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Abstract

Ž . Ž .Observations on Synthetic Aperture Radar SAR scenes of the European Remote Sensing ERS satellite and Digital
Ž .Elevation Models DEMs , complemented by field structural analysis permit a new understanding of relationships between

Ž .tectonics and volcanism since the late Miocene 10 Ma in Central Anatolia. Volcanic edifices form elongate stratovolca-
noes, linear clusters and volcanic ridges. They indicate emplacement on tension fractures and tail-crack or horsetail features.
For instance, the Kara Dag volcano is rooted on a tail-crack which accommodates a horizontal left-lateral throw component
at a fault termination. Caldera complexes of Cappadocia are associated with horsetail fault patterns. The emplacement of
volcanoes also benefits from larger-scale tectonic structures: the Erciyes Dag volcano is localized by the Sultan Saz releasing
bend which opens along the sinistral strike-slip Ecemis fault. Deformation has been analysed from tension fractures—which
are perpendicular to the direction of extension—and from field structural analysis. On a regional scale, the tectonic regime
responsible for the distribution of volcanic vents in this area of convergence and lateral extrusion, is not compression but
extension. The Central Taurus range is the thermally uplifted shoulder of the Adana–Cilicia basin, which is related to
lithosphere thinning. Westward movements in the northwestern part of the studied area are influenced by the active back-arc
Aegean extension situated to the west. Farther to the south, the direction of motion turns southwest and south, under the
influence of the opening of the Adana–Cilicia basin. We interpreted that extension in the Central Anatolian plateau is related
to crustal blocks moving above sub-horizontal detachment surfaces located in the lower crust. This is based on several facts:
the Tuz Golu fault zone is a within-crust detachment; the Tuz Golu basin does not affect the whole lithosphere because¨ ¨ ¨ ¨

Ž .otherwise it would have been bordered by thermally uplifted shoulders; movements change trend within a small 50 km
region. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Observation of geometric relationships between
volcanism and tectonics is a fruitful approach in
geology. On one hand, analysis of the distribution
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and types of volcanic vents provides information on
Žthe geodynamics e.g., Dengo et al., 1970; Stoiber

and Carr, 1973; Nakamura, 1977; Hamilton, 1979;
.Chotin et al., 1980; Francis, 1993 . On the other

hand, tectonic analysis explains the location of vol-
canic vents, related for instance to tension fractures
Že.g., Nordlie, 1973; Opheim and Gudmundsson,
1989; Takada, 1994; Koyaguchi and Takada, 1994;
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. ŽChorowicz et al., 1997 , fissures e.g., Macdonald,
. Ž1972 , pull-apart structures e.g., Bellier and Sebrier,
. Ž .1994 , rifting Smith et al., 1995 or reactivation of

Žancient faults N’ni et al., 1986; Deruelle et al.,
.1987; Brousse and Lefevre, 1990 .`

Recent and active tectonic and volcanic features
have distinct geomorphic expressions. High ground

Ž .resolution 10–30 m satellite images and Digital
Ž .Elevation Models DEMs express the landforms and

yield synoptic views, permitting detailed mapping
over large surfaces. Shadowed DEM images have

Žproved to be efficient in structural analysis Choro-
.wicz et al., 1995a,b . Images acquired by the Syn-

Ž .thetic Aperture Radar SAR of the European Re-
Ž .mote Sensing ERS satellite are particularly sensi-

tive to variations in ground slope.
Ž .The Central Anatolian region in Turkey Fig. 1A

has been subjected to deformation and volcanism
Žover the past 10 Ma Innocenti et al., 1982; Sengor¨

et al., 1985; Pasquare et al., 1988; Aydar, 1992;`
Temel, 1992; Aydar et al., 1993; Le Pennec et al.,

.1994 . This region is part of the Anatolia block
which is moving westward by lateral extrusion as a
consequence of north–south convergence between

ŽAfrica–Arabia and Eurasia McKenzie, 1972; Sengor¨
.et al., 1985; Dewey et al., 1986 . The aim of this

paper is to analyze the emplacement of volcanic
vents and tectonics in Central Anatolia, using satel-
lite and DEM images, complemented with field
structural analysis. We shall argue that regional vol-
canism in Central Anatolia is associated with exten-
sion, not compression.

