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Abstract As the kinematics of active faults that bound the Anatolian plate are well studied, it is now
essential to improve our understanding of the style and rates of intraplate deformation to constrain regional
strain partitioning and improve seismic risk assessments. One of these internal structures, the Central Anatolian
fault zone (CAFZ), was originally defined as a regionally significant left-lateral “tectonic escape” structure,
stretching for 700 km in a NE direction across the Anatolian plate. We provide new structural, geomorphic, and
geochronologic data for several key segments within the central part of the CAFZ that suggest that the sinistral
motion has been overstated. The Ecemis fault, the southernmost part of the CAFZ, has a late-Quaternary
minimum slip rate of 1.1 +04mma" ", slower than originally proposed. Farther north, the Erciyes fault has fed a
linear array of monogenetic vents of the Erciyes stratovolcano and *°Ar/>*°Ar dating shows a syneruptive stress
field of ESE-WNW extension from 580 + 130 ka to 210 + 180 ka. In the Erciyes basin, and central part of the CAFZ,
we mapped and recharacterized the Erkilet and Gesi faults as predominantly extensional. These long-term
geological rates support recent GPS observations that reveal ESE-WNW extension, which we propose as the
driver of faulting since 2.73 + 0.08 Ma. The slip rates and kinematics derived in this study are not typical of an
“escape tectonic” structure. The CAFZ is a transtensional fault system that reactivates paleotectonic structures
and accommodates E-W extension associated with the westward movement of Anatolia.

1. Introduction

Lateral escape of microplates is a common feature of active collisional tectonics and has been described in
various regions including Tibet [Tapponnier et al., 1982], Anatolia [McKenzie, 1972; Sengdr, 1985; Dewey et al.,
1986], Alaska [Redfield et al., 20071, and Taiwan [Lacombe et al., 2001]. In each case, microplates move away
from a zone of collision toward a free boundary or an extending domain [Burke and Sengér, 1986]. A debate
exists about the driving forces behind the lateral escape of the Anatolian plate, where Arabian plate collision
in the Eastern Anatolian combined with ongoing extension in the Western Anatolia associated with retreat of
the Hellenic trench (Figure 1) result in rapid westward extrusion. Recent research on the Anatolian plate has
focused primarily on its bounding faults, the North and East Anatolian faults, while the style and magnitude of
internal deformation have received less attention. Improved understanding of intraplate strain is required to
test competing hypotheses.

Conceptual models of the geodynamics of the eastern Mediterranean are complex and varied. Sengér [1985]
invoked “tectonic escape” in which the westward movement of the Anatolian plate is accommodated
by major strike-slip faults, the North Anatolian fault and East Anatolian fault, with relatively insignificant
internal deformation. Early GPS studies suggested that present-day motion of the Anatolian plate is explained
by coherent extrusion of a rigid tectonic block, driven by the pull of the African slab rollback beneath the
Hellenic-Cyprus subduction zones with minimal internal deformation of the plate [McClusky et al., 2000;
Reilinger et al., 2006]. Other models call for significant internal deformation of the Anatolian plate, in which
smaller strike-slip-bounded crustal wedges move independently, each accommodating some of the relative
motion between the Arabian and Eurasian plates [Sengér, 1985; Kogyigit and Beyhan, 1998; Kogyigit and Erol, 2001;
Jaffey and Robertson, 2001; Bozkurt, 2001]. The Anatolian plate experienced significant internal deformation
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Figure 1. Simplified tectonic map of the eastern Mediterranean showing major plate boundaries and tectonic structures.
WEAP: Western Anatolian extensional province, EACP: Eastern Anatolian contractional province [Sengdr, 1985]. Major plate
boundaries in thick black lines, NAFZ: North Anatolian fault zone, EAFZ: East Anatolian fault zone, DSFZ: Dead Sea fault
zone. The thin black lines represent second-order tectonic structures of the Anatolian plate, CAFZ: Central Anatolian fault
zone, TGFZ: Tuiz Golu fault zone, MOFZ: Malatya-Ovacik fault zone, IA: Isparta angle. Tethyan suture zones in white, IAEZ:
Ilzmir Ankara Erzican suture zone, ITSZ: Inner Tauride suture zone, BZSZ: Bitlis Zagros suture zone, KTJ: Karliova triple junction.
The black arrows indicate plate velocities (in mm a~ ") from Reilinger et al. [2006].

throughout the late Cenozoic, prior to and after the initiation of “escape tectonics,” but its contribution to the
lateral translation is rarely considered in regional geodynamic models.

In this study, we focus on what is potentially the most significant of these second-order, internal structures,
the Central Anatolian fault zone (CAFZ; Figure 1). Previous studies [Kogyigit and Beyhan, 1998; Toprak, 1998;
Kogyigit and Erol, 2001] classify the CAFZ as a major intracontinental shear zone accommodating compressive
strain from the Eastern Anatolian compressional province and have argued for up to 24 km of Pliocene-
Quaternary left-lateral displacement [Kogyigit and Beyhan, 1998]. However, its proposed history, connectivity,
activity levels, and total left-lateral displacement have been disputed [Westaway, 1999; Westaway et al.,
2002]. Improved understanding of its activity, kinematics, and tectonic significance is therefore clearly
needed. Here we use field mapping, volcanic vent analysis, and terrestrial cosmogenic nuclide and “°Ar/3°Ar
dating to estimate slip rates and characterize the kinematics of several key segments of the southern and
central CAFZ. We also compile existing geodetic data and seismic catalogues to help assess the activity of
different parts of the fault zone. We propose a model for the Quaternary kinematics and evolution of the
CAFZ that requires extrusion-related E-W extension.

2, Background
2.1. Tectonic Setting

The Anatolian plate formed by amalgamation of terranes between Arabia-Africa and Eurasia in the Late Mesozoic.
Northward subduction of the African and Arabian plates and closure of distinct Neotethyan seaways are
recorded by several prominent suture zones [Sengdr and Yilmaz, 1981; Dewey et al., 1986], including the
Izmir-Ankara-Erzican suture zone (Figure 1) and the Inner Tauride suture zone (Figure 1). The Inner Tauride
suture zone separates the Kirsehir Block in the north from the deformed and uplifted Anatolide-Tauride carbonate
platform in the south [Sengdr and Yiimaz, 1981]. The northeastern part of the CAFZ follows this suture zone.

The modern first-order tectonic structures of Eastern Mediterranean (Figure 1) result from the closure of the
Neotethys Ocean between 30 and 25 Ma and subsequent and ongoing collision of the Arabian plate with
Eurasia along the Bitlis Zagros suture zone [Jolivet and Faccenna, 2000; McQuarrie and van Hinsbergen,
2013; Kaymakci et al., 2010]. Compressional tectonics in the Eastern Anatolia contrasts with rapid back-arc
extension in Western Anatolia and in the Aegean Sea, which began between 35 and 30 Ma [Jolivet and
Faccenna, 2000]. In Central Anatolia, a N-S to NE-SW compressional stress regime persisted until the late
Miocene before giving way to a extensional tectonic regime [Ozsayin et al., 2013].
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The rate of Anatolian microplate extrusion, relative to a stable Eurasian plate, increases from 18 mma™" in the
east to 25mma ' in the west and appears to be accommodated by major transform faults. Bounding the
Anatolian plate in the north, the North Anatolian fault is >1200 km long dextral strike-slip fault that stretches
from the Karliova triple junction in the east before widening into the north Aegean in the west (Figure 1).
With cumulative offset estimated at 85 km [Barka et al., 2000], the North Anatolian fault accommodates
transform motion between the Anatolian and Eurasian plates. GPS-derived slip rates of 24 +1mma~' have
been estimated from regional block models [McClusky et al., 2000] with local estimates of 22 +3mma™' at
the western end of the fault [Straub et al., 1997]. The North Anatolian fault formed as a result of strain
localization, between 13 and 11 Ma in the east with much younger (<1 Ma) estimates of strain localization
in the west [Sengor et al., 2005]. Comparisons of geodetic and longer-term, geologic slip rates suggest that
movement along the fault is currently faster than it has in the past [Reilinger et al., 2006] and may not have
formed immediately following the collision of Arabia [Allen, 2010].The East Anatolian fault is a 550 km long
plate-bounding transform fault between the Arabian and Anatolian plates (Figure 1). Geodesy reveals that
the East Anatolian fault has a modern slip rate of 9.7 £0.9mma~" [Reilinger et al., 2006]. Its poorly resolved
total offset estimated between 8 and 30 km is much less than the North Anatolian fault [Westaway and Arger,
2001], resulting from both lower slip rates and later inception between 5 and 2 Ma ago [Yilmaz et al., 2006].
This northeast trending left-lateral transform fault zone forms a triple junction with the North Anatolian fault
in the northeast and with the Dead Sea fault zone in the southwest. The relative African-Arabian plate
motions have been accommodated by the left-lateral Dead Sea fault zone at a rate of 4.5-4.8mma™"
[Reilinger et al., 2006].

