mounts, or oceanic plateaus (Livaccari et al., 1981; Cloos, 1991; Espurt
et al., 2008), changes in slab dip (Jordan et al., 1983; Gutscher et al.,
2000), magmatic underplating (Brown, 1993), and slab break-off
(Davies and von Blanckenburg, 1995) may all potentially deform and
elevate the overriding plate. More recently, the effects of upper mantle
flow in producing dynamic topographyhave been considered capable of
producing km-scale uplift (Boschi et al., 2010; Faccenna and Becker,
2010; Karlstrom et al., 2012), while the development of large, mantle-
scale convection cells may be responsible for the initial shortening
seen in major orogenic plateaus like the Andes and Tibet (Faccenna
et al., 2013).

Theworld's largest orogenic plateaus in Tibet and the Andes are typ-
ically viewed as resulting from a combination of these deep-seated pro-
cesses, and appear to have grown in both elevation and areal extent
through time (e.g., Isacks, 1988; Allmendinger et al., 1997; Tapponnier
et al., 2001). Once attaining critical elevations, the influence of local
topographic highs on the distribution and amount of rainfall and conse-
quent erosion and deposition patterns (e.g., Bookhagen and Strecker,
2008; Roe et al., 2008) can also help to create a regional plateau
morphology (Sobel et al., 2003). In some cases, these feedbacks
between tectonics and surface processes appear to strongly influence
the evolution of plateau margins (e.g., Hodges et al., 2004; Strecker
et al., 2007, 2009).

If orogenic plateaus grow gradually through time, the relatively
small Anatolian Plateau may be an early-stage analog for the world's
larger orogenic plateaus. High-elevation (2 to 2.5 km average), high-
relief topography in Eastern Anatolia transitions to lower elevation
(1.5 to 2 km average), low-relief topography in Central Anatolia, with
high-relief mountain ranges bounding the northern and southern
margins of both regions (Figs. 1 and 2). While Eastern Anatolia exhibits
symmetric plateau morphology in a N–S topographic swath profile
(Fig. 1C), Central Anatolia has a lower interior compared to its margins,
and shows a distinct asymmetry in its minimum elevations, reflecting
the predominantly northward-directed drainage (Fig. 1B).

The Arabia–Eurasia collision at the eastern end of the Aegean–
Anatolian domain is inferred to have started in late Eocene/Oligocene
time (e.g., Jolivet and Faccenna, 2000; Agard et al., 2005; Dargahi
et al., 2010; Ballato et al., 2011; McQuarrie and van Hinsbergen,
2013), or more specifically in two stages between 36 and 20 Ma and
after 20 Ma (Ballato et al., 2011), and was followed by crustal shorten-
ing across Eastern Anatolia (Şengör et al., 2008). Despite a late Creta-
ceous to Eocene history involving shortening and the accretion of
several continental fragments (e.g., Şengör and Yılmaz, 1981; Dixon
and Robertson, 1984; Tekeli et al., 1984; Şengör et al., 1985; Polat,
1992; Şengör and Natal'in, 1996; Okay and Tüysüz, 1999; Tüysüz,
1999; Andrew and Robertson, 2001; Sunal and Tüysüz, 2002; Parlak
and Robertson, 2004; Okay et al., 2006; Pourteau et al., 2010;
Robertson et al., 2012; Pourteau et al., 2013), Central Anatolia has
predominantly moved westward relative to Eurasia since the time of
Arabian collision, accommodated along the North and East Anatolian
strike–slip faults (Ketin, 1948; McKenzie, 1976; Şengör, 1979; Dewey
and Şengör, 1979; Şengör et al., 1985). Continued Arabia–Eurasia con-
vergencemay contribute to thiswestward “escape” of Anatolia, but roll-
back of the Hellenic trench is likely the predominant force (Le Pichon,
1982; Jolivet et al., 2013), particularly considering GPS data showing
westward movement of Anatolia relative to Eurasia that increases
toward the trench (Reilinger et al., 1997).

The tectonic links across the Aegean–Aantolian region are fairly
clear, but less obvious have been themechanisms that have contributed
to the growth of the Anatolian Plateau over time, and if those mecha-
nismsmay be related to one another. While high topography in Eastern
Anatolia is largely believed to result from lithospheric slab delamination
and break-off (Keskin, 2003; Şengör et al., 2003; Keskin, 2007; Şengör
et al., 2008), recent work in Central Anatolia points to multiple uplift
mechanisms that vary across the region. Along the northern Central An-
atolian Plateau margin, Yildirim et al. (2011) suggested that the most
recent phase of uplift results from strain accumulation along the broad
bend of the North Anatolian Fault. Along the southern plateau margin,
uplift mechanisms that have been proposed include: (1) slab break-off
(Cosentino et al., 2012); (2) upwelling asthenosphere through a slab
tear (Schildgen et al., 2012b); and (3) a combination of slab break-off,
slab tearing, and collision of a continental fragmentwith the subduction
zone south of Cyprus (Schildgen et al., 2012a). Uplift in the interior of
Central Anatolia is difficult to constrain, but has been suggested to result
from lithospheric delamination (Bartol et al., 2012), or mantle flow
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Fig. 1. (A): Regional map showing topography (Shuttle Radar Topography Mission level 3 data, Jarvis et al., 2008) and major tectonic boundaries. CAP: Central Anatolian Plateau;
EAP: Eastern Anatolian Plateau; CP: Central Pontides; CT: Central Taurides; BZS: Bitlis–Zagros suture; NAF: North Anatolian Fault; EAF: East Anatolian Fault; DSFZ: Dead Sea Fault
Zone; ES: Eratosthenes Seamount; PT: Paphos Transform; LV: Lake Van.White arrowswith numbers inside represent platemovement (mm/yr) with respect to a stable Eurasia (Reilinger
et al., 2006). Dashed yellow rectangles show 150-km wide regions sampled for topographic swath profiles (minimum, mean, and maximum elevations) across Central Anatolia (B) and
Eastern Anatolia (C).
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patterns (Boschi et al., 2010; Faccenna and Becker, 2010). These various
processes may be linked to one another, as slab break-off has been sug-
gested to help induce rollback of the Hellenic trench, which could in
turn pull Anatolia westward and help create the North Anatolian Fault
(Faccenna et al., 2006) and also affect mantle flow patterns (Le Pichon
and Kreemer, 2010).

The wealth of recent data from Central Anatolia that inspired these
interpretations spans a range of structural, geophysical, geochemical,
geomorphological, and geochronological observations. In this review,
we attempt to synthesize the data that have contributed to various
proposed uplift mechanisms and explore their feasibility in the context
of published geodynamic models and refinements to the chronology of
events throughout the region.We particularly focus on how recent data
from Central Anatolia help link extensional processes in the Aegean
with collisional processes in the east, all within the context of orogenic
plateau formation.

Following a detailed reconstruction of paleotopography in southern
Central Anatolia, we summarize uplift constraints from other parts of
Anatolia: the northern margin of the Central Anatolia, its interior, and
Eastern Anatolia. From this surface perspective, we move to deeper
indications of uplift mechanisms, including structural deformation,
volcanic geochemistry, and geophysical data. Specifically, we explore
how processes related to lithospheric slab subduction, mantle flow,
and plate boundary interactions may have constituted a series of linked
events that together generated the Central and Eastern Anatolian pla-
teaus, while also inducing extension from the Aegean to Central
Anatolia.

2. Paleotopography along the southern margin of the Central
Anatolian Plateau (Central Taurides)

Paleoelevation studies have primarily focused on areaswheremulti-
kilometer-scale uplift has given rise to changes in stable carbon and
oxygen isotope compositions recorded in paleosols (e.g., Chamberlain
and Poage, 2000; Blisniuk and Stern, 2005; Rowley and Currie, 2006;
Garzione et al., 2008), or where changes in relief are large and



Fig. 2. Topographic relief map created with a 15-km-wide moving window. Major tectonic boundaries (as in Fig. 1) are shown for reference. Thin black lines show 2000-m
elevation and −2000-m bathymetric contours.
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fast enough to impact cooling-age patterns in low-temperature
thermochronometers (e.g., House et al., 1998; Clark et al., 2005a,b;
Schildgen et al., 2007; Flowers et al., 2008; Schildgen et al., 2009;
Richardson et al., 2010; Schildgen et al., 2010; Valla et al., 2010). The
Central Anatolian Plateau, with its low relief, modest elevations
(typically b 1 km), and limited Miocene exhumation, is near the limit
of the sensitivity of stable isotopes and thermochronology to record
uplift and/or relief development. Fortunately, the region offers a range
of alternatives for reconstructing topography. For example, sedimentary
facies changes with transitions from marine to continental deposition
offer clear and datable horizons to pinpoint the rise of topography
above sea level, while landforms such as paleosurfaces, fluvial terraces,
lake paleoshorelines, and marine terraces can serve as reference levels
or strain markers that locally record surface uplift and deformation.
For large rivers close to their outlets, incision rates derived from dated
fluvial terraces and deltas may be viable proxies for surface uplift rates
(e.g., Demir et al., 2004; Westaway et al., 2004; Seyrek et al., 2008;
Schildgen et al., 2012a; Yıldırım et al., 2013a, 2013b). The high density
of these landforms and sedimentary deposits in Central Anatolia offer
an opportunity to reconstruct surface uplift with high spatial and
temporal resolution, providing unique insights into the geodynamic
mechanisms of uplift.