2. Regional structural framework

2.1. Geodynamic context

Convergence between Africa–Arabia and Eurasia
Ž .Fig. 1A began in the mid-Cretaceous at around 100

ŽMa Biju-Duval et al., 1977; Livermore and Smith,
.1984; Yazgan and Chessex, 1991 , inducing Campa-

Ž .nian–Maestrichtian ;70 Ma obductions over Ana-

tolia and Africa–Arabia, and Eocene–early Oligo-
Ž .cene ;30 Ma collision and emersion in the Pon-
Ž .tides Sengor and Yilmaz, 1981 . Red Sea continen-¨

tal rifting and individualization of Arabia began at
Žthe Oligocene–Miocene boundary Le Pichon and

. Ž .Gaulier, 1988 . In the mid-Miocene ;13 Ma , initi-
ation of left-lateral motion along the Dead Sea Fault

Ž .zone occurred Joffe and Garfunkel, 1987 , coeval
with collision in the Eastern Taurus and related
westward lateral extrusion of Anatolia bounded by

Žthe North and East Anatolian faults McKenzie, 1972;
Dewey et al., 1973; Sengor and Kidd, 1979; Sengor¨ ¨

.and Yilmaz, 1981; Yilmaz, 1993 . Subduction in the
ŽAegean region initiated during the late Miocene Le

.Pichon and Angelier, 1979; Lyberis, 1985 . We shall
Ž .consider the late Miocene ;10 Ma to present-day

time globally and take into account only finite dis-
placements and deformation during this interval.

2.2. Regional geology

The most prominent recent tectonic features of the
studied area are the Tuz Golu and Ecemis fault¨ ¨
zones, the Central Taurus range and the Adana basin
Ž .Fig. 1B . They overprint crystalline and Mesozoic–
Paleogene sedimentary or metamorphic rocks de-

Žformed in late Eocene–early Oligocene times ;30
.Ma by folds, thrusts and transcurrent faults.
Volcanism in Central Anatolia has developed since

Žthe late Miocene Innocenti et al., 1975, 1982;
.Pasquare et al., 1988 . This volcanism has been`

Žconsidered to be related to compression Pearce et
.al., 1990; Yilmaz, 1990 but it may also be the

Ž .consequence of regional extension Temel, 1992 . It
Žhas mainly produced calc-alkaline rocks Innocenti

.et al., 1982 and has been interpreted as an arc
related to the north-dipping oceanic slab of the

Ž . ŽAfrican plate Innocenti et al., 1975, 1982 Fig.
.1A . The volcanics comprise late Miocene stratovol-

Ž .canoes e.g., Melendiz Dag , late Miocene–Pliocene
Žignimbritic units of Cappadocia Le Pennec et al.,

Ž .Fig. 1. a Geodynamic context of Central Anatolia since the late Miocene. Large arrows show Africa–Arabia and Anatolia plate motions
Ž .relative to Eurasia. Thick lines: plate boundaries. Rectangle: location of b . DSF: Dead Sea Fault; EAF: East Anatolian Fault; NAF: North

Ž . Ž .Anatolian Fault. b Geologic sketch map of Central Anatolia, compiled from the 1r2,000,000 geological map of Turkey MTA, 1989 . DD:
Develi Dag volcano; DF: Derinkuyu fault; ED: Erciyes Dag; HD: Hasan Dag; KD: Kara Dag; KcD: Karaca Dag; KoD: Koç Dag; MD:
Melendiz Dag.
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. Ž1994 , Quaternary stratovolcanoes e.g., Erciyes Dag,
.Hasan Dag and scattered vents of mafic or acidic

volcanism.
The NW-striking Tuz Golu fault zone forms the¨ ¨

Žnortheastern boundary of the Tuz Golu basin Arikan,¨ ¨
.1975; Gorur et al., 1984; MTA, 1989 , situated at¨ ¨

mean elevation 1000 m. The basin forms a
northeast-dipping half-graben, infilled with 2000 m
of Neogene sediments and volcanics, lying above
several thousand meters of Eocene–Oligocene sedi-
ments. Southwest of the Hasan Dag volcano, the Tuz
Golu basin is partly overlain by volcanoes which¨ ¨
form a NE-trending belt that extends as far as the
Kara Dag stratovolcano in the SW. The Tuz Golu¨ ¨
basin is bordered to the northeast by the Nevsehir
plateau and the Kirsehir massif, with crystalline
basement rocks at mean elevations up to 1200 m,
overlain by volcanic materials up to 2700 m at the
summit of the Melendiz Dag.