In addition to Arabian collision and Aegean extension, the tectonics of Central Anatolia has been influenced by
the subduction of the African slab beneath Anatolia. The geochemical signature of postcollisional volcanism
and geophysical estimates of lithospheric thickness in Eastern Anatolia have also led to interpretations of slab
breakoff and delamination of mantle lithosphere in Eastern Anatolia sometime after 11 Ma [Seng0r et al., 2003;
Keskin, 2003]. This slab break-off event beneath the Eastern Anatolian compressional province (Figure 1) has
been proposed as a potential trigger for the initiation of the North Anatolian fault [Faccenna et al., 2006].
Recent studies of Pn [Gans et al, 2009] and P wave [Biryol et al., 2011] tomography are consistent with the
CAFZ being a major lithospheric-scale structure be the western extent of and interpretations that it may be
the slab break-off event beneath Eastern Anatolia.

Early GPS studies [McClusky et al., 2000; Reilinger et al., 2006] found that the Anatolian plate extrudes westward
away from the Arabian collision zone as a counterclockwise-rotating coherent rigid body, requiring minimal
internal plate deformation. This contrasts with the geologic record, which reveals a complex history of
deformation within the Anatolian plate along second-order tectonic structures such as the CAFZ [Kogyigit
and Beyhan, 1998; Umhoefer et al., 2007; Idleman et al., 2014], the Malatya-Ovacik fault zone [Kaymakci
et al., 2006; Westaway et al., 2008], the Siirgu fault [Ko¢ and Kaymakci, 2013], and the Tiiz Géli fault zone
(TGFZ) [Cemen et al., 1999]. Furthermore, a review of regional paleomagnetic data shows a gradual east to
west transition from counterclockwise to clockwise block rotations between smaller crustal blocks across
Anatolia since 12 Ma [Piper et al., 2010]. Heterogeneous deformation patterns in Central Anatolia have also
been demonstrated by a recent geodetic study. Aktug et al. [2013] use a dense array (30-50 km spacing) of
GPS stations that demonstrate extension rates of up to 2mma~ ' and 50-100 nanostraina~' along the middle
part of the CAFZ [Aktug et al., 2013].

2.2. The Central Anatolian Fault Zone (CAFZ)

Kogyigit and Beyhan [1998] proposed the existence of the CAFZ (Figure 2), defined as an active major
intracontinental shear zone, linking a system of similarly striking, potentially interconnected faults for 730 km
from the North Anatolian fault across the interior of the Anatolian plate and into the Mediterranean Sea.
They suggested that it nucleated in its southern part by reactivation of the Ecemis fault (Figure 2) and
then propagated to the NE and SW to cross the entire Anatolian plate. They divided the fault system into
three parts (north, central, and south) and 24 distinct fault segments that record up to 24 km left-lateral
displacement since the late early Pliocene. Subsequent studies either disputed the proposed activity and
continuity of the fault zone [i.e., Westaway, 1999; Westaway et al., 2002] or focused on the kinematics and
structure of individual faults [Cetin, 2000; Jaffey and Robertson, 2001; Dirik, 2001; Kogyigit and Erol, 2001;
Jaffey et al., 2004; Akyuz et al., 2013; Sarikaya et al., 2015b]. From SW to NE, the following active segments have
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Figure 2. Composite digital elevation model and shaded relief map of Central Anatolia. The thick black lines indicate major
plate boundaries NAFZ: North Anatolian fault zone and EAFZ: East Anatolian fault zone. The thin black lines represent
second-order tectonic structures, CAFZ: Central Anatolian fault zone, MOFZ: Malatya Ovacik fault zone, TGFZ: Tuiz Goli fault
zone KFZ: Kozan fault zone, major polygenetic volcanoes in oranges ED: Erciyes Dag, KD: Hasan Dag, DD: Develi Dag, MD:
Melendiz Dag, HD: Hasan Dag, metamorphics of the Central Anatolian Crystalline Complex are in purple, including the
Nigde Massif, ND along the Ecemis fault. X and Z are sinistral piercing points (28 km) proposed in Toprak [1998].

been verified. Two major, recently active fault strands mark the Ecemis corridor near the town of Demirkazik
[Kogyigit and Beyhan, 1998, 1999]. At the eastern margin of the Ecemis fault zone, the Cevizlik fault is a steeply
west dipping mountain-front normal fault bounding the west side of the Aladaglar Range. It juxtaposes
Mesozoic carbonates of the Taurides in the footwall against the Oligocene-Miocene Bur¢ and Cukurbag
formations and overlying Quaternary alluvium in the hanging wall. The Demirkazik-Sulucaova fault runs parallel
to the Cevizlik fault in the center of the valley and shows clear signs of normal and sinistral displacement.

These active fault segments comprise an array of strands that define the Ecemis corridor, or graben, a fault
zone that obliquely cuts through the more E-W striking structures of the Tauride platform. The fault was
first studied by Yetis [1984], who dated its main phase of activity to the Paleocene-Eocene based on biostra-
tigraphy and inferred 80 km left-lateral displacement. Jaffey and Robertson [2001] proposed a similar total
left-lateral Cenozoic offset of 60 km based on structural and stratigraphic evidence with most of the strike-slip
displacement occurring between 13 and 5 Ma. However, they also identified a younger kinematic phase in
Pliocene-Quaternary deposits, which records mostly east-west extension along the Ecemis fault zone with
a minor strike-slip component. The change in kinematics was attributed to rotation of the fault zone from
NE-SW to its modern NNE-SSW orientation, which more easily accommodates the current E-W extension
associated to the westward extrusion of Anatolia [Jaffey and Robertson, 2001].