Reconstructions of paleogeography of the southern margin of Cen-
tral Anatolia (e.g., Robertson et al., 2003; Flecker et al., 2005; Jaffey
and Robertson, 2005) and for the Tethys region as a whole (Şengör
and Yılmaz, 1981; Robertson and Dixon, 1984; Dercourt et al., 1993;
Şengör and Natal'in, 1996; Popov et al., 2004, 2006) have used ophiolite
outcrops, changes in sediment facies, and paleomagnetic rotations to
reconstruct the evolution of depositional environments and shoreline
morphology. We extend these efforts by studying multiple steps in the
evolution of topography along the southern margin of Central Anatolia.
Our reconstructions of paleotopography in this region utilize: (1)
biostratigraphy of marine sediments; (2) radiometric dating of tufa de-
posits and ashes; (3) cosmogenic nuclide exposure dating of fluvial
strath terraces; and (4) subsurface seismic reflection and well log
data. Next, we summarize the data that we used to reconstruct
paleotopography at 7 Ma, 5 Ma, and 1.6 Ma, as particularly good con-
straints exist for those times. The period encompassing the Messinian
Salinity Crisis (5.96 to 5.33 Ma) is excluded, as widespread changes
from marine to brackish or continental deposits and erosion of the
basin margins during that interval were related to rapid, km-scale sea-
level fall in the Mediterranean (e.g., Clauzon et al., 1996; Krijgsman
et al., 1999; Cosentino et al., 2013) rather than to surface uplift.

2.1. Paleotopographic constraints at 7 Ma

Much of the modern relief along the southern plateau margin post-
dates the deposition of late Miocene marine sediments, which rise to
over 2 km elevation in the Central Taurides. Biostratigraphy on these
sediments has yielded Langhian (15.97–13.65 Ma, Ocakoğlu, 2002;
Bassant et al., 2005) to Serravallian (13.65–11.61 Ma, Tanar and
Gökçen, 1990; Cipollari et al., 2013a) ages in the Mut Basin, although
Cosentino et al. (2012) reported late Tortonian ages of 8.35 to 8.10 Ma
from the ca. 2-km-high marls near the village of Başyayla (Fig. 3). The
additional ~100 m of marine limestones above the 8.35 to 8.10 Ma
marls imply that the youngest marine sediments near Başyayla are
even younger than 8 Ma (Cosentino et al., 2012). Similarly, the age of
patches of lateMiocenemarine sediments along the SWplateaumargin
near the village of Sarıalan (Deynoux et al., 2005; Flecker et al., 2005)
was refinedwith bio- and lithostratigraphy to 6.7 Ma for the uppermost
sediments at 1.5 km elevation (Schildgen et al., 2012b). Becausemarine
sedimentation continued to at least 6.7 Ma at Sarıalan, andmore recent-
ly than 8 Ma near Başyayla, uplift in the area above sea level started
sometime after ca. 7 Ma.



Fig. 3.Map of the southern margin of the Central Anatolian Plateau illustrating locations from which data are derived to reconstruct paleotopographic maps.
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Onlap of late Miocene marine sediments onto Mesozoic basement
rocks reveals the existence of paleotopographic highs during the late
Miocene (Cosentino et al., 2011, 2012). Such areas were the source for
Miocene conglomerates delivered to the margins of the Köprü and
Manavgat basins (Flecker et al., 1995, 1998; Karabıyıkoğlu et al., 2000;
Deynoux et al., 2005; Monod et al., 2006; Çiner et al., 2008).

Areas farther north were predominantly terrestrial during the late
Miocene. Only continental sedimentation occurred since the late Oligo-
cene in the Aktoprak and Ulukışla basins (Clark and Robertson, 2002,
2005; Jaffey and Robertson, 2005), which are bounded to the south by
the Central Taurides. In the Altınapa Basin, lacustrine sediments re-
vealed late Miocene to Pliocene biostratigraphic ages (Göger and Kıral,
1969; Görmüs, 1984; Eren, 1993; Özkan, 1998), while ashes dated
with 40Ar/39Ar geochronology yielded middle Miocene and older dates
(Koç et al., 2012). Finally, Koçyiğit et al. (2000) described early Miocene
to Quaternary fluvial lacustrine sediments in the Akşehir graben, imply-
ing the existence of a terrestrial plateau interior, while areas to the
south were predominantly marine.

2.2. Paleotopographic constraints at 5 Ma

While the marine sedimentation within the Taurides implies that
the onset of uplift occurred sometime after 7 Ma, coarse fluvial con-
glomerate deposition in several basins flanking the Central Taurides
starting in the latest Miocene indicates that uplift likely started prior
to ca. 5.5 Ma. North of the Central Taurides, fluvial conglomerates of
the Aktoprak Basin overlie late Miocene lacustrine sediments (Jaffey
and Robertson, 2005). South of the Taurides in the Adana Basin, the
age of the thick fluvial conglomerates of the Handere Formation (previ-
ously associated with the Pliocene, Gürbüz and Kelling, 1993; Nazik,
2004; Darbaş and Nazik, 2010) has been refined through biostratigra-
phy to be associated with the latest Messinian “Lago-Mare” event
(5.60 to 5.33 Ma, CIESM, 2008) (Cosentino et al., 2010a, 2010b;
Cipollari et al., 2013b; Faranda et al., 2013). Pliocene ages had also
been inferred for coarse deposits overlying the “M-reflector” in the off-
shore Cilicia (Aksu et al., 2005) and Antalya basins (İşler et al., 2005).
However, Cipollari et al. (2013b) argued that similarities with the seis-
mic stratigraphy of the Adana Basin couldmean that the conglomerates
overlying the M-reflector instead correlate with the late Messinian
conglomerates of the Adana Basin.

The Adana, Manavgat, and Aksu basins remained marine into the
early Pliocene. In the Adana Basin, early Zanclean marinemarls outcrop
near the village of Avadan (Fig. 3; Cipollari et al., 2013b). In the southern
half of the Aksu Basin,marine sediments are as young as early tomiddle
Pliocene (Bizon et al., 1974; Akay and Uysal, 1985; Poisson et al., 2003;
Sagular, 2009; Sagular and Çoban, 2009; Poisson et al., 2011). In the
Manavgat Basin, shallow marine deposition continued up to ~10 km
inland from the modern coastline through early Pliocene time (Akay
and Uysal, 1985; Glover and Robertson, 1998), and finally ended during
the late Zanclean (Glover and Robertson, 1998).

2.3. Paleotopographic constraints at 1.6 Ma

Near the village of Hacıahmetli in theMut Basin (Fig. 3),marine sed-
iments as young as 1.6 Ma outcrop at up to 1.2 km elevation (Yıldız
et al., 2003; Schildgen et al., 2012a). The rapid generation of relief
after 1.6 Ma that is implied by the high present-day elevation of the sed-
iments is corroborated by rapid (0.52 to 0.66 mm/yr) incision rates of
the Göksu River from ca. 130 ka to today, based on cosmogenic expo-
sure ages of fluvial strath terraces (Schildgen et al., 2012a). In the
Adana Basin, lower Pleistocene marine sediments were identified
from well-log cuttings a few tens of meters above sea level (Cipollari
et al., 2013b). In the Antalya Basin, Glover and Robertson (2003) esti-
mated that freshwater tufa deposits started to be deposited in the
region by 1.5 to 2 Ma, implying that most of the present coastal area
was above sea level by early Pleistocene time.