The Ecemis fault zone strikes northeasterly in the
Žnorth and turns around the transtensive Pasquare et`

.al., 1988 Sultan Saz basin to strike NNE further
south where it cuts the Central Taurus range. The

ŽEcemis fault zone comprises in the south a narrow 1
. Ž .km strip of Paleocene ? –Lutetian marl and sand-

stone, interbedded with clastic and detrital marine
limestone, disconformably overlain by Oligocene to
Quaternary continental detrital and evaporitic rocks
Ž .Yetis, 1984 . The Ecemis fault zone cuts thrust-units

Žemplaced during the late Eocene–Oligocene ;30
.Ma compressive event. It may have accommodated

about 80 km of left-lateral slip motion since the
¨ŽEocene and is considered to be still active Ozgul,¨

.1976; Scott, 1981; Sengor and Yilmaz, 1981 .¨
The Central Taurus range has been raised since

¨Ž .the late Miocene Ozgul, 1976 . It is made up of¨
marine lower to middle Miocene sediments now at
elevations of more than 2000 m, which uncon-
formably overlie ophiolites and platform carbonate
rock units thrust during the Late Eocene–Early

Ž .Oligocene ;30 Ma event.
The Adana basin is partly filled with turbiditic

Žrocks spanning from Aquitanian to Tortonian 24–8

.Ma , deposited in the zone where the African plate is
Žsubducting underneath Anatolia Jackson and

.McKenzie, 1984; Karig and Kozlu, 1990 . These
Ž .rocks are overlain by Messinian ;6 Ma evaporites

Ž . Žand Pliocene ;5–2 Ma marine sediments Kelling
.et al., 1987 . The basin emerged from below sea-level

in the Quaternary but remains a low plain. In late
Ž .Miocene–Plio-Quaternary time since ;10 Ma , the

ŽAdana basin may be regarded as a pull-apart Sengor¨
.et al., 1985; Dewey et al., 1986 or a releasing bend

Ž .basin Chorowicz et al., 1994a,b , developed along
faults which mark the prolongation of the left-lateral
East Anatolian fault, related to the lateral expulsion

Ž .of Anatolia Fig. 1A .
Ž .According to Sengor et al. 1985 , Central Anato-¨

lia presently undergoes moderate NE–SW-trending
Ž .compression, but Pasquare et al. 1988 and Toprak`

Ž .and Goncuoglu 1993 have associated the Central¨ ¨
Anatolia grabens with a late-Miocene to early

Ž .Pliocene ;10–4 Ma east–west-trending tension.
Ž . Ž .Pasquare and Ferrari 1993 and Borgia et al. 1994`

have suggested that there is a N-trending, 100-km-
long, buried graben in the central part of the Nevse-
hir plateau and that the Tuz Golu and Ecemis faults¨ ¨
are reverse faults formed as a result of the intrusion
of a large batholith.

3. Data and methodology

3.1. Data

A DEM of the whole area has been developed
using a kriging method, from the digitization of

Želevation contour lines 25 to 100 m vertical contour
.intervals of nine topographic maps at 1r250,000

scale. It covers 260=320 km with 500 m horizontal
Ž .ground resolution Fig. 2 .

ŽWe have analyzed four ERS-1 SAR images Figs.
.3–6 . We applied standard processing to generate an

image from each original digital scene covering 100

Ž .Fig. 2. Shadowed image a of the DEM of the studied area, at 500 m horizontal ground resolution, illuminated from south, and structural
Ž .interpretation b . A: Aksaray; B: Bor; DF: Derinkuyu fault; ED: Erciyes Dag; F1 and F2: inactive faults; FT: normal faults of the Central

Taurus range; GF: Gumuskent fault; HD: Hasan Dag; KD: Kara Dag; MD: Melendiz Dag; RB: rhomb shaped basins; S: Sereflikoçhisar;
SSB: Sultan Saz basin; TGF: Tuz Golu fault. X: the Tuz Golu fault terminations against the Ecemis fault.¨ ¨ ¨ ¨
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=100 km, at 25 m ground resolution. Illumination is
from the WSW. We have produced negative prints in
order to express in black the slopes facing the radar
source. Detailed information is well revealed by

various gray tones on the slopes backing the illumi-
nation.