North of the Ecemis corridor the CAFZ broadens to 30 km in the southern Erciyes extensional basin (Figure 2).
The basin is bounded by the Yesilhisar and Develi normal faults in the west and east, respectively. The
Dundarli-Erciyes fault maintains the trend of the Ecemis fault zone through the center of the basin and
continues as the Gesi fault on the north side of Erciyes Dag stratovolcano, where it then bounds the basin
in the SE. The Yesilhisar fault bends to the NE near the town of Incesu and becomes the Erkilet fault, which
bounds the basin in the NW. The center of the Erciyes basin is occupied by Mount Erciyes, the largest
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stratovolcano in Central Anatolia (Figure 2), covering an area of over 555 km? and reaching 3917 m above
sea level, nearly 3000 m above the surrounding extensional basin. Mount Erciyes developed in two stages.
Construction of the Ko¢ Dag volcano in the eastern part of the complex culminated with caldera collapse
and deposition of the regionally extensive Valibaba Tepe Ignimbrite [Sen et al., 2003]. Normal faulting with
a minor strike-slip component is pervasive in these older volcanic units. The second stage of volcanism
(2.6 Ma to present) constructed Mount Erciyes. The slopes of the central volcano are dotted by numerous
andesitic, dacitic, and basaltic lava domes, flows, and cinder cones [$en et al., 2003]. Many studies have
inferred faults crossing the volcano [Kogyigit and Beyhan, 1998; Kayseri sheet, Mineral Research and
Exploration General Directorate (MTA), 2002; Jaffey et al., 2004], but the accumulation of volcanic products
limits fault exposure. The Erciyes basin has been interpreted as both a releasing bend and a pull-apart
basin [Toprak, 1998; Kocyigit and Erol, 2001] with estimated offset of 28 km based on the distribution of
volcanoes proposed to have been aligned prior to basin opening ([Toprak, 1998] X and Y in Figure 2).
Kogyigit and Erol [2001] suggested that the opening of the basin followed the deposition of the Valibaba
Tepe Ignimbrite, while Jaffey et al. [2004] claimed that the most recent faulting in the Erciyes basin
occurred along the sinistral Dundarli-Erciyes fault and can be linked with late Quaternary strike-slip faulting
in the Ecemis corridor.

The northern CAFZ consists of a broad, 25-80 km wide zone stretching 200 km from north of the Erciyes basin
toward the North Anatolian fault (Figure 2). It consists of dominantly strike-slip, NE trending sinistral strike-slip
faults and related pull-apart basins [Yilmaz and Yilmaz, 2006]. From north to south, the major left-lateral
structures include the Kizilirmak, Gemerek-Sarkisla, Delier, and Tecer faults (Figure 2). Kogyigit and Beyhan
[1998] hypothesize that these faults follow a zone of weakness along the Inner Tauride suture zone. The
southernmost Tecer fault has been active during the Holocene as a slow-moving, pure strike-slip fault, with
an estimated slip rate of 1Tmma~" [Akyuz et al., 2013].

Existing work has not demonstrated clearly the fault zone connectivity or robust offset markers, the lack of
which provides the motivation for this study. We have targeted key sites where different parts of the fault
zone are thought to connect or demonstrate left-lateral offset.

3. Methods
3.1. Mapping

Pliocene and Quaternary fault traces were mapped using high-resolution (50 cm) Digital Globe WV01
panchromatic and WV02 multispectral satellite imagery and Advanced Spaceborne Thermal Emission
and Reflection digital topography. Kinematic data and strain markers were measured in the field on fault
planes and plotted on stereonets. Fault scarp topography was surveyed in the field using a Trimble R3
GPS System. Data were projected on straight transects perpendicular to the scarps. Land surfaces were
interpolated from elevation points on either side of the fault scarps. To calculate throw and extension, fault
angle was measured in the field, and the fault plane was assumed to intersect the ground surface at the
midpoint of the fault scarp.

3.2. Volcanic Geomorphology

Linear arrays of vents are common in monogenetic volcanic fields, when multiple vents are sourced from
the same magma feeding dike. Dikes are often in line with the principal compressive stress ([Rubin, 1995]
World Stress Map Project [Heidbach et al., 2001]) and perpendicular to the minimum principal stress (o3)
[Paulsen and Wilson, 2010; Le Corvec et al., 2013]. We employ the azimuth methods of Cebrid et al. [2011]
for statistical identification of meaningful vent alignments. Local-scale alignments are identified statistically
by considering mean intervent distance (X) and standard deviation (o) for the entire field. We find that
preferred orientations are best identified when considering vents within the lower half of the anomalously
short distances (i.e., d<(x — 0)/2). Best fit lines of the center points are determined by linear regression and
define the alignments azimuth and length.

3.3. Geochronology

3.3.1. Cosmogenic *°Cl Dating

We combine geomorphic analysis of offset fan and terrace surfaces in the Ecemis corridor with terrestrial
cosmogenic nuclide exposure dating [Gosse and Phillips, 2001; Gosse, 2011] to estimate prehistoric slip rates.

HIGGINS ET AL.

SIGNIFICANCE OF THE CAFZ REVISITED 5



@ AG U Tectonics

10.1002/2015TC003864

Sample Characteristics and Geochemical and Isotopic Analytical Data for Sample From Ecemis Fault Zone

Table 1.

Trace Elements (ppm)g

Major Elements (wt %)f

Elevation

Longitude

Latitude

Sample

Th

B Sm Gd U

ah

TiO €O,

K0 MgO MnO Na,O P,0s SiO,

Ca0 Fe,0°

A|203

Thickness®  (N)° CES (m®  Shielding®

No.2

0
0
0

006 016 0.2
029 026 0.2
0.18

0.08 0.14

366 0 02 028 023 03
0

530 0 0.1
219 0 02 029 022 0.1

489 0 03

434 0

269 0 02 023 0.14
265 0 0.1

43.6
439
43.8
435
429
43.8
435

0
0
0
0
0
0
0

0.06
0.13
0.12
0.17
0.19
0.11
0.21

0
0.02
0.02

0

0
0.02
0.01

0
0.03
0.01
0.02
0.03
0.02
0.02

033
047
0.36
0.23
0.34
0.32
033

0.03
0.02
0.07
0
0.04
0
0.03

55.2
54.8
54.9
55.3
55.8
55
55.1

0.04
0.05
0.07
0.06
0.04
0.04
0.04

0.997
0.997
0.997
0.998
0.998
0.998
0.998

1759
1759
1759
1605
1609
1609
1609

ppm.
Cl/Cl(total) ratio measured with AMS on spiked samples and converted back to original rock values.

35.05
35.05
35.05
35.07
35.07
35.07
35.07

37.50
37.50
37.50
37.85
37.85
37.85
37.85

3cm

3cm

3cm
3cm
3cm
3cm
3cm
Calculated from 30° measurements of the inclination to the horizon using a handheld clinometer.

Major element concentration detection limits are 0.01%.

9Trace element detection limits are 0.1

Average sample depth used for thickness correction.
P The 30

Decimal degrees, from handheld GPS £ 5 m.
Decimal degrees, from handheld GPS + 15 m.

®Water content assumed at 0.05 wt %.

b
C
d
e
f

The lack of large boulders on the surface and
the presence of a >2m thick petrocalcic
horizon in the shallow surface caused us to
use surface cobbles for modern dating the
fan surface. We collected cobbles from the
well-cemented calcrete surfaces of an alluvial
fan (three cobbles) and of a fluvial terrace
(four cobbles). These well-rounded cobbles
range from 10 to 15cm in diameter. We
selected only samples that were stable within
the cemented surface, extracted from calcrete
exposed through variably thick soil and
regolith. Low surface slopes and high degree
of cementation indicate that the cobbles
have not been moved or otherwise disturbed
since emplacement.