2.4. Creating paleotopographic maps

Schildgen et al. (2012b) showed that by fitting a spline surface to
uplifted late Miocene neritic limestones, the cumulative post-late
Miocene uplift is greatest parallel to the modern plateau margin, and



Fig. 4. Paleotopographicmaps of the southernmargin of the Central Anatolian Plateau. (A): 7 Ma paleotopography; (B): 5 Ma paleotopography; (C): 1.6 Ma paleotopography; D: present
topography.
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decreases toward the coast and toward the plateau interior. The spline
surface can then be subtracted from the modern topography to re-
construct the late Miocene (ca. 7 Ma) paleotopography (Schildgen
et al., 2012b). We constructed additional paleotopographic maps
(Fig. 4) by subtracting fractions of the spline surface from the modern
topography. We assumed that the pattern of uplift revealed by the late
Miocene sediments has not changed through time, so that throughout
our reconstruction, the plateau margin is uplifted faster compared
with coastal and interior regions. This assumption is difficult to test,
but the occurrence of the highest early Pleistocene marine sediments
(Yıldız et al., 2003; Schildgen et al., 2012a) in a similar location as the
highest late Miocene marine sediments (along the axis of the Central
Taurides) suggests that a broadly similar pattern of deformation
persisted. We reconstructed the map for 5 Ma by assuming that an up-
lift rate of 0.2 mm/yr started in the Mut Basin at 7 Ma, to be consistent
with results reported by Cosentino et al. (2012) and Schildgen et al.
(2012a, 2012b). Because this would lead to 0.4 km of uplift by 5 Ma,
or 20% of the 2-km elevation of the marine sediments today, we
subtracted 80% of the spline surface from the modern topography. For
the 1.6 Ma time slice, we assumed that 1.2 km of uplift occurred after
1.6 Ma (Yıldız et al., 2003; Schildgen et al., 2012a). The 0.8 km of uplift
that occurred between ca. 7 and 1.6 Ma represents 40% of the total 2-km
of uplift, therefore, we subtracted 60% of the spline surface from the
modern topography.

After creating the initial maps, we corrected any inconsistencies
between thepaleoshorelinepositions and published descriptions ofma-
rine versus continental sediments that were summarized in the previ-
ous sections. We also attempted to remove some artifacts of modern
relief. For example, after subtracting fractions of the smooth spline sur-
face from the modern topography, we reduced elevations over long
wavelengths, but the short-wavelength relief of the modern landscape
remained. This problem was most prominent where deeply incised
river valleys drain to the coast. In those areas, the river valleys were
below sea level after subtracting the spline surface, resulting in irregular
shorelines resembling drowned topography. Because the shorelines
weremore likely to be relatively smooth (assuming that themodern re-
lief was generated after that regionwas uplifted), wemanually changed
the shorelines in ourfinal paleotopographicmaps. A similar problemoc-
curs in some inland areas. For example, the Ermenek Basin was below
sea level after the spline subtraction; however, the middle to late Mio-
cene marine stratigraphy suggests that sediments along what is now
the southern side of the valley represent deeper sediments deposited
lateral to a platform, which is on the northern side of the valley
(Janson et al., 2010; Cipollari et al., 2013a). These observations support
a scenario where themodern relief of the valley was only generated fol-
lowing uplift and fluvial incision through the middle to late Miocene
sediments. For that reason, we changed the elevations of the Ermenek
Basin to lie above sea level for the 5 Mamap. Despite these corrections,
smaller artifacts persist, which can be seen in topographic profiles ex-
tracted along transects that cross the southern plateau margin (Fig. 5).

3. Uplift constraints from other regions

3.1. Uplift of the northern margin of the Central Anatolian Plateau
(Central Pontides)

Topographic growth of the northernmargin of the Central Anatolian
Plateau,which comprises the Central Pontides, ismore ambiguous com-
pared with the southern margin. The youngest marine sediments re-
ported from the region are at 1040 m elevation in the Devrekâni Basin
(Fig. 6), with an estimated early to middle Miocene age (Tunoğlu,
1991a,b), implying ca. 1-km of uplift since that time. Stable isotope
compositions from the 12 to 8 Ma Tuğlu lacustrine section of the Çankırı
Basin (Mazzini et al., 2013), south of the North Anatolian Fault, further-
more show less depletion compared with modern precipitation
(Schemmel et al., 2013), implying that the Central Pontides did not
constitute a significant orographic barrier to precipitation by that time
(Mazzini et al., 2013). Analyses of Oligocene to earlyMiocene stable iso-
topes across the plateau reveal similar results,with an apparent absence
of significant orographic barriers at both the northern and southern
Central Anatolian Plateau margins by 20 to 16 Ma (Lüdecke et al.,
2013). Finally, a series of low-relief, elevated paleo-erosion surfaces
that extend from Istanbul through the Central Pontides have been sug-
gested to represent the vestiges of a paleosurface that has undergone
differential uplift (Yılmaz, 2007). Near Istanbul, the low-relief surface
remnants lie at 40 to 300 m elevation (Yılmaz et al., 2010),while within
the Central Pontides, they occur at ca. 1000 to 1500 m elevation (Fig. 6).
Without knowing the age or potentially diachronous nature of the sur-
face, it cannot be used to quantify uplift rates in the Central Pontides.
Nonetheless, the preservation of the early to middle Miocene marine
sediments, together with the lack of isotopic evidence of a rain shadow
by 8 Ma and the paleosurface remnants, implies surface uplift and
incision of no more than 1 to 1.5 km since the late Miocene.

Geomorphic data provide some clues to recent deformation patterns
and rates in the Central Pontides. In the Kastamonu Basin (Fig. 6), in-
cised fluvial strath terraces and pediments were used to define an aver-
age incision rate of 0.27 to 0.29 mm/yr since ca. 340 ka (Yıldırım et al.,
2013b). Locally faster incision rates occur near active thrusts, indicating
that uplift and incision were driven bymotion on thrust faults (Yıldırım
et al., 2013b). Moreover, late Pleistocene marine terraces along the
Black Sea coast around the Sinop Peninsula indicate uplift rates that
decrease from 0.2 mm/yr at the southern end of the peninsula to
0.02 mm/yr at the northern end (Yıldırım et al., 2013a). Similarly, Qua-
ternary paleo-deltas of the Kızılırmak River (~120 km downstream
from the outlet of the Kastamonu Basin, e.g., Akkan, 1970) were corre-
lated with relative sea-level highstands to indicate a coastal uplift rate
of 0.2 to 0.3 mm/yr during the last 340 ka (Demir et al., 2004). These
uplift and river-incision rate estimates are consistent with modern ver-
tical velocities of less than 1 mm/yr (0.4 ± 0.7 mm/yr) constrained
with Persistent Scatterers InSAR and GPS velocities for the same region
(Peyret et al., 2013). Together, the data support the hypothesis of late
Pleistocene uplift throughout the Central Pontides relative to the Black
Sea. Given that total uplift in the region since the late Miocene is only
ca. 1 to 1.5 km, the recent incision/uplift rates recorded in the Central
Pontides could not have been active for more than 4 to 5 Myr.

3.2. Uplift of the interior of the Central Anatolian Plateau

Few firm constraints exist for the uplift history of the interior of the
Central Anatolian Plateau. Poisson et al. (1997, 2010) described evi-
dence of an early Miocene marine transgression in the Sivas Basin,
which is now at ca. 1300 m elevation, at a location that transitions be-
tween Eastern and Central Anatolia. Because current mean elevations
in the Central Anatolian Plateau interior are close to 1 km (Fig. 1B),
and much of the region was terrestrial since at least early Miocene
time (Dercourt et al., 1993; Popov et al., 2004, 2006; Akgün et al.,
2007 and references within; also see Section 2.1), the interior must
have experienced b1 km of surface uplift since the late Miocene.

River terraces along the northward-flowing Kızılırmak River in the
central part of the plateau reveal a mean incision rate of 0.08 mm/yr
averaged over the last 1.99 Ma, or 0.07 mm/yr averaged over the last
404 ka (Doğan, 2011), which is 4× slower than incision through the
northern plateau margin since ca. 340 ka (Yıldırım et al., 2013b), and
8× slower than incision through the southern plateau margin since ca.
130 ka (Schildgen et al., 2012a). The slower incision in the interior indi-
cates that either the northward-flowing Kızılırmak River is currently in
a transient state, with upstream portions of the river not yet adjusted to
faster uplift throughout the region, or that faster uplift has occurred
along the plateau margins compared to the plateau interior since the
late Pleistocene (Yıldırım et al., 2013b).

Overall, it remains unclear how much surface uplift occurred in the
Central Anatolian Plateau interior since the late Miocene, but it appears
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Fig. 5. Swath profiles across four sections of the southernmargin of the Central Anatolian Plateau. Each profilewas extracted from themodern topography and the three paleotopographic
maps, to illustrate the temporal evolution of topography in each region. Note that the long-wavelength topography changes over time, however, little change occurs to short-wavelength
relief, due to themethods used in reconstructing the paleotopography. In Swath 1, linesmarking the elevation profiles at 5 Ma and 1.6 Ma are dashed, to indicate uncertainty related to the
lack of information on changes in uplift rates through time for the SW plateau margin.
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to have experienced less uplift comparedwith both the Central Pontides
in the north and the Central Taurides in the south.
3.3. Uplift of the Eastern Anatolian Plateau

The 2- to 3-km average elevations of the Eastern Anatolian Plateau
rise significantly higher than those of the Central Anatolian Plateau. In
Eastern Anatolia, the end ofmarine sedimentation near Lake Van during
the Serravallian (ca. 12 Ma) (Fig. 1, Gelati, 1975; Popov et al., 2004) and
at ca. 11 Ma in the Kahramanmaraş Basin (south of the Bitlis-Zagros su-
ture zone) (Hüsing et al., 2009), coupled with large-scale underthrust-
ing of the 11 Ma sediments (Hüsing et al., 2009) attests to the final
closure of the Neotethys Ocean and limits the start ofmore regional sur-
face uplift (e.g., Şengör andKidd, 1979; Şengör et al., 1985, 2008;Hüsing
et al., 2009). A recent apatite fission-track study indicates accelerated
exhumation in the Bitlis–Zagros thrust zone at the suture between the
Arabian and Eurasian plates at ca. 12 Ma (Okay et al., 2010), which
may also indicate the start of an uplift phase.