Ž .High ground resolution 10 m panchromatic
SPOT images have also been processed in order to

Ž . Ž . Ž .Fig. 3. SAR ERS-1 image negative view of the Nevsehir plateau and Kirsehir massif a and structural interpretation b . F are curved
faults in plan view, interpreted as extensional spoon faults. Location on Fig. 2.
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Ž . Ž . Ž . Ž .Fig. 4. SAR ERS-1 image negative view of the Tuz Golu fault TGF area a and structural interpretation b . A: Aksaray; DF: Derinkuyu¨ ¨
fault; F1 and F2: inactive faults; f: curved faults in plan view at southeastern termination of fault F1; GF: Gumuskent fault; HD: Hasan Dag;
NACC: Nevsehir–Acigol Caldera Complex; t1 and t2: horsetail structures. Location on Fig. 2.¨
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obtain detailed views of particular areas. We have
Ž .mainly used scene KJ 113–273 Fig. 7 and KJ
Ž .114–272 to make a small mosaic Fig. 8 .

3.2. Methodology

Observations from ERS-1 SAR, SPOT and DEM
images have been used to map the recent faults and
locate the volcanic vents. These features have been

Ž .consolidated onto a single map Fig. 9 .
Recent faults interpreted as active or inactive are

determined from their distinct, poorly eroded scarp
Ž .or because they affect the recent ;10–0 Ma rocks.

We systematically have compared our images with
geological maps in order to carefully separate the

Ž .scarps formed by fault planes active from those
resulting from differential erosion of contrasted

Ž .lithology ancient . In some cases, Quaternary de-
posits overlie the fault trace which is in the prolonga-
tion of distinct scarps, as is the case for the Gu-

Ž .muskent–Derinkuyu fault Fig. 9 . This pattern indi-
cates that the fault is recent but inactive.

We have specially searched for the volcanic vents
and related volcanic cones or craters. Following

Ž .Nordlie 1973 , we have considered the outlines of
lowermost floors of volcanic edifices, which are
generally horizontal. Some volcanoes and craters are
clearly elongate. Aligned and adjacent volcanoes
define what we refer to as volcanic linear clusters
Ž .Takada, 1994; Gudmundsson, 1995 . Elongate vol-
canoes and volcanic linear clusters are related to
hidden tension fractures which permit lavas to reach

Ž .the surface Chorowicz et al., 1997 . Tension frac-
tures are perpendicular to the direction of extension.
On the map of Fig. 9, we have drawn the tension
fractures inferred from elongate volcanoes and vol-
canic linear clusters and have indicated the direction
of local extension.

To complement this information relative to the
strain, we have carried out structural analysis in the
field, searching for local slip movements along the
main faults and for local strain or paleostress pat-
terns. Our observations consisted of measurements of
tension fractures and orientations and sense-of-mo-

Ž .tion of striated fault planes Fig. 10 . Special empha-
sis has been placed on striations directly observed on
the major mapped fault planes, on which the main
part of the regional displacements occurred. We have
also taken into account striations observed on smaller
faults paralleling the nearby major fault, assuming
that in a given local stress field parallel faults have
the same mechanism, for a given tectonic phase. We
have plotted on the trace of the main faults the
plunge of striations, with indications of the sense of

Ž .movement Figs. 9 and 10 . Along the major faults
we have generally found only one set of striations
which we assume to be related with the latest dis-
placements. In a few sites not located along major
mapped faults, we have used striations on the various
minor fault surfaces to estimate the orientation of the
local paleostress pattern, using the right dihedral

Ž .method of Angelier and Mechler 1977 . We consid-
ered that all measurements from any one site are
related to a single finite deformation and paleostress
pattern unchanged since 10 Ma. The fact that the
results of our calculations are consistent from place
to place throughout the Central Anatolian region
justifies this hypothesis. However, when two defor-
mation events were supposed to have occurred, be-
cause of incompatibilities in the data or several
striation sets on fault planes, the measurements were
sorted by relative age at each site. To characterize

wŽthe paleostress at each site, we used parameter s 2
. Ž .xys 3 r s 1ys 3 which ranges from 1 to 0. The

stress ellipsoid has three well distinguishable axes
when values of this parameter are close to 0.5.
Values approaching 0 indicate that s 3 is equal to
s 2.