To date the emplacement of the cobbles
within the alluvial units we used in situ-produced
36C| generated within the limestone and
marble clasts. The limestone cobbles were
cleaned of pedogenic carbonate by chipping
and leaching in dilute HNOs acid, then dried,
crushed, and sieved. Approximately 29g of
the 355-500um fraction of single-cobble
samples were prepared at the Dalhousie
Geochronology Centre according to the car-
bonate methodology of Stone et al. [1996].
Approximately 1.8mg of Cl spike prepared
from an Oak Ridge National Laboratory Cl
salt with 2°CI/37Cl ratio of 0.999 was added
to each sample. The 3¢Cl/Cl; and **CI/?’Cl
were measured by accelerated mass spectro-
meter at Purdue Rare Isotope Measurement
Laboratory, Purdue University, against stan-
dard SRM4943. Accelerator mass spectro-
metry (AMS) 1o precision was between 2
and 4% for the samples, and the process
blank yielded a ratio 2 orders of magnitude
less than values measured in the samples.
Major elements were measured by XRF, and
selected trace elements were measured by
inductively coupled plasma-mass spectro-
metry at SGS Mineral Services in Lakefield,
Ontario, with 5% (1c) precision. Over 95%
of in situ 3°Cl in our limestone samples was
produced from spallation from Ca. Data
reduction followed the procedure by Marrero
[2012], with calibrated 3¢Cl production rates
according to Marrero [2012] and scaling
according to Lifton et al. [2014]. Ages were
computed by the *Cl CRONUS-Earth online
calculator Web calculator v. 1.0 accessed in
August 2015 (Cosmic-Ray Produced Nuclide
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Figure 3. Hillshade base map with a Quaternary geomorphic map of the northern Ecemis fault zone. Ages presented are
from this study (QAF-1 and QFT-1) and Sarikaya et al. [2015a, 2015b] (QAF-1,QAF-2, and QAF-3).

immature clastic intervals of the fan deposits are interpreted as high-energy debris flows formed in response
to steep slopes created by mountain-front extensional faulting on the Cevizlik fault [Jaffey and Robertson,
2005]. Paleocurrent trends within the fan deposits show flow direction perpendicular to the mountain front.
The Quaternary alluvial fan units (QAF-1 to QAF-3) unconformably overlie the heavily deformed Miocene Burg
and Cukurbag formations. Statigraphically higher depositional units within the fans are more texturally
mature, displaying imbrication, good sorting, and strong lamination in distal parts of the fan (Figure 4d).
The conglomerates are monogenetic and coarse grained, comprising well-rounded to subrounded pebble
to cobble-sized clasts sourced almost entirely from the Jurassic limestones of the Aladaglar Range. The upper
surface is well cemented by calcrete. The capping lithified horizon increases in thickness from 4 to 5 m in the
distal parts of fan. The surface is generally low relief and well preserved, although thin regolith and localized
incision of up to 30 cm is not uncommon. Similar “fossilized” geomorphic surfaces have been described in
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Figure 4. Field photos from the Ecemis fault zone. (a) Mountain front Cevizlik fault. (b) Cevizlik fault rupture of Quaternary
Colluvium. (c) South looking view at the east dipping oblique Demirkazik-Sulucaova fault (DSF). (d) Profile view of the distal
part of the calcrete encased Quaternary alluvial fan (QAF-1). (e) Representative sample of cobble sampled from QFT 1.
Representative sample of cobbles sampled from QAF-1.

SE Spain by Stokes et al. [2007], who attributed calcrete development to a combination of pedogenic and
groundwater processes. Over time, calcrete encasement of these surfaces increases, stabilizing the surfaces
and protecting them from erosion.

Three levels of abandoned river terraces stand 5 (QFT-3), 10 (QFT-2), and 20 m (QFT-1) above the Yaluk stream
(Figure 5b). Their deposits are made of well-sorted conglomerates and gravels, composed of rounded
limestone clasts 1 to 15 cm in diameter. The degree of cementation of the calcrete horizon capping these surfaces
increases with height (and inferred age) of the abandoned terraces. The youngest (lower) fluvial terraces are
unconsolidated at the surface, while the oldest fluvial terrace (QFT-1) has a well-cemented horizon down to a
maximum depth of 1 m. Similar surfaces are deeply incised along the Emli River and are described in detail
by Sarikaya et al. [2015a, 2015b]. At both localities, these surfaces are undeformed where they cross the
Demirkazik-Sulucaova fault and record no vertical or horizontal offset (Figure 5b).

4.1.2. Displacement

Alluvial fans in active tectonic settings can provide excellent piercing points to constrain offset, where
recently active faults displace streams or terrace risers. Interpretation of these geomorphic landforms
can be complex, and careful consideration of multiple piercing points and their reliability is required
for accurate slip rate estimates [Cowgill, 2007]. Deflected and beheaded streams, offset terrace risers,
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Figure 5. (a) Close ups of faulted and unfaulted geomorphic surfaces along the Yaluk Stream. (b) Interpreted with surfaces
with 6c| sample locations. (c) Uninterpreted view of the alluvial fan surface near Cukurbag. (d) Interpreted piercing points
from the same surface. Copyright Digital Globe.

and shutter ridges record strong evidence for sinistral displacement of the QAF-1 surface along the 19.1 km
trace of the Demirkazik-Sulucaova fault. However, the study area highlights many of the complexities
associated with offset geomorphic landforms; previous studies have arrived at very different geomorphic
interpretations and estimates of late-Quaternary horizontal offset.

Kogyigit and Beyhan [1999] cite 70 m of sinistral displacement of QAF-1 along the Demirkazik-Sulucaova fault,
although their piercing point is not explicitly documented. Jaffey and Robertson [2001] argue that for a
minimum offset of 250 m of QAF-1 based on left-lateral deflection of the Fenk stream (Figure 5c¢). Sarikaya
et al. [2015b] challenge this estimate, pointing out that the geometry of the east dipping Demirkazik-Sulucaova
fault creates a barrier to streams flowing west from the Aladaglar Range. Low-order streams without sufficient
hydrological power to overcome the topographic barrier are deflected along the fault scarp and may appear as
left-lateral offsets. Instead, Sarikaya et al. [2015b] prefer a value of 168 +£2 m based on a reconstruction of the
offset terrace riser immediately to the north of the Yaluk stream (Figure 5b).

We focused on the best preserved offset markers near Gukurbag (Figure 5d; see Figure 3 for location), where
the terrace riser south of the Marti River is steeply incised and displaced (Figure 5d). Following displacement
the terrace riser located west of the fault (A in Figure 5d) was sheltered from incision and therefore presents
the clearest and best preserved evidence of recent left-lateral faulting. Lateral offset of QAF-1 was measured
from piercing points on high-resolution satellite imagery. To reconstruct total fault offset we projected both
risers toward the fault, estimating 69+ 5 m of left-lateral displacement (A-A’; Figure 5d). We presume this to
be the same offset cited by Kogyigit and Beyhan [1999].
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Figure 6. Topographic profiles used to constrain normal offset of the Demirkazik-Sulucaova fault. Geomorphic surface
slopes and a field observed fault angle of 65° are used to reconstruct original fault geometry and calculate both throw
and extension. See Figure 3 for profile locations.

Vertical displacement was constrained using six GPS profiles across the Demirkazik-Sulucaova fault scarp
(Figure 6). Normal displacement across the east dipping fault in profiles 1 to 6 averages 25.7 = 3 m, resulting
in an approximately 3:1 ratio for strike-slip versus dip-slip displacement. Offset predating the deposition of
the QAF-1 is evident in profile 7, where the fault scarp offsets deformed Miocene sediments, which are
draped by QFT-1 deposits. Cumulative offset recorded here is 74+ 7 m.