Consistentwith the estimated onset of uplift is the timing andnature
of volcanism in the region (Fig. 7). Earliest eruptions at ca. 11 Ma were
generally calc-alkaline in composition and clustered in the north
(Pearce et al., 1990; Keskin et al., 1998, Keskin, 2007). By 6 to 7 Ma,
predominantly alkaline volcanism had spread southwards
and eastwards (Pearce et al., 1990; Keskin et al., 1998; Sumita and
Schmincke, 2013). This volcanism and the changes in volcanic geo-
chemistry have been used to infer that fundamental changes in the
mantle lithosphere and/or upper mantle were coeval with the start
of uplift in Eastern Anatolia (Keskin, 2003; Şengör et al., 2003;
Keskin, 2007; Şengör et al., 2008).
4. Crustal scale deformation

Apart from surface-uplift studies, structural and geophysical studies
provide insights into the processes that contribute to topographic evo-
lution, including clues about crustal stress patterns, plate-boundary in-
teractions, the geometry of lithospheric slabs, and the likelihood of
delamination of the mantle lithosphere. In the following sections, we
summarize the structural evolution of different sectors of the Central
and Eastern Anatolian plateaus before moving on to geophysical
constrains in Section 5.
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Fig. 6.Relief map (A) and topographicmap (B) of the Central Pontides along the northernmargin of the Central Anatolian Plateau. Black dashed lines outline high-elevation regions of low
relief in both maps. These low-relief, elevated surfaces are interpreted to be remnants of a differentially-uplifted erosional paleosurface that spans the northern margin of Turkey. White
line outlines the perched Devrekani Basin. SP: Sinop Peninsula; KB: Kastamonu Basin; TB: Tosya Basin; DB: Devrekani Basin; NAF: North Anatolian Fault. (C): Conceptual model for the
Central Pontides as a bivergent orogenic wedge related to a positive flower structure developed over a shallow detachment surface linked to the North Anatolian Fault (modified after
Yildirim et al., 2011).
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4.1. Crustal shortening at the northern margin of the Central Anatolian
Plateau

Following closure of the northern branch of the Neotethys and
collision of the Pontide island arc with the Sakarya continent to the
south mainly during late Cretaceous time, the Central Pontides were
shortened and thickened along a north-vergent detachment associated
with a foreland fold-and-thrust-belt from the Paleocene to the Eocene
(e.g., Şengör et al., 1985; Şengör, 1995; Okay and Tüysüz, 1999;
Tüysüz, 1999; Sunal and Tüysüz, 2002; Okay et al., 2006). North of the
Pontides, the south-central and southeastern Black Sea margin is
currently undergoing shortening (Barka and Reilinger, 1997; Cloetingh



Fig. 7. Simplified geological map of Turkey derived from 1:500,000 scale mapping from theMaden Tetkik ve Arama Genel Müdürlüğü (MTA), Ankara, Turkey. All brown regions indicate
pre-Miocene rocks. Major tectonic boundaries (as in Fig. 1) are shown for reference.
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et al., 2003). At the southern border of the Central Pontides, which
marks the northern boundary of the Anatolian microplate, the North
Anatolian Fault (NAF) forms a wide northward-convex bend (Fig. 6)
that is undergoing dextral displacement of 24 mm/yr (Reilinger et al.,
2006). Variations in the lateral and fault-normal component of motion
occur along the broad restraining bend, with fault-normal shortening
(up to 8 mm/yr) occurring between Ereğli and the Sinop Peninsula
(31.5 to 35°E latitude) (Yildirim et al., 2011). The Central Pontides of
that region are characterized by thrust faults that deform Quaternary
sediments (Andrieux et al., 1995; Yildirim et al., 2011) as well as active
seismicity, such as theMs 6.5 Bartın earthquake of 1968, which showed
a thrusting focal mechanism (Ketin and Abdüsselamoğlu, 1969;
McKenzie, 1972). South of the NAF, the reactivation of structures after
lateMiocene time in the Çankırı Basin appears to relate to local block ro-
tations along faults with strike–slip components (Lucifora et al., 2013).

Seismic reflection studies have revealed deep thrust faults along the
southern margin of the Black Sea and within the Central Pontides.
Across the southern margin of the Black Sea, thrust faults deform Qua-
ternary sediments, typically with progressive southward migration of
deformation (Finetti et al., 1988). Similar southward-migrating defor-
mation patterns were observed within the Central Pontides (Aydın
et al., 1995; Şengör, 1995; Damcı et al., 2004). Yildirim et al. (2011) in-
tegrated the seismic reflection lines from the Black Sea and fromwithin
the Central Pontideswith surface evidence of active thrusting to suggest
that the Central Pontides constitute an orogen-scale, bivergent, wedge-
shaped transpressive structure, with a shallow detachment horizon that
merges with the NAF at depth (Fig. 6C). In support of this inferred im-
portance and deep extent of the NAF, recent waveform inversions of
teleseismic and regional data reveal a low velocity zone along the east-
ern and central sections of the NAF that extend through the crust and
into the upper mantle, likely reflecting a structurally weak zone that
corresponds to Tethyan sutures (Fichtner et al., 2013).
4.2. Structural evolution of the southern margin of the Central Anatolian
Plateau

The Central Taurides along the southern plateau margin consist
of multiple oceanic and continental units shortened in late Cretaceous–
Eocene time during the closure of the Neotethys and subsequent colli-
sion of the Taurus carbonate platforms with the crystalline complex of
Central Anatolia (Şengör and Yılmaz, 1981; Dixon and Robertson,
1984; Pourteau et al., 2010, 2013). The Bozkır and Aladağ nappes were
emplaced from the north in late Cretaceous to middle–late Eocene time
(Özgül, 1976, 1997; Monod, 1977; Akay and Uysal, 1988; Bozkaya and
Yalçin, 2000; Andrew and Robertson, 2001). Topographic growth from
middle Eocene to late Oligocene time led towidespreadfluvial and lacus-
trine sedimentation (Clark and Robertson, 2002, 2005; Eriş et al., 2005;
Şafak et al., 2005), with localized extension and basin formation sug-
gested to result from southward retreat of the African slab (Kempler
and Ben-Avraham, 1987; Robertson, 1998, 2000; Jolivet and Faccenna,
2000). Subsidence that resulted in a change from terrestrial to marine
sedimentation in southern Turkey and formation of the Cilicia Basin
has also been explained by slab retreat (Robertson, 1998). A final stage
of shortening deformedOligocene lake sediments, but since lateMiocene
time, small-scale normal and strike–slip faulting have predominated
within the Central Taurides (Glover and Robertson, 1998; Ilgar and
Nemec, 2005; Schildgen et al., 2012b). More substantial deformation,
and most of the post-late Miocene surface uplift, appears to have accu-
mulated through long-wavelength upwarping of the region (Cosentino
et al., 2012).

Offshore seismic reflection lines in the central portions of the Antal-
ya and Cilicia basins reveal minor thrusts that may be related to salt
tectonics (Evans et al., 1978; Bridge et al., 2005). Along the northern
margin of the Cilicia Basin between Cyprus and southern Turkey (line
A of Aksu et al., 2005), low-angle, south-directed thrusts affect Unit 2,
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but do not cut the M-reflector. The M-reflector was correlated by
Cipollari et al. (2013b)with the ca. 5.56 MaMessinian Erosional Surface
(Cosentino et al., 2013), implying that shortening had ended by that
time. Seismic reflection lines also reveal normal faults along the north-
ern margins of the offshore basins that deform early Pliocene (or latest
Miocene, see Cipollari et al., 2013b) to recent sediments (Aksu et al.,
2005; İşler et al., 2005). South-directed shortening and transpression
have deformed the southern margins of the Cilicia and Antalya basins
(Aksu et al., 2005; İşler et al., 2005), which is consistent with the short-
ening expected from the vector analysis by Şengör et al. (1985) of the
Kahramanmaraş triple junction. In Cyprus, shortening and strike-slip
faulting have predominated since the late Miocene in the north
(Robertson and Woodcock, 1986; Harrison et al., 2004; Calon et al.,
2005) and the southwest (Wdowinski et al., 2006), while normal faults
and associated grabens have formed in other parts of the island
(Robertson, 2000; Payne and Robertson, 2000). Shortening is generally
seen in seismicity along the collision zone south of Cyprus (Imprescia
et al., 2012), and also to a lesser degree by the deep earthquakes
beneath the Antalya Basin associated with the subducting “Western
Cyprus slab” (Kalyoncuoğlu et al., 2011; Imprescia et al., 2012;
Schildgen et al., 2012b).