4. Structural observations

4.1. Tuz Golu structure¨ ¨

4.1.1. Tuz Golu fault zone¨ ¨
Ž .The main Tuz Golu fault trace Fig. 9 , well¨ ¨

Ž .expressed on the DEM Fig. 2 and SAR or SPOT
Ž .images Figs. 4 and 7 cuts the Quaternary Hasan

Ž . Ž . Ž . Ž .Fig. 5. SAR ERS-1 image negative view a and structural interpretation b of the Sultan Saz basin SS and part of the Cappadocia
Ž . Ž .region, including the Gumuskent and Derinkuyu faults GF and DF . h: NNE-striking faults south of Nevsehir N forming a horsetail

Ž .pattern. l: NW-SE structural lines affecting the Erciyes Dag ED . Location on Fig. 2.
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Ž . Ž . Ž .Fig. 6. SAR ERS-1 image negative view of part of the Central Taurus a and structural interpretation b . B: Bor; C: linear clusters of
volcanoes; CTR: Central Taurus range; EF: Ecemis fault; F: normal fault; X: termination of the Tuz Golu fault against the Ecemis fault; V:¨ ¨
elongate volcanoes. Location on Fig. 2.

Dag stratovolcano, attesting to recent movements
Ž .Aydar, 1992; Toprak and Goncuoglu, 1993 . The¨ ¨
main crater of Hasan Dag is not on the fault but 8

Ž .km away Fig. 2 . Both DEM and SAR imageries
clearly indicate the Tuz Golu fault extends southeast-¨ ¨

ward, up to the point where it ends against the
Ž .Ecemis fault X on Figs. 2 and 6 . The Tuz Golu¨ ¨

Ž .fault dips ;SW 658 in sites 1 and 4 Fig. 10 .
Striations on the main fault plane are indicative of
W-oriented oblique-slip dextral transtensive dis-
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Fig. 7. Window of SPOT image KJ: 113–273, showing lava flows
of the Quaternary Hasan Dag stratovolcano offset or confined by

Ž .the Tuz Golu fault TGF which trace is followed by arrows.¨ ¨
Location on Fig. 2.

placements. Strike-slip paleostress regimes with s 1
and s 3 horizontal are recognized in sites 3 and 5
Ž .Fig. 9 , in Eocene beds. Several episodes, including
the Quaternary one, appear to be represented, all of
them yielding E–W to NW–SE s 3 trend. Near Bor
Ž .sites 13 and 14, in late Miocene rocks , tension
fractures and microfaults indicate NE- to ENE-trend-
ing, post late Miocene extension.

4.1.2. Tuz Golu basin¨ ¨
A series of small Plio-Quaternary volcanic cones

is visible in the northwestern corner of Fig. 6. Some
Ž .are elongated in the N 108 direction V on Fig. 6 .

Smaller volcanoes adjacent to each other form linear
Ž .clusters, also trending N 108 C on Fig. 6 . The local

Plio-Quaternary extension in sites 16 and 17 is con-
Ž .sequently oriented N 1008 Fig. 9 . In the field we

Ž .have found small 200 m long, 20 m wide volcanic
ridges, a few meters higher than the nearby lava flow

Ž .surface, trending N 00 to 208 site 15 on Fig. 10 .
The volcanic ridges seem related to basalt filling

tension fractures which formed within still warm
basalt flows, possibly related with Plio-Quaternary

Žstrain yielding E-trending extension site 15 on Fig.
.9 .

The Kara Dag volcano is located near the south-
ern termination of a SSE-striking fault, which turns
SE at its southern end. The fault cuts the volcano

Ž .into two parts which are slightly 100 m left-later-
Ž .ally displaced Fig. 11 . The fault is mainly exten-

sional, western side down. In site 2, striations on a
small conjugate fault indicate oblique-slip movement

Ž .with a left-lateral throw component Fig. 10 . In site
Ž .18 Fig. 11 , a 300-m-long and 50-m-wide fissure

eruption was formed through a tension fracture strik-
ing N 1408, indicating N 508-trending local exten-
sion. The Kara Dag is then rooted on a tail-crack
feature which accommodates the horizontal left-

Žlateral throw component at fault termination Fig.
.11 . South and southwest of the volcano, in sites 19

and 20, linear clusters of central volcanoes and
fissure eruptions respectively indicate N 508 and N

Ž .10 to 308 extension Fig. 9 .