4.1.3. 35CI Exposure Ages of Geomorphic Surfaces

We dated the QAF-1 and QFT-1 surfaces along the Yaluk River using cosmogenic 3°Cl exposure dating of
surface cobbles. Sample characteristics and compositional data are listed in Table 1. As the pedogenic carbonate
horizon—which formed at depth—is now exposed at the QAF-1 and QFT-1 surfaces (Figures 4e and 4f), we
must account for erosion of the overlying soil cover. An empirical study by Royer [1999] showed that depth to
the top of pedogenic carbonate horizons is <1 m in 95% of cases studied. Field observations also show relief
of noncemented gravel up 30cm on the QAF-1 surface. This indicates that the cobbles imbedded in the
petrocalcic horizon were previously covered by at least 30 cm. While episodic erosion cannot be excluded,
we assume a gradual and constant surface erosion rate that, depending on exposure age, will account for
0 to >50cm of total erosion. We report *¢Cl ages assuming erosion rates of 0 and 7mmka~" (Table 2 and
Figure 7). Given the age of our surfaces, 7mmka™ ' erosion rates allow for removal of as much as 60 cm from
QAF-1, a maximum amount of erosion we would expect at this site, and sufficient to exhume pedogenic
carbonate layers. We observed no indication of sediment aggradation after formation of the main petrocalcic
horizon. The lack of aggradation is reasonable considering the depth of incision of these fans, which would
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140 have caused the stream to abandon the
surfaces. Thus, we have only considered

120 QAR-1:105 £ 15 ka surface erosion in our age calculation.
K - Sarikaya et al. [2015a, 2015b] identified
g 100 and dated the same geomorphic surfaces
g Interval to accumulate offset: |—‘—J (QAF-1 and QFT-1) along with two alluvial
“g 80 610+14ka fan surfaces along the Emli River (QAF-2
< and QAF-3 in Figure 3). Their study used
60 36C| dating of surficial samples (cobbles
J_ﬁ_i;_IT | QFT1:445 £56ka and boulders) and a 2.6 m depth profile
40 L " S in the QFT-1 surface. Their depth profile
revealed an inherited component of
20 ¢ & ¢ & S 49.6x 10%atoms **°Clg ™", and this inheri-
/&b ,\»“'U /\\}o ,\&" /\090 /&C &U tance correction was also applied to
0 I | | ] their QAF-1 age. Their ages were scaled
QFT-1 QAF-1 using the model of Desilets and Zreda

. 16 [2003], which we found to produce ages
Figure 7. ”~Cl ages for cobble samples from the QAF-1 and QFT-1 surfaces.

0,
The black squares are ages corrected for erosion, and the orange squares 1. to 3% younger than our preferred
are uncorrected for erosion. The horizontal black lines indicate the time-dependent scaling methods from
weighted mean age for each surface with grey boxes indicating the Lifton et al. [2014].
surface uncertainty. Time intervals between the two surfaces were used
Y The three cobbles (TIIC-02a, TIIC-02b,

to calculate Demirkazik-Sulucaova fault slip rates.

and TIC-02d) from the QAF-1 surface

(Figures 3 and 5) show a strong cluster,
with ages of 100+ 10, 93+£9.5, and 94.1 +9.6 ka (Table 2; 1o total external uncertainty). The surface has a
weighted average age of 97.5 = 10 ka. When corrected for 7mmka™' erosion rate (Figure 7), our data give
a weighted average age of 105 + 15 ka with a 4.4% coefficient of variation (Table 2). The 7mmka ' erosion
rate increases the mean age calculated for the QAF-1 by 7.7% from the zero erosion age. However, the
coefficient of variation about the mean ages of the individual cobbles from the QAF-1 surface (4.4%) is less than
the total precision of each age (>10% 1c). This suggests that the inherited **C| concentration is either very low
or very consistent, as it is unlikely that three cobbles would yield such similar ages if inheritance was significant.
We favor the former, simpler interpretation because for a low inheritance catchment erosion rate must be
relatively high; a high erosion rate is consistent with the observation that catchments and valleys in Aladaglar
Range were glaciated during late Pleisotocene-Holocene time [Zreda et al., 2011]. However, we also make
a correction for inheritance using in recently published data from Sarikaya et al. [2015b] that are included
in Table 2. When corrected for erosion, the 7mmka ™' surface age decreases to 98.6 + 13 ka (or ~6%).

The four cobble samples (TIIC-06b, TIIC-06¢, TIIC-06e, and TIIC-06f) analyzed from the QFT-1 surface
(Figures 3 and 5) yielded younger ages than the QAF surface: 48.2+5.5, 44.6+4.3, 42+4.3, and
44.8+4.4ka (1o total uncertainty) corrected for 7mmka™" of erosion, yielding a weighted average ages
of 445+ 4.6ka (43.0+4.4ka with zero erosion). Like the QAF-1 surface, the ages have a low coefficient
of variation about their mean (5.0%).When corrected for erosion, the 7mmka ™' surface age decreases to
40.3 +£4.0ka (or ~9%).

When the different data sets are treated the same way (Desilets and Zreda's [2003] scaling, corrected for
inheritance; 7mmka™") our surfaces have average ages of 95.8+ 12ka (QAF-1) and 39.7 + 16 ka (QFT-1)
compared with ages of the 104.2 + 16.5 ka (QAF-1) and 64.5 + 5.6 ka (QFT-1) reported from Sarikaya et al.
[2015b]. We proceed in slip-rate calculations with our exposure ages of 105+ 15 (QAF-1) and 44.5+4.6ka
(QFT-1), based on our own production rates using the scaling method of Lifton et al. [2014] and an erosion rate
of 7mmka™" (Table 2).

4.2, Site 2: Dundarhi-Erciyes Fault

The Dundarli-Erciyes fault trends N25°E north of the Ecemis corridor and probably continues beneath the
southern Erciyes basin (Figure 2). The fault has acted as a conduit for numerous dacitic lava domes but is
buried beneath the peak of the Erciyes stratovolcano (Figure 8). At least 75 monogenetic volcanic vents
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Figure 8. (a) Geologic map of the Erciyes stratovolcano on 50 m contour intervals and a shaded relief map, modified from
Sen et al. [2003]. Samples and age data from this study and for Dikkartin Dag (DD) from Ercan et al. [1994]. (b) Vent to vent
azimuths for vents within 2.86 km.

are distributed on the volcano flanks. Twelve of these are basaltic cinder cones and 63 are lava domes, mostly
rhyolitic and dacitic in composition. Alignments of monogenetic vents radiate out from the central peak,
particularly to the west. On the SW flank of the volcano a series of volumetrically small dacitic-rhyodacitic lava
domes are tightly aligned (Figure 8). The alignment has deflected the course of a younger dacite flow,
erupted from Dikkartin Dag (Figure 8), dated to 0.115+ 0.02 Ma [Ercan et al., 1994].

In the absence of fault surface ruptures through the southern Erciyes basin and the Erciyes volcanic complex,
we use the alignment of volcanic vents to infer syneruptive stresses along this buried portion of the CAFZ.
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Figure 9. (a) SW view from the ED VOL 13-01 sample location looking down the vent alignment at ED VOL 1303.
(b) Satellite Image of the rifted vent alignment and sample locations. Copyright Digital Globe. (c) “OAr/3%Ar results for
Erciyes volcanic samples.

When we consider anomalously close vents (d<(X—6)/2 or 2.86km), a dominant azimuth direction of
25 to 35° points to an anomalous high-frequency cluster on the SW flank, where the Dundarli-Erciyes fault
is expected to cross through the stratovolcano. Fifteen individual volcanic vents are aligned above the
projection of the Dundarli-Erciyes fault. Homogeneous lithology, spatter ramparts parallel to the alignment
and tight vent-to-vent spacing of between 200 and 500 m indicate that the eruptions were controlled by a
fracture with low confining pressure or an extensional fault [Corazzato and Tibaldi, 2006; Paulsen and
Wilson, 2010]. The alignment azimuth of N32°E indicates extension in a WNW-ESE direction along the NNE
trending fault [Nakamura, 1977; Paulsen and Wilson, 2010]. Two samples from the aligned dacite domes
(Figure 9b) were collected for “°Ar/*°Ar dating. They are grey porphyritic dacites with 1-3 mm quartz, feldspar,
and hornblende phenocrysts. “°Ar/*°Ar dating of the groundmass yielded ages of 210 + 18 ka (Erciyes Dag (ED)
13-01) and 580 + 130 ka (ED 13-03) (Figure 9c). As geomorphic markers, these domes record no strike-slip
offset since emplacement.