4.3. Structural evolution of the interior of Central Anatolia and the Aegean

Since at least late Miocene time, the plateau interior appears to have
also undergone predominantly extension (Dhont et al., 1998b; Cemen
et al., 1999; Dirik et al., 1999; Dilek and Whitney, 2000; Ocakoğlu,
2004; Jaffey and Robertson, 2005; Rojay and Karaka, 2008; Genç and
Yürür, 2010; Özsayın et al., 2013) with localized strike–slip faulting
(Şengör et al., 1985; Koçyiğit and Beyhan, 1998; Umhoefer et al.,
2007; Özsayin and Dirik, 2011). In a few locations, the timing of a
changeover from shortening to extension/strike–slip faulting has been
constrained to the late Miocene. For example, in the Akşehir graben,
seismic reflection lines reveal reverse faulting of upper Miocene sedi-
ments, but uppermost Miocene and younger sediments are only affect-
ed by extension (Koçyiğit et al., 2000). Also, in the Tuz Gölü Basin,
volcanic ashes dated with 40Ar/39Ar geochronology indicate that a
phase of NE–SW shortening had ended by 6.81 ± 0.24 Ma, and was
followed by NE–SW extension, which continues today (Özsayın et al.,
2013). Changes in the geochemistry of volcanic rocks from calc-
alkaline compositions in the middle to late Miocene to alkaline compo-
sitions have also been related to decreasing influence of crustal contam-
ination and/or subduction coeval with the onset of crustal extension
(Innocenti et al., 1975; Deniel et al., 1998; Dhont et al., 1998a; Temel
et al., 1998; Kürkçüoğlu et al., 2001; Aydar and Gourgaud, 2002;
Kürkçüoğlu et al., 2004; Şen et al., 2004; Kuscu and Geneli, 2010).

Coincident with the onset of extension in Central Anatolia was a
change in deformation of the Aegean region. Most notably, right-
lateral strike–slip faulting associated with the Kephalonia transform,
which accommodates faster retreat of the southern Hellenic subduction
zone compared to the north and has been linked to the North Anatolian
Fault through paleomagnetic and geochronologic constraints (Vassilakis
et al., 2011; Bradley et al., 2013), appears to have initiated in the latest
Miocene or early Pliocene (Royden and Papanikolaou, 2011; Bradley
et al., 2013).

4.4. Structural evolution of Eastern Anatolia

Eastern Anatolia marks the tectonically active collision zone be-
tween Eurasia in the north with various southern crustal fragments
that were accreted throughout Mesozoic and Cenozoic time (Şengör
and Yılmaz, 1981; Barazangi et al., 2006). The Neotethys was consumed
along a north-dipping subduction zone beneath the southern margin of
Eurasia (Yılmaz et al., 1997), above which formed the Eastern Pontide
arc. After final closure during the late Paleocene (Şengör and Yılmaz,
1981; Bozkurt and Mittwede, 2001), the Pontide arc was accreted to a
series of Cretaceous ophiolitic mélange nappes with Paleocene to late
Oligocene flysch sequences of the Eastern Anatolian Accretionary
Complex (Şengör and Yılmaz, 1981). The flysch units decrease in age
to the south,where they abut the Bitlis–PötürgeMassif, the easternmost
extension of the Menderes–Taurus block. A southern branch of the
Neotethys continued to be subducted until its final closure in middle
Miocene time, marking the collision between Arabia and Eurasia
(Şengör and Kidd, 1979; Dewey et al., 1986; Bozkurt and Mittwede,
2001; Hüsing et al., 2009).

Much of the late Miocene to recent deformation in Eastern Anatolia
has been dominated by strike–slip and thrust faulting (Şengör et al.,
1985; Şaroğlu and Yılmaz, 1987; Bozkurt, 2001; Koçyiğit et al., 2001;
Philip et al., 2001; Şengör et al., 2008), including shortening of
Pliocene–Pleistocene sediments (Şengör et al., 1985; Dewey et al.,
1986; Şaroğlu and Yılmaz, 1987), recent seismicity on thrust faults (Tan
et al., 2008; Doğan and Karakaş, 2013), and earthquake focal mecha-
nisms revealing mostly strike–slip and shortening deformation (Şengör
et al., 2008). A minor amount of extension appears to be limited to
small-scale N–S-oriented structures (Şengör et al., 1985; Toker, 2006).
Within the Greater Caucasus to the north, shortening and rapid exhuma-
tion has been active since the early Pliocene (Forte et al., 2010; Avdeev
and Niemi, 2011).
5. Geophysical perspectives on the crust, lithosphere, and
subducting slabs

Many of the early geophysical studies of the Anatolian Plateau to de-
termine characteristics of the crust, lithosphere, and subducting slabs
were focused on Eastern Anatolia. The region is characterized by strong
Sn and Pn wave attenuation in the upper mantle (Gök et al., 2003; Al-
Damegh et al., 2004), slow-shear wave speeds (Maggi and Priestley,
2005; Gök et al., 2007), and slow Pn wave speeds (Al-Lazki et al.,
2003, 2004; Lei and Zhao, 2007; Elitok and Dolmaz, 2008). Together
with moderate crustal thicknesses of ca. 40 to 50 km derived from
P- and S-wave receiver functions (Zor et al., 2003; Çakir and Erduran,
2004) but consistently very negative Bouguer gravity anomalies
(Fig. 8; Ates et al., 1999), the observations indicate an absent or thinned
mantle lid beneath Eastern Anatolia (Şengör et al., 2003, 2008). Angus
et al. (2006) estimated a mantle lid only 60 to 80 km thick beneath
the central part of Eastern Anatolia. Furthermore, the lack of sub-
crustal earthquakes (Türkelli et al., 2003) and the termination of the
lithosphere–asthenosphere boundary of the Arabian plate beneath the
Bitlis–Zagros suture (Angus et al., 2006) imply very little or no under-
thrusting of Arabia beneath Eurasia. Together with the break in the
high-velocity anomaly beneath Eastern Anatolia at around 100 km
depth imaged through teleseismic (Lei and Zhao, 2007) and body-
wave tomography (Piromallo and Morelli, 2003), the observations
are consistent with delamination of the lithosphere beneath Eastern
Anatolia and break-off of the Tethyan slab.

Interestingly, surface heat flow measurements in the regions
around the Anatolian microplate tend to be relatively low
(b30 mW/m2, Artemieva and Mooney, 2001), although the estimat-
ed temperatures at 50 km depth are unusually high (ca. 900–
1000 °C) and the depth to the 550 °C isotherm (or the Curie point
depth) is shallow (typically b 30 km, Artemieva, 2006; Bektaş
et al., 2007; Aydın et al., 2008). To explain these patterns in the con-
text of potential delamination and slab break-off, we can consider
that the timescale required for hotter temperatures at the base of
the crust following delamination to reach the surface through diffu-
sion can be estimated by L2 / D (Turcott and Schubert, 2002, p. 149),
where L is the crustal thickness and D is the thermal diffusivity. As-
suming a crustal thickness of 40 km and average diffusivity of
40 km2/Myr (typical for granodiorite, Arndt et al., 1997), approxi-
mately 40 Myr are required for hotter temperatures to reach the sur-
face. The modern thermal characteristics of the Anatolian crust are
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Fig. 8. Bouger gravity anomaly map across Turkey and Cyprus. Gravity anomalies from Turkey are reprojected and simplified from Ates et al. (1999), and those from Cyprus are redrawn
from Gass and Masson-Smith (1963).
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therefore consistent with delamination/slab break off and upwelling
asthenosphere that occurred much more recently than 40 Ma.

Faccenna et al. (2006) noted that the slab break-off inferred from
beneath Eastern Anatolia may extend to Cyprus or even farther west,
based on tomography from Piromallo and Morelli (2003). Since that
time, higher-resolution tomography has been extended westward into
Central Anatolia. Each of the three recently published P-wave and Pn
tomography models (Gans et al., 2009; Biryol et al., 2011; Mutlu and
Karabulut, 2011) shows a low-velocity zone extending from Eastern
Anatolia into the southern part of Central Anatolia, in the region of the
Central Anatolian Volcanic Province and the SE margin of the Central
Anatolian Plateau. Overall, the pattern broadly matches the mapped
pattern of volcanic rocks (Fig. 7). This pattern is consistent with slab de-
lamination and break-off that extends westward from beneath Eastern
Anatolia to Cyprus (Gans et al., 2009; Biryol et al., 2011; Mutlu and
Karabulut, 2011). Although tomography alone does not provide firmev-
idence for slab break-off (Doglioni et al., 2007; Foulger et al., 2013),
Imprescia et al. (2012) and Kalyoncuoğlu et al. (2011) noted a near ab-
sence of seismicity within 50 km north of Cyprus, in the region of a
near-vertical, 200-km low velocity zone. Lack of subduction-related
deep seismicity (N55 km depth) also characterizes the region immedi-
ately east of Cyprus (Kalyoncuoğlu et al., 2011), where deformation is
instead associatedwith left-lateral strike–slip faulting and transpression
(Harrison et al., 2004; Imprescia et al., 2012).