4.1.3. NeÕsehir plateau
The Tuz Golu fault zone bounds on its southwest-¨ ¨

ern flank a NE-dipping tilted block, comprising
Eocene–Oligocene beds unconformably overlain by

Ž . ŽNE-dipping Pliocene sediments MTA, 1989 Figs.
.2 and 4 . Another NE-dipping tilted block is bounded

Ž .by the F1 normal fault Figs. 2, 4 and 9 . F1 is
inactive, the fault scarp being attenuated by erosion.
We have observed in the field it is locally overlain
by Quaternary sediments. F1 ends to the southeast in

Žseveral strands, curved in plan view f on Figs. 4 and
. Ž .9 . Another fault F2 , more or less parallel to the

Tuz Golu fault, is also partly hidden by Quaternary¨ ¨
sediments, and consequently is regarded inactive
Ž .Figs. 2, 4 and 9 . The fault trace comprises large
curves and possible horsetail structures shown by
arched ravines which do not follow the local maxi-

Ž .mal slope t1 and t2 on Fig. 4 . t2 is located at the
center of the late Miocene–Pliocene Derinkuyu

Ž .Caldera Complex Fig. 9 which is evidenced by
Ž .gravimetric data Froger et al., 1998 but not visible

on our images because covered by the ignimbrites.
ŽThe Gumuskent and Derinkuyu faults respec-

.tively GF and DF on Figs. 2, 4, 5 and 9 , running
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Ž .Fig. 8. Mosaic of windows extracted from two SPOT images KJ: 113–273 and 114–272 , covering the Quaternary volcanic field in the
Derinkuyu area, Cappadocia. Inset shows the distribution of monogenic vents. Most of the vents are randomly distributed but some form
linear clusters which we interpret as tension fractures, yielding E-trending direction of extension. Location on Fig. 2.
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Fig. 9. Synthetic map of tectonic and volcanic features observed from all above data. DCC: Derinkuyu Caldera Complex; DD: Develi Dag;
ED: Erciyes Dag; F: curved faults in plan view; F1 and F2: inactive faults; f: curved faults in plan view at southeastern termination of fault
F1; h: horsetail pattern; HD: Hasan Dag; KoD: Koç Dag; MD: Melendiz Dag; NACC: Nevsehir–Acigol Caldera Complex; RB: rhomb¨

Ž .shaped basins; S: Sereflikoçhisar; t1 and t2: horsetail structure along fault F2. Number in circle are sites of structural analysis see Fig. 10 .
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Ž .Fig. 10. Data from field structural analysis. Schmidt stereograms, lower hemisphere. Thick lines are major mapped fault planes and related
Ž .striations. Sites number in circle are located on Fig. 9.
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Fig. 11. Left: DEM image of the Kara Dag volcano region, illuminated from north. Location on Fig. 2. Right: interpretation of the DEM.
Numbers in circle refer to locations cited in the text and plotted on Fig. 9. Opposite arrows indicate local extension direction perpendicular
to volcanic ridges or linear clusters. The crater shape as well as striations in site 2 testify to left-lateral displacement component. The inset is
a vertical view of the tail-crack model.

more or less parallel to the Tuz Golu fault, are¨ ¨
composed in plan view of curved segments. Gravi-

Žmetric data have shown evidence Froger et al.,
.1998 that the Gumuskent and Derinkuyu faults form

a continuous line which we call the Gumuskent–De-
rinkuyu fault zone. Morphologic expression is poor
in some places because these faults tend to be hidden
by Quaternary volcanic materials. Southeast of

ŽNevsehir, the fault line is very clear Derinkuyu
.fault , possibly because it is still active. In site 29

Ž .Fig. 9 , striations on a small fault paralleling the
main fault, dipping W 708, indicate N 108 oriented

Ž .horizontal relative displacement Fig. 10 . The
Ž .Nevsehir–Acigol Caldera Complex NACC , evi-¨

Ž .denced by gravimetric data Froger et al., 1998 ,
appears on the ERS-1 SAR image of Fig. 4 as a
depression surrounded by radial drainage pattern.
The caldera is superimposed on a possible horsetail
structure related to the Gumuskent–Derinkuyu fault.