4.3. Site 3: Erkilet and Gesi Faults

North of the Erciyes stratovolcano the CAFZ continues to bound the Erciyes basin (Figure 10a) and offset
flat-lying volcanics of the Central Anatolian volcanic province. Relief from the floor of the Erciyes depression
to the surrounding plateaus is 400 to 500 m.
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Figure 10. (a) Geologic map of the northern Erciyes basin. The yellow stars denote “Onr/3%Ar geochronology samples. Modified from Kayseri sheet, MTA [2002];

(b) cross section.

The Gesi fault makes up the northeast margin of the Erciyes basin, trending N30°E for 30-35 km through the
towns of Talas and Gesi (Figure 10a). It juxtaposes the Valibaba Tepe Ignimbrite in its hanging wall against
older pyroclastics in its footwall. The trace of the fault is generally linear, with one major left step linked
by a NNE-SSW trending pure normal fault. At multiple locations, syndepositional faulting is seen in the
Plinian deposits underlying the Valibaba Tepe Ignimbrite (Figure 11), which shows that activity along the
Gesi fault began before emplacement of the Valibaba Tepe Ignimbrite, which yielded an “°Ar/3?Ar date of
2.73 £0.08 Ma on plagioclase phenocrysts (n = 10) (T11V02; Figure 12c). The Gesi fault terminates at its south-
ern end beneath the Ali Dag volcanic dome, an endogenic lava dome of andesitic composition. The Gesi fault
plane acted as a conduit for its emplacement. The lava dome does not exhibit any vertical or horizontal offset.
Its cooling age is 1.0 + 0.3 Ma, determined from “OAr/AAr dating of amphibole phenocrysts (11TR-08; Figure 12b),
thus providing a minimum age for the end of activity along the Gesi fault. Our topographic surveys show that
cumulative displacement on the Gesi fault reaches 230 m near Talas in the SW and decreases along strike
to 130 m near Gesi in the northeast. Near the town of Gesi (Figure 11c), the exposed main fault scarp has been
produced by a steep 80° west dipping fault, trending N25°E. Displacement vectors (Figure 13c) show sinistral-
normal strain, with a rake of 45° to the fault plane, suggesting a small component of left-lateral motion along
the Gesi fault. N-S trending antithetic normal faults (Figure 11¢) dipping 60° toward the east are abundant
and produce a horst-and-graben structure just east of the main strand.

The Erkilet fault bounds the Erciyes basin to the northwest; it extends over 35-40 km in a N45°E direction from
SW of Erkilet to the Tuzla Golu (Figures 2 and 10). The fault juxtaposes a flat-lying lacustrine carbonate unit
and underlying horizontal basalt flow in the hanging wall with a thick volcaniclastic sequence in the footwall,
made up of weakly deformed tuffs and pumice deposits. A basalt flow, with a groundmass dated to 2.22 + 0.25 Ma
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(ERK VOL-1307: Figure 12a), is exposed
on both sides of the main fault and is
downthrown >40 m to the basin floor
in a step-like morphotectonic pattern
where relay ramps connect up to four
separate normal faults (Figure 11a). The
basalt conformably overlies horizontally
stratified volcaniclastics and is truncated
by the main Erkilet fault strand. There
is no indication that the basalt flow
cascaded down an already developing
fault scarp; therefore, we interpret it to
record onset of Erkilet fault activity.
Fault slip indicators (Figure 13c) point to
mostly N-S and NW-SE directed exten-
sion, oblique to the trace of the fault
plane, but no significant left-lateral offset
is observed in the faulted volcanics.

Basalt 2.22 + 0.25 Ma 0.08

North of Kayseri, horst-and-graben
structures (Figure 11b) are well exposed
in the basin center. The Valibaba Tepe
Ignimbrite and underlying pyroclastics
record syndepositional faulting and
are vertically displaced up to 10m.
Steep normal faults bounding the
central basin structure strike N40°E and
W35°S in the west and east, respectively
(Figure 11b). The geometry of the fault
planes suggests that the structure opens
to the south and pinches to the north.
Figure 11. Field photos from the northern Erciyes basin, see Figure 10 for ~ Strain markers on major and minor
photo locations. (a) Downthrown basalt and step-like faulting pattern faults are almost pure dip slip and indi-

along the Erkilet fault. (b) Graben structures in the central Erciyes basin.
(c) Main fault scarp and antithetic faults along the Gesi fault.

cate NW-SE extension (Figure 13c).

Vertical displacements across the Erkilet

and Gesi faults were measured with

GPS profiles (Figure 10b). For the Gesi
fault vertical offset is constrained to 220 m, as measured by the offset of the Valibaba Tepe Ignimbrite on both
sides of the fault. The Erkilet fault records a minimum vertical offset of 310 m, as the downthrown basalt is
exposed in the hanging wall of only the first few step faults and is buried in the hanging wall beneath the
Quaternary basin fill. Coupled with geochronological constraints for initiation of major activity on each fault
(Erkilet: maximum interval of 2.22 +0.25 to present; Gesi: maximum interval of 2.73 +0.08 Ma to 1.0+ 0.3 Ma)
we are able to estimate minimum vertical displacement rates of ~0.10-0.18 mma~" on each fault and horizontal
extension rates of less than 0.1 mma~". These rates are minimums based on the average fault dip observed
in the northern Erciyes basin, 68 + 7° (n = 45). Considering that these two faults account for only 0.06-0.17 mma ™"
of extension across the basin, and modern, GPS-derived rates range up to 2mma~' [Aktug et al., 2013],
additional extension is likely accommodated by buried, antithetic, and/or listric fault geometries at depth.
An alternative scenario is recent acceleration of fault slip rate within the Erciyes basin.

5. Discussion
5.1. Quaternary Activity of the CAFZ

Original interpretations of the CAFZ by Kogyigit and Beyhan [1998] argued for the presence of a major
intracontinental shear zone crossing the entire Anatolian plate, developed in the Pliocene-Quaternary to
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Figure 12. “Oar/*Ar age (weighted plateau) derived from step heating of samples in the northern Erciyes basin. See Figure 10
for sample locations. T11V02 is an age probability diagram of single-crystal laser fusion of 10 individual plagioclase phenocrysts.
The relatively large error associated with 11TR08 reflects the smaller analytical signal sizes associated with these
potassium-poor grains.

accommodate the northward motion of the Arabian plate. Those authors proposed that the CAFZ developed
a total neotectonic offset of up to 24 km and has an active slip rate of 3mma~'. We question much of the
evidence they proposed for the left-lateral nature and the continuity of the CAFZ.

The strongest evidence for an active component of sinistral displacement on the CAFZ comes from the
Demirkazik-Sulucaova fault in the Ecemis corridor. Displacement of the QAF-1 surface accumulated after
the abandonment of the surface and before the formation of the QFT-1 surface, an interval of 52 +12ka
for the zero erosion case and 61+ 14 ka for the 7mmka™"' erosion case. Combining this time interval with
sinistral offsets ranging from 69+ 5 m to 254 + 3 m a range of minimum slip rates can be estimated. We agree
with the interpretation of Sarikaya et al. [2015b] that the ~250 m Fenk stream bend is a result of stream
deflection around a rising topographic barrier and not a reliable marker of fault offset. However, we challenge
their proposed piercing point that yield table 68 + 2 m offset of the QAF-1 terrace riser north of the Yaluk
stream (Figure 3b). No comparable offset of this feature was observed in the field or from satellite imagery.
Additionally, terrace risers on the north side are displaced into the stream path and are therefore subject
to reworking by erosion. We therefore consider the offset observed at the Marti River (Figure 5d) to be
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C

Figure 13. (a) Syndepositional faulting below the Valibaba Tepe Ignimbrite (2.73 £ 0.08 Ma) along the Gesi fault (left) and (b) central Erciyes basin. (c) Stereonets
plotting fault planes and slip indicators from six sites in the northern Erciyes basin, see the map in Figure 10 for locations.

the most reliable. In this location, following displacement the terrace riser located downstream of the fault
trace was sheltered from incision and has therefore evolved through diffusional processes to a gentler slope
compared to the same riser located upstream of the fault. As a result the offset corner has been only slightly
truncated by erosion. Our mapping suggests that left-lateral slip on datable geomorphic surfaces totals only
69 + 5 m, which yields a minimum strike-slip rate of 1.1+0.4mma~" (erosion corrected)to 1.2+0.4mma""
(erosion and inheritance corrected) over the period. This is lower than the previous estimates (3 mma™
[Kogyigit and Beyhan, 1998]). Using the maximum offset of 254 +3 m yields a minimum strike-slip rate

1
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of42+12mma ' (erosion corrected)
to44+1.3mma ' (erosion and inheri-
tance corrected) over the period. For
reasons mentioned above, we do not
believe this offset amount and result-
ing slip rate to be accurate.