In contrast, continued subduction of the “Western Cyprus slab”
between western Cyprus and the Hellenic arc is supported by recent
analyses of gravity and seismic data (Kalyoncuoğlu et al., 2011;
Imprescia et al., 2012; Schildgen et al., 2012b), with earthquakes ex-
tending down to at least 138 kmdepth. Barka and Reilinger (1997) sug-
gested that a tear between the Cyprus and Aegean slabs could explain
the greater extension above the Aegean slab compared to above the
Cyprus slab. Later studies using P-wave (Biryol et al., 2011), S-wave
(Bakırcı et al., 2012), and surfacewave (Salaün et al., 2012) tomography,
as well as earthquake focal mechanisms (Özbakır et al., 2013) similarly
inferred a major tear to exist between the two slabs.

Few studies have constrained the crustal thickness of Central
Anatolia, although Mutlu and Karabulut (2011) used station delays to
estimate crustal thicknesses of 35 ± 2 km across most of Central
Anatolia, and 40 to 45 km within the Central Taurides. More recently,
Tezel et al. (2013) used receiver functions to estimate Moho depths of
38 to 42 km in both the Central Taurides and Central Pontides (Fig. 9).
No estimates have yet been made for the mantle lithosphere thickness
beneath Central Anatolia.

6. Discussion

Givenwhat is nowa fairly detailed picture of the crustal deformation
history in Central Anatolia, regional geophysical observations, and local
constraints on the uplift history, we next explore the likelihood of vari-
ous geodynamic mechanisms that might explain the observations.
Afterwards, we discuss how our favored set of mechanisms along the
northern and southern margins of the Central Anatolian Plateau may
relate to more regional patterns of uplift and deformation, and whether
or not several of the processes may be geodynamically linked.

6.1. Crustal shortening and thickening

Along the northern margin of Central Anatolia, if shortening along a
broad restraining bend of the NAF induced surface uplift in the Central
Pontides, then the establishment of the NAF should be coeval with the
start of an uplift phase. Unfortunately, the onset of activity along the
NAF is imprecisely known, particularly as deformation appears to have
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initiated at different times along the structure (e.g., Armijo et al., 1999;
Şengör et al., 2005 and references within). Within the Central Pontides,
deposition and folding of the lacustrine and fluvial strata of the Pontus
Formation (Irrlitz, 1972) in pull-apart basins along the NAF have been
interpreted to indicate activity of the NAF (Barka and Hancock, 1984;
Andrieux et al., 1995). The age of the Pontus Formation has been esti-
mated at 2 to 4 Ma from charophytes and ostracods (Över et al., 1993)
and mammals (Ünay and de Bruijn, 1998), although Barka and
Hancock (1984) considered the base of the formation to be 5 Ma. In
the Tosya Basin (Fig. 6), 8.5 Ma volcanic rocks underlie the formation
(Adıyaman, 2000). Folding of the Pontus Formation related to the NAF,
therefore, must have started after 5 Ma (Hubert-Ferrari et al., 2002).
Coarse sediments of no older than medial Pliocene age in the obliquely
shortening Çerkeş–Kurşunlu Basin within the North Anatolian Shear
Zone indicate that fault activity had started by that time in the region
(Şengör et al., 2005 and references within). The reactivation of strike–
slip structures in the Çankırı Basin (south of the NAF in the Central
Pontides) after the late Miocene (Lucifora et al., 2013) is consistent
with these general constraints. Because the total uplift since the late
Miocene is on the order of 1 to 1.5 km (see Section 3.1), the ca.
0.3 mm/yr uplift rates that have elevated Pleistocene geomorphic fea-
tures (Demir et al., 2004; Yıldırım et al., 2013a,b) could not have been
active for more than 4 to 5 Myr, which is consistent with a latest Mio-
cene to early Pliocene onset of NAF-related transpression and uplift.
Although more precise constraints are needed to test the relationship
between the onset of the NAF and uplift of the Central Pontides, the
currently available data are consistent with recent uplift in the Pontides
related to movement along the NAF.

To test the feasibility of this mechanism, we can calculate the uplift
rate thatwould likely occur along the Pontidewedge as a result of crust-
al shortening and thickening. Following the argument summarized in
Garzione et al. (2008), when shortening leads to crustal thickening,
the product of the shortening rate, u, and the crustal thickness,H, should
equal the product of the width of the deforming region, W, and the
average rate of crustal thickening, dH / dt. If Airy isostasy is maintained,
then the uplift rate, dh/ dt, is given by:

dh
dt

¼ ρm−ρcð Þ
ρc

dH
dt

¼ ρm−ρcð Þ
ρc

uH
W

≈ 1
5:5

uH
W

ð1Þ

where ρc (2800 kg/m3) is the crustal density and ρm (3300 kg/m3) is
the mantle density. Assuming a maximum NAF-normal shortening
rate u of 8 mm/yr (Yildirim et al., 2011), a width of the deforming
wedge W of 200 to 250 km, and an initial crustal thickness H of
35 km, the average uplift rate, dh / dt, should be between 0.20 and
0.25 mm/yr, which is broadly consistent with the 0.28 mm/yr river
incision rates (Yıldırım et al., 2013b) and 0.2 mm/yr uplift rates
(based on marine terraces, Yıldırım et al., 2013a) from the region.

Along the southernmargin of the Central Anatolian Plateau, shorten-
ing and thickening above the subductingAfrican slab could result also in
uplift. The main opposing argument is that uplift appears to be coeval
with minor extension and regional monoclinal warping rather than
with shortening (see Section 4.2). However, if deformation of the over-
riding plate occurred above a broad region of thermal weakening at the
base of an accreting subduction wedge (e.g., Fuller et al., 2006;
Fernández-Blanco et al., 2012), surface-breaking thrusts may not be
required. An appealing aspect of this mechanism is that it can explain
both uplift of the forearc (southern Turkey) and Cyprus aswell as subsi-
dence of the intervening Cilicia Basin. However, an important factor lim-
iting the feasibility of rapid thickening through accretion is the slow
convergence rate between Africa and Eurasia (b10 mm/yr since ca.
25 Ma, McQuarrie et al., 2003, with modern convergence of 5 mm/yr,
Reilinger et al., 2006). Given that the convergence rate is 5 times slower
than that modeled by Fuller et al. (2006), deformation in their model
that required 6.4 Myr to achieve would require 32 Myr in southern
Turkey (5 times longer), assuming an equivalent 2.5-km thickness of
material being accreted.
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In a more extreme case, we can calculate the uplift rate that would
result if all convergence between Africa and Eurasia were taken up
through shortening of the Central Taurides; this should provide a max-
imum limit to shortening-relateduplift. Considering a shortening rate of
5 mm/yr (modern convergence between Africa and Eurasia, Reilinger
et al., 2006), an initial crustal thickness of 35 km, and a 100-km width
of the deforming region, Eq. (1) yields an uplift rate of 0.32 mm/yr.
Based on this calculation, shortening cannot explain the faster uplift
rates in the Central Taurides (ca. 0.7 mm/yr) that characterized the
region after 1.6 Ma (Schildgen et al., 2012a), but may have contributed
to the slow uplift rates (ca. 0.1 to 0.2 mm/yr, Schildgen et al., 2012a)
that occurred before 1.6 Ma.

6.2. Eratosthenes Seamount (continental fragment) subduction/collision

Schildgen et al. (2012a) suggested that the faster Pleistocene uplift
of the S and SW plateau margin in Central Anatolia (after 1.6 Ma)
could relate to the collision of the Eratosthenes Seamount with the
subduction zone south of Cyprus (Kempler and Ben-Avraham, 1987;
Ben-Avraham et al., 1988), as they noted a general coincidence in the
timing of: (1) rapid seamount subsidence in the late Pliocene to early
Pleistocene (Robertson, 1998, 2000); (2) the start of faster uplift of
southern Cyprus (Robertson, 1998, 2000); and (3) a tectonic transition
throughout the easternmost Mediterranean (Schattner, 2010). The
Eratosthenes Seamount is underlain by ca. 28 km of continental crust
(Aal et al., 2001; Ben-Avraham et al., 2002); as buoyancy analysis sug-
gests that continental crust N15 km thick is sufficient to increase the
coupling of the lower and upper plate (Cloos, 1991), collision of the
continental fragment with the subduction zone may have influenced
the overriding plate.