Ž .As is the case in Ethiopia Chorowicz et al., 1994b ,

we infer that there are relationships between a caldera
and a tail-crack or horsetail pattern.

The Tuz Golu, F1, F2 and Gumuskent–Derinkuyu¨ ¨
faults are made of a succession of curved segments
suggesting to us that they are southwest-dipping

Ž .listric planes spoon-faults . They are sub-parallel to
each other. The Tuz Golu fault only is active all¨ ¨
along its line. The F1, F2 and Gumuskent–De-
rinkuyu faults are mostly inactive. We interpret that
all these faults are related to the same in-depth
detachment. The spoon-shaped extensional detach-
ments seem to have migrated from the Gumuskent–
Derinkuyu fault, successively to F2, F1 and finally to
the presently active Tuz Golu fault.¨ ¨

More to the northwest, the Kirsehir massif is cut
Ž .by a series of faults F on Fig. 3 , bounding tilted

blocks, which change strike progressively from SE to
ŽS and are cut by the Gumuskent and F2 faults Fig.

.9 . Their shape in plan view is very arched and they
Ž .can be regarded as listric spoon faults . Given the
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Ž .moderate size 10 km in width of the tilted blocks
the faults are not of lithospheric scale and they
probably affect only part of the crust.

We have studied a SPOT image of a Quaternary
volcanic field located in the northern side the De-

Ž .rinkuyu Caldera Complex Fig. 8 . Some of the
volcanoes are either close or abut to each other, and
are aligned N 00 to N 408, forming linear clusters
which we infer to be rooted on tension fractures.

ŽThese trends indicate N 90 to N 1308 extension site
.25 on Fig. 9 . Many randomly distributed mono-

genetic volcanoes do not seem related to faults.
Within the Derinkuyu Caldera Complex itself, at

Ž .sites 27 and 28 noted 27 on Fig. 9 , the striated fault
Žpattern is that of vertical displacements paleostress

ellipsoid has vertical s 1; horizontal s 2 and s 3 are
.equal . We interpret this local brittle deformation to

result from caldera collapse.
Northeast of Derinkuyu, there are several normal

faults with curved traces, bounding tilted blocks
Ž .Fig. 2 . Seismic activity in this area is marked by
the earthquake which occurred in the area in 1938
wKirsehir event in the work of Jackson and McKen-

Ž .xzie 1984 . For a NW-striking fault, the fault plane
solution indicated oblique-slip dextral motion, com-

Ž .patible with site 22 Figs. 9 and 10 . Striations on
major fault planes in sites 21 and 22 express SSW-
and SW-directed displacements.

4.2. Ecemis fault zone

The Ecemis fault zone is well displayed on the
Ž .DEM and SAR ERS images Figs. 2 and 6 . In the

Ž .northern part of the studied area RB on Fig. 2 , it
bounds elongate rhomb-shaped basins filled with
Plio-Quaternary sediments, forming pull-apart basins
related with left-lateral strike-slip motion along the
fault zone.

Further south, the Ecemis fault progressively turns
ŽS and then SSE, around the Sultan Saz basin Figs. 2

.and 5 . This geometry resembles that of a lazy-S-
Ž .shaped releasing bend basin Mann et al., 1990

formed along a left-lateral strike-slip fault. However,
the Sultan Saz plain is larger than a simple releasing
bend pattern, suggesting that the basin has increased
in width by collapse of the borders. This interpreta-
tion is supported by the eastern border scarp made of
a succession of smaller arched fault segments, in-

Ždicative of gravity collapse movements Chorowicz
.and Sorlien, 1992 , possibly also related with caldera

growth. In the southern border, a set of NE-striking
Ž .normal faults Fig. 9 is possibly related to south-

ward growth of the basin. A faint line visible on the
DEM of Fig. 2, cutting across the Erciyes Dag
volcano, may represent the main trace of the deep
Ecemis fault. In this view, the releasing bend has not
a typical shape. We interpreted that NE- to E-trend-

Ž .ing extensional strain south of Derinkuyu Fig. 9
has compensated the opening which would have
occurred in the southern part of the ideal releasing

Ž .bend. Moreover, the FT branching faults Fig. 2
give the false impression of a horsetail pattern indi-
cating right-lateral slip component, but in fact these
FT faults are related to extension in the Taurus and
cannot be regarded as marking the end of the Ecemis