Eurasian Plate

Although its slip rate remains difficult

Earthquakes (USGS)

Wioss @ ~Hhwseaonn to constrain, the Demirkazik-Sulucaova
sl i sty fault has clearly not been active since
Erciyes fault: Aktug et al. (2013)

Koz e Ak el 2014 abandonment of the QFT-1 surface
NAFZ, EAFZ, Plate vectors:

Relinger ot (2006 at 44.5+4.6ka. In contrast, the west

facing, range-front normal Cevizlik fault
(Figure 3) records most of the recent
activity in the Ecemis corridor, with
meter-scale scarps observed in young
colluvium and a cumulative vertical
offset of at least several hundred
meters at the range front. These obser-
vations are consistent with Aktug et al’s
[2013] geodetic slip rates of less than
slip 1 mm a~ ! (sinistral) and 2mma~"
(extensional) [Aktug et al, 2013]. We
conclude that while the Ecemis fault
zone records left-lateral displacement
Figure 14. (a) Proposed model for Quaternary activity of the CAFZ, including  during the late Quaternary, this
regional deformation rates from this study and compiled from literature. Tecer g secondary to predominantly E-W
fault [Akyuz et al., 2013] and Malatya Ovacik fault zone (MOFZ) [Zabci et al.,

2014]. Plate vectors North Anatolian fault and East Anatolian fault from
Reilinger et al. [2006]. Earthquakes from USGS earthquake catalogue [Jenkins

Eurasian Plate

extension, coeval with multiphase
uplift of the Central Taurides (Figure 2)

et al,, 2013]. Strain indicators from Aktug et al. [2013]. (b) Proposed block from 8 Ma to present [Schildgen et al.,
model for the neotectonic framework of Central and Eastern Anatolia. The 2012, 2014].

small circular arrows are small clockwise rotations which would accommodate

a block model. Evidence for a link between faults in

the Ecemis corridor and the Erciyes

basin is tenuous. We interpret dacitic
lava domes emplaced along the Dundarli-Erciyes fault to record syneruptive extensional stress between
580+ 130 and 210+ 180 ka, with no sinistral component during that period or since dome emplacement.
This finding refutes the attempt of Jaffey et al. [2004] to link late-Quaternary strike-slip activity between
the Ecemis and Dundarli-Erciyes faults. Therefore, the most recent phase of late-Pleistocene strike-slip
faulting described in the Ecemis corridor is not kinematically linked to faulting farther north along the
Erciyes fault. We also argue for an earlier onset of opening of the Erciyes basin than earlier studies
[Kogyigit and Beyhan, 1998; Kogyigit and Erol, 2001; Dirik, 2001], which have speculated that it began after
deposition of the youngest regionally extensive ignimbrite layer, the 2.73+0.08 Ma Valibaba Tepe
Ignimbrite, that is found on both margins of the basin. However, we observe that conformable pyroclastic
rocks below the Valibaba Tepe Ignimbrite are syndepositionally deformed, suggesting earlier an earlier
initiation of faulting. Ignimbrites are density currents that locally thicken in valleys and topographic lows
but are capable of draping landscapes with minimal relief [Branney and Kokelaar, 2002] and therefore could
have flowed up the margins of an already opening proto-Erciyes basin. Our study suggests dominantly
extensional deformation in the northern Erciyes basin, with minimal evidence for sinistral displacement.
Our measurements of faults in the northern Erciyes basin consistently display dominantly dip-slip kinematic
indicators. This is consistent with a regional GPS strain analysis [Aktug et al., 2013], which highlighted a zone
of WNW-ESE extension in the Erciyes basin (Figure 14). We disagree with the use of polygenetic volcanoes
along the border of the basin as piercing points [Toprak, 1998], which were used to estimate strike-slip offset
and basin extension at 28 and 45 km, respectively (X to Y in Figure 2). Late Pliocene pyroclastics and the
Valibaba Tepe Ignimbrite are preserved throughout the central basin, meaning that the width of the basin

HIGGINS ET AL.

SIGNIFICANCE OF THE CAFZ REVISITED 19



@AG U Tectonics 10.1002/2015TC003864

is not a valid estimation of expansion or extension. Piercing points from the basin margins are therefore
invalid as both a strike-slip and normal strain markers. Further, although Kocyigit and Beyhan [1998] argue
for dominantly left-lateral displacement along the Gesi fault, citing 2.2km of left-lateral offset of the
YUizbasi stream (Figure 10), we were unable to find any trace of a fault in the vicinity of this bend in the field,
and we find no other gorges or smaller rivers which show similar offset. We attribute the bend instead to
stochastic drainage variation.

We question the continuity and importance of the CAFZ beyond our study area as well. Faults in the far
south-western part of the proposed CAFZ, including the Namrun fault and the offshore Cyprus-Anamur fault
(Figure 1 [Kogyigit and Beyhan, 1998]), make up over 300 km of the proposed 700 km fault zone. These strands
are proposed to extend from the south of the Ecemis corridor, connecting the fault zone to the Cyprus trench.
Recent seismic reflection studies [Aksu et al., 2014], however, show that these structures likely belong to the
Kozan fault zone (Figure 2). The Kozan fault zone is a 300 km long, 15-20 km wide transtensional sinistral
fault zone that splays from the triple junction between the East Anatolian fault and the Dead Sea fault zone
and extends offshore near Adana, where it separates the Tauride Mountains to the north and the Cilicia
and Adana basins to the south (Figure 2). Aksu et al. [2014] propose latest Messinian-Recent slip rates of
43-75mma " based on offset of sediment lobes imaged from seismic profiles. These rates are much higher
than slip rates we have measured along the CAFZ. Their results, along with a high density of earthquakes,
suggest that the Kozan fault zone is a more significant left-lateral structure and has accommodated partitioned
strain that had previously been attributed to the CAFZ.

The northeast part of the CAFZ, from Erkilet to the North Anatolian fault, appears more continuous and seismically
active. A small cluster of eight M 4.0 to 5.1 earthquakes have been recorded in the northern part of the Erciyes
basin since 1985 (USGS [Jenkins et al., 2013]), roughly delimiting the trace of Erkilet fault (Figure 14a) and
suggest that it is still active. All of these events were located at depths of less than 10 km. The focal mechanisms
of these faults were not available. Akyuz et al. [2013] compiled data for 11 earthquakes between M 3.0 and M 5.0
since 1960 that occurred on the Deliler and Teer faults of the NE part of the CAFZ. Six of these events were
recorded at depths of less than 5 km. In the southern Erciyes basin and the Ecemis fault zone, active seismicity
does not delimit the CAFZ further to the south, where only sporadic events have been recorded.