The existence of the Cilicia Basin, which separates southern Turkey
from Cyprus, may argue against linking seamount collision to uplift as
far north as southern Turkey; however, the basin itself could have also
been uplifted. A remarkable 1-km drop in sea floor bathymetry occurs
on the west side of the N–S-striking Anamur Kormakiti Zone (e.g.,
Fig. 2 in İşler et al., 2005), which could separate the uplifted Cilicia
Basin from the deeper Antalya Basin to the west. Interestingly though,
the Adana Basin, which lies at the eastern end of the Cilicia Basin
(Fig. 3), appears to have only experienced 0.02 to 0.13 mm/yr of uplift
since the early Pleistocene (Cipollari et al., 2013b). Studies indicating
emergence of the Troodos Massif in Cyprus in late Pliocene time
(b2.58 Ma, McCallum and Robertson, 1990, 1995; Robertson, 1998;
Kinnaird et al., 2011), moderate middle to late Pleistocene uplift rates
(N0.08 mm/yr, Kinnaird et al., 2011) and very fast Holocene uplift
rates (ca. 2 to 4 mm/yr, Harrison et al., 2013) have started to provide
a useful framework to further assess uplift chronology andmechanisms
in the region, but more constraints together with modeling studies are
necessary to assess the importance of seamount collision in contributing
to Quaternary uplift.

6.3. Lithospheric slab break-off and tearing

The overall pattern of uplift since the late Miocene in Central Anato-
lia, detailed in Sections 2 and 3, includes focused uplift along the plateau
margins, with greater uplift of the S and SEmargins compared to the SW
(Schildgen et al., 2012b). Slab break-off has been suggested to explain
the greater uplift along the S and SE margins (Cosentino et al., 2012;
Schildgen et al., 2012a), potentially linking uplift in Eastern Anatolia
with that in Central Anatolia. Numerical modeling has shown that
N20 Myr may elapse between the onset of continental collision and
break-off of the 200-Ma Neotethyan slab (van Hunen and Allen,
2011), which is broadly consistent with a late Eocene/Oligocene colli-
sion of Arabia with Eurasia (Jolivet and Faccenna, 2000; Agard et al.,
2005; Dargahi et al., 2010; Ballato et al., 2011; McQuarrie and van
Hinsbergen, 2013) and the ca. 11 Ma inferred onset of uplift related to
slab break-off beneath Eastern Anatolia (Keskin, 2003; Şengör et al.,
2003; Keskin, 2007; Şengör et al., 2008). Cosentino et al. (2012) noted
that the 4- to 6-Myr later start of uplift along the southern margin of
Central Anatolia compared with Eastern Anatolia, together with the
600 to 700 km distance between the apex of the Bitlis–Zagros suture
zone and the SE margin of Central Anatolia, would imply a lateral prop-
agation rate of slab break-off of 100 to 175 mm/yr (Fig. 10). This differ-
ence in the timing of uplift agrees well with numerical modeling of the
lateral propagation rate of a tear within the Tethyan slab, which yielded
estimates of 100 to 150 mm/yr (van Hunen and Allen, 2011). The
geochronological and geophysical observations are therefore consistent
with model predictions of slab break-off starting beneath Eastern
Anatolia and propagating westward over time (Cosentino et al., 2012).

The recent constraints on the pattern and rates of uplift in southern
Central Anatolia can be used to further test the hypothesis of slab break-
off inducing uplift. Duretz et al. (2011) illustrated that by including
Peierls creep within the slab in their simulations, the resulting topogra-
phy following slab break-off forms two uplifted peaks with an interven-
ing trough,with greater uplift occurring in the overriding plate. To afirst
order, this prediction matches the pattern of uplift since the late Mio-
cene, with greatest uplift of southern Turkey, less uplift of Cyprus, and
the Cilicia Basin trough lying between. If slab break-off occurred at
depths of 200 to 300 km (“intermediate” or “deep” slab break-off), sur-
face uplift in the overriding plate above the break-off should occur at ca.
0.2 to 0.4 mm/yr (Duretz et al., 2011). This prediction is broadly consis-
tent with the 0.1 to 0.2 mm/yr uplift rate along the SE margin of the
Central Taurides between ca. 7 to 1.6 Ma (Schildgen et al., 2012a). Alter-
natively, “shallow” break-off at depths of ca. 100 km should result in
faster uplift of ca. 0.7 mm/yr (Duretz et al., 2011), which is consistent
with the faster uplift that occurred after 1.6 Ma (Schildgen et al.,
2012a). A primary remaining question, therefore, is if a deep slab
break-off event coincided with the start of uplift in southern Turkey
(between 7 and 5.5 Ma), or if a shallow break-off event occurred later,
potentially associated with locking of the subduction zone following
collision of the Eratosthenes Seamount. One argument supporting the
shallow slab break-off scenario is that the ca. 120 km width of the
uplifted region (Fig. 5) is more consistent with a shallow break-off
event (ca. 100 km expected width), compared with an intermediate
(ca. 300 km width) or deep break-off event (ca. 400 km width)
(Duretz et al., 2011).

Along the SWmargin of the Central Anatolian Plateau, near Sarıalan,
6.7 Ma marine sediments at 1.5 km elevation (Schildgen et al., 2012b)
attest to important uplift over a similar time span as the uplift of the S
and SE margins. However, the Western Cyprus slab appears to be
experiencing active subduction beneath the SW plateau margin (see
Section 5), arguing against slab break-off there. Nonetheless, low veloc-
ity anomalies between the Aegean and Cyprus slabs (Biryol et al., 2011;
Bakırcı et al., 2012; Salaün et al., 2012), differences in GPS-derived
velocity vectors (Barka and Reilinger, 1997) and earthquake focalmech-
anisms (Özbakır et al., 2013) have led several authors to interpret a tear
with upwelling asthenosphere between the Cyprus and Aegean slabs.
Schildgen et al. (2012b) suggested based on coeval extension of the
crust and alkaline volcanism in the region that the upwelling astheno-
sphere could have induced uplift along the SW plateau margin. To
date, no modeling studies have explored if the amount and rate of
observed uplift can be realistically explained with this mechanism.

6.4. Lithospheric delamination and upper mantle convection

After the Central Anatolian Plateau margins were uplifted, one way
to subsequently create a plateaumorphology is through increased arid-
ity between the two uplifted ranges, which could lead to sediment
infilling and reduction of relief in the interior (e.g., Sobel et al., 2003).
Although Pliocene and Quaternary sedimentation have helped to create
the low relief that characterizes the interior of the Central Anatolian Pla-
teau in areas such as the Konya and Tuz Gölü basins (Figs. 2, 3), numer-
ous basement outcrops occur throughout the plateau interior. For this



Fig. 10. Preferred scenario to explain the change from slow (ca. 0.1 to 0.2 mm/yr from late Miocene to early Pleistocene time) to rapid (ca. 0.7 mm/yr after 1.6 Ma) surface uplift in south
central Turkey. In this scenario, initial slow uplift results from thickening of the Central Taurides through accretion within a subduction wedge (based on modeling by Fuller et al., 2006);
later rapid uplift results from shallow slab break-off, which could have been partly induced by collision of the Eratosthenes Seamount (continental fragment) with the subduction zone
south of Cyprus (based on modeling by Duretz et al., 2011). Crustal thicknesses for Turkey are derived from Tezel et al. (2013), and for the Eratosthenes Seamount from Aal et al.
(2001) and Ben-Avraham et al. (2002). Subduction geometry and position of slab dehydration are based on typical geometries from active margins around the world and from the
common occurrence of subduction-related volcanic rocks occurring ca. 100 to 150 km above the dehydration zone (Isacks and Barazangi, 1977). Base of the lithosphere for the subducting
plate is drawn at ca. 60 to 80 km depth following arguments in Segev et al. (2006).
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reason, alternative mechanisms should be considered to create the
plateau morphology in Central Anatolia and its 1 to 1.5 km interior
elevations.

Bartol et al. (2012) suggested that both Central and Eastern Anatolia
may have been affected by a similar sequence of events, i.e., north-to-
south delamination of the lithosphere followed by slab break-off, as
Şengör et al. (2003, 2008) and Keskin (2003, 2007) suggested for East-
ern Anatolia. Numerical modeling has shown that delamination and
slab break-off, combined with crustal shortening, could result in
plateau-like uplift with surface elevations consistent with those cur-
rently found in Eastern Anatolia (Göğüş and Pysklywec, 2008). These
models also predict that in the absence of crustal shortening, greater up-
lift should occur above the slab break-off, resulting in an asymmetric
uplift pattern. As summarized in Sections 2.1 and 3.1, greater uplift
has indeed occurred since the late Miocene along the southern margin
of Central Anatolia (ca. 1.5 to 2 km) compared with the northern
margin (ca. 1 to 1.5 km). Given that the interior of Central Anatolia
has not experienced significant shortening since the late Miocene
(Section 4.3), the uplift pattern in Central Anatolia is consistent with
slab break-off and possibly localized delamination. However, the dispa-
rate pattern of volcanism in Central Anatolia, in stark contrast with its
widespread occurrence throughout Eastern Anatolia (Fig. 7), together
with the narrowing of the zone of negative Bouguer gravity anomalies
in Central Anatolia (Fig. 8), calls into question the regional extent over
which Central Anatolia could have been delaminated.