In summary, skepticism about the continuity, left-lateral nature, Quaternary offset, and activity along the CAFZ
is justified [Westaway, 1999; Westaway et al.,, 2002]. Our results document Quaternary faulting with spatial
connectivity, (i.e., the strong linear trend shared by the Ecemis-Erciyes and Gesi faults), but we find no direct
evidence of coeval motion along the length of the CAFZ, and everywhere they are measured, we find that faults
are slipping slowly and often have become dormant or inactive. Finally, we find total neotectonic offset to be
much less than the 24 to 28 km estimates from previous studies [Kogyigit and Beyhan, 1998; Toprak, 1998].

5.2. Evolution of the CAFZ

Kogyigit and Beyhan [1998] originally proposed that slip along the CAFZ began in the Ecemis corridor and
propagated to the northeast and southwest, eventually linking into a throughgoing structure that accommodated
significant strike-slip displacement across the entire Anatolian plate (Figure 2). We propose a new model for the
evolution of the CAFZ, in which two paleotectonic structures, the Ecemis corridor in the southwest and the
Inner Tauride suture zone in the northeast, were reactivated independently. These structures were then bridged
together by a zone of active extension to produce the modern CAFZ.

In our proposed scenario, the NE part of the CAFZ developed into a broad NE-SW trending, sinistral strike-slip
fault zone, including the Kizilirmak, Gemerek-Sarkisla, Deliler, and Tecer faults (Figure 14). They developed
along preexisting weaknesses in the vicinity of the Inner Tauride suture zone as a result of compression
in eastern Anatolia during the late Miocene to Quaternary [Yiimaz and Yilmaz, 2006; Kaymakci et al.,
2010]. Many of these faults remain seismically active, and slip rates of 1 mma~" have been proposed for
the Tecer fault [Akyuz et al., 2013]. Additional strain is likely distributed across this broad zone of faults.
To the east, the Malatya-Ovacik fault zone (MOFZ; Figure14a) is of the same orientation and sense of shear
[Kaymakci et al., 2006; Westaway et al., 2008; Zabci et al., 2014]. Both of these structures may represent an
array of en echelon antithetic faults accommodating strain along the North Anatolian fault. We suggest that
internal deformation of the northeastern part of the Anatolian plate is predominantly strike slip and could
be explained by a domino block faulting model with small amounts of clockwise rotation of crustal blocks
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bounded by weakly active strike-slip faults (e.g., CAFZ, Malatya-Ovacik fault zone, and potentially the Sariz
and Gurin faults) (Figure 14b). These small clockwise rotations between these blocks are consistent with an east
to west transition from counterclockwise to clockwise rotations deduced from regional paleomagnetic data
[Piper et al., 2010].

Where the CAFZ bends to the south near the southern end of the Erkilet fault, it intersects a WNW-ESE extensional
domain (Figure 14a) [Aktug et al., 2013] and normal displacement along the fault increases. This extensional
domain stretches from west of the Delier fault to the southern Erciyes basin (Figure 14). The resulting releasing
bend observed along the Erkilet fault produced a horsetail splay and step-like morphologic patterns, which bend
south and transition to pure normal faulting on the Yesilhisar fault. Their kinematics is mirrored by the conjugate
Develi fault in the SE margin of the basin, where the fault scarp has relief of >900 m [Kogyigit and Erol, 2001].
WNW-ESE opening of the basin was coeval with growth of the Erciyes stratovolcano, and the same stress regime
controlled emplacement of monogenetic dome alignment on its SW flank along the Erciyes fault. We propose
that Erciyes fault cuts through the middle of the basin and aligns with the Ecemis fault; extensional faulting is
consistent with mountain front normal faulting in the Ecemis corridor, where large vertical offset is observed
at the mountain front near the Cevizlik fault. Normal faulting is accompanied by transtensional strike slip along
the Demirkazik-Sulucaova fault. This WNW-ESE extensional stress field is likely related to the westward extrusion
of Anatolia, primarily driven by the Western Anatolian extensional province. Given their orientation (NE to ENE)
and the overall westward pull of Anatolia, small amounts of sinistral motion and larger amounts of horizontal
extension are expected along these structures. Ongoing counterclockwise rotation of Central Anatolia toward
the Hellenic trench has oriented this part of the CAFZ closer to N-S orientation. We propose that extensional
faulting in the central and southern parts of the CAFZ accommodates the increasing E-W velocity gradient across
the region (Figure 14b). A Pliocene-Quaternary changeover to NE-SW extensional along the Tuz Goli fault zone
has been attributed to the influence of the Western Anatolian extensional province [Ozsayin et al., 2013], and the
results of this study support the suggestion that further extend this extensional influence as far east as the CAFZ
[Aktug et al., 2013].

With low slip rate and little evidence for major strike-slip offset during the Quaternary, the modern CAFZ cannot
be characterized as a tectonic escape structure, such as the North Anatolian fault or East Anatolian fault.
We prefer to characterize the modern CAFZ as a weakly active fault with nonuniform slip rates and spatially
and kinematically linked zones of heterogeneous deformation in Central Anatolia. Second-order strike-slip fault
systems within the Anatolian plate, such as the CAFZ and the Malatya-Ovacik fault zone, are likely shallow upper
crustal structures that divide east and central Anatolia into smaller tectonic blocks that move relative to one
another while also moving west with respect to Eurasia (Figure 14b). This interpretation is based on the shallow
seismicity along the CAFZ and supported by low slip rates presented in this study as well the similarly low rates
inferred along the Tecer fault (~1 mm/yr [Akyuz et al.,, 2013]) and the Malatya-Ovacik fault zone (1.6-1.9mma™"
[Zabci et al., 2014]). The variability in recent kinematics observed along the central part of the CAFZ (~350 km) can
be explained by its propagation through rapidly transitioning N-S and E-W stress patterns (stress permutations),
which are well defined within the Anatolian plate [Aktug et al., 2013].

6. Conclusions

We have created new Quaternary fault maps and constrained kinematics and slip rates on important faults in
the southern and central parts of the CAFZ. When compiled with additional neotectonic data (GPS, seismicity,
and paleoseismology) the main conclusions of this study are as follows. Geomorphically derived slip rates
on the Ecemis fault zone of 1.1+04mma" ' (erosion corrected) or 1.2+04mma ' (erosion and inheritance
corrected) are lower than original estimates. These are comparable with other slip rate estimates of weakly
active internal strike-slip faults of the Anatolian plate (Malatya-Ovacik fault zone 1.6-1.9mma~" [Zabci
et al., 2014] and Tecer fault 1 mma~" [Akyuz et al,, 2013]) and are more an order of magnitude smaller than
major plate bounding strike-slip faults (North Anatolian fault and East Anatolian fault). The most recent
episodes of faulting in the Ecemis corridor are not kinematically linked with faulting in the Erciyes basin.
Most of the faulting in the Erciyes basin occurred between 2.73+0.08 Ma (T11V02; Figure 12c) and
1.0 + 0.3 Ma (11TR-08; Figure 12b), dominated by horizontal extension in a WNW-ESE direction. The combined
effects of a strike-slip-releasing bend and extrusion-related crustal extension produced the modern basin
topography. Previous attempts to estimate total left-lateral offset along the CAFZ from restoration of an
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Erciyes “pull-apart” basin [Kogyigit and Beyhan, 1998; Toprak, 1998; Kogyigit and Erol, 2001] are much too
large. Our alternative model for opening of the Erciyes basin by predominantly WNW-ESE extension is
supported by kinematic, geomorphological, and geodetic data and suggests that the influence of the
Western Anatolian extensional province on deformation patterns in Central Anatolia is greater than previously
thought. Any strain partitioned from the Eastern Anatolian compressional province is mostly restricted to
the NE part of the CAFZ.
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