Recent models of upper mantle flow patterns in the Mediterranean
have helped to test how upwelling mantle may contribute to the eleva-
tions of the Central and Eastern Anatolia. Faccenna and Becker (2010)
and Boschi et al. (2010) noted the existence of km-scale residual topog-
raphy in Central and Eastern Anatolia after correcting for crustal isostat-
ic adjustment, which suggests that dynamic topography is important in
the region. Faccenna andBecker (2010) reconstructedmantleflowdriv-
en by temperature (density) variations from seismic tomography, as-
suming that the seismic velocity anomalies are related to temperature.
They predicted strong upwelling in the upper mantle beneath the Mid-
dle East and westward flow toward the Aegean that would lead to dy-
namic topography on the order of 1 to 2 km in Eastern Anatolia, with
values decreasing to zero toward Central Anatolia. Modeling by Boschi
et al. (2010) incorporated more recent constraints on crustal density
and thicknesses and explored results from four different seismic tomog-
raphy models. They predicted from 1 to N2 km of dynamic topography
in Eastern Anatolia and 0.5 to 1.5 km for Central Anatolia. Although
these studies demonstrate the potential for mantle flow to explain the
high elevations in Central and Eastern Anatolia, the large difference in
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uplift predicted for the different models highlights the sensitivity of the
results to the rather weakly constrained input parameters. Nonetheless,
it is possible that mantle upwelling has contributed to the high eleva-
tions in Eastern and Central Anatolia.

6.5. Linking slab break-off, Hellenic trench retreat and uplift of the Central
and Eastern Anatolian plateaus

To summarize, current geological and geophysical constraints are
consistent with various mechanisms contributing to uplift since the
late Miocene along the southern and northern margins of the Central
Anatolian Plateau.

At the S and SE margins of Central Anatolia, an end of crustal short-
ening that coincides with the start of uplift appears to rule out crustal
thickening through shortening as a possibility. Instead, two different
scenarios may explain the uplift history. In the first scenario, thickening
of the accretionary wedge above a subduction zone induced the initial
slow uplift of the southern margin, and faster uplift following shallow
slab break-off occurred after the collision of the Eratosthenes Seamount
(continental fragment) with the subduction zone in the late Pliocene to
early Pleistocene (Fig. 10). In the second scenario, deep slab break-off
induced the start of slow uplift between ca. 7 and 5.5 Ma, with later,
faster uplift associated with the collision of the Eratosthenes Seamount
starting in the late Pliocene to early Pleistocene. Given that the width of
the uplifted region in south Central Turkey is more consistent with pre-
dictions of shallow slab break-off (e.g., Duretz et al., 2011), which in
turn is associated with fast (ca. 0.7 mm/yr) uplift rates, we currently
favor the first scenario.

Interpreting uplift mechanisms along other sectors of Central Anato-
lia is somewhat less ambiguous. Farther west along the SW margin,
mantle upwelling through a slab tear is currently the only viable pro-
posed mechanism that explains the observed extension, volcanism,
and surface uplift. Along the northern plateau margin, uplift related to
strain accumulation along the restraining bend in the North Anatolian
Fault can explain the observed shortening deformation and uplift.With-
in the Central Anatolian Plateau interior, if significant uplift has occurred
since the Miocene, it is most likely associated with upper mantle con-
vection and possibly localized delamination.

The broadly similar start of the most recent uplift phase along the
northern and southern margins of the Central Anatolian Plateau raises
the question of whether uplift mechanisms in the two regions may be
linked. Faccenna et al. (2006) showed through analog experiments
Fig. 11. Lateral propagation of slab break-off beneath Anatolia. Arrows illustrate mantle upwe
(2012) with present slab geometry from Biryol et al. (2011).
that slab break-off results in acceleration of Hellenic trench rollback
and faster westward movement of Anatolia relative to Eurasia. In the
Faccenna et al. (2006) model, faster rollback was induced by greater
slab pull, which occurred because the subducting African–Arabian slab
remained coherent at depth: the load that had been distributed across
a broad subduction zone became focused on the Hellenic trench. Alter-
natively, retreat of the Hellenic trench may simply be considered rela-
tive to retreat of the Cyprus trench (Doglioni et al., 2002; Agostini
et al., 2010). Hence, a slowing of the Cyprus trench retreat following
slab break-off could have had the same effects on surface deformation.
This scenario may be more realistic compared to that proposed by
Faccenna et al. (2006), given that the relatively gentle dip of the Aegean
slab today casts doubt on the role of slab pull in Hellenic trench retreat
(Doglioni et al., 2002; Agostini et al., 2010). But in either scenario, faster
(relative) Hellenic trench retreat should induce extension and acceler-
ated westward motion of Anatolia compared to Eurasia (e.g., Reilinger
et al., 1997; Jolivet, 2001; Mart, 2013), which in turn could facilitate
the localization of strain along the North Anatolian Fault Zone
(Faccenna et al., 2006) to create the single-strand North Anatolian
Fault (Şengör et al., 2005). More recent analyses of geodetic strain
rates and lithospheric depth-integrated deviatoric stresses are compat-
ible with motion along the NAF being facilitated by slab break-off and
dynamic uplift of the Eastern Anatolian Plateau (Özeren and Holt,
2010). Faster westward movement of Anatolia relative to Eurasia may
also be facilitated by westward flow of asthenosphere, which Le
Pichon and Kreemer (2010) noted could be enhanced by toroidal flow
around the edge of the subducting African slab; hence, an effect also
brought about by slab break-off (Fig. 11). The latest Miocene initiation
of: (1) uplift along the southern margin of Central Anatolia (Cosentino
et al., 2012); (2) uplift along the northern margin of Central Anatolia
(Yildirim et al., 2011); (3) extension in Central Anatolia (Dhont et al.,
2006; Özsayın et al., 2013); and (4) accelerated retreat of the Hellenic
trench (Royden and Papanikolaou, 2011; Bradley et al., 2013) provides
chronological support for this possible geodynamic linkage (Fig. 12).

7. Conclusions

Our review of geological, structural, and geophysical data from Cen-
tral Anatolia highlights a number of likely uplift mechanisms that ap-
pear to link the development of the Central Anatolian Plateau with
processes that started beneath Eastern Anatolia and extend as far west
as the Hellenic trench. Although previous numerical and analog
lling and toroidal flow around the edge of the Cyprus slab. Modified from Cosentino et al.
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modeling studies hinted at some of these links, improvements in the
constraints on: (1) the timing of surface uplift; (2) structures that
accommodated uplift; and (3) crustal thicknesses and slab geometries
allow us now to more rigorously test the likelihood of various uplift
mechanisms and their possible linkages.

Overall, multiple lines of evidence suggest that delamination first
stripped Eastern Anatolia of its mantle lithosphere, followed by slab
break-off (Keskin, 2003; Şengör et al., 2003; Keskin, 2007; Şengör
et al., 2008). Surface uplift started severalmillion years later in the latest
Miocene beneath Central Anatolia (Cosentino et al., 2012), and can be
explained by a westward propagation of the break-off of the old
Neotethyan slab (van Hunen and Allen, 2011), with probable contribu-
tions by subduction accretion and entrance of the Eratosthenes
Seamount into the subduction zone south of Cyprus. Slab break-off is
likely to have helped accelerate Hellenic trench retreat (Faccenna
et al., 2006); the subsequent extension and westward movement of
Anatolia in turn could have localized strain along the North Anatolian
Fault (Şengör et al., 2005; Faccenna et al., 2006; Özeren and Holt,
2010), leading to uplift along its broad restraining bend at the northern
margin of the Central Anatolian Plateau (Yildirim et al., 2011).

Although the primary geodynamic mechanisms that appear to be
responsible for uplift in the various regions occurred over entirely dif-
ferent domains, i.e., upper crustal shortening at the northern margin
of Central Anatolia versus slab break-off andmantle upwelling in south-
ern and interior regions, themechanisms can be linked through predict-
able changes in tectonic plate movements and mantle flow patterns
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following slab break-off. Our summary of the timing of these
various events provides geochronological support for these inferred
geodynamic linkages. In this context, additional mechanisms that may
have contributed to uplift, such as slab tearing, crustal thickening
above the subductingAfrican plate, and uplift of the overriding plate fol-
lowing seamount collision, may help to explain local variations in the
temporal and spatial patterns of uplift, but most likely did not have
such important regional geodynamic implications.
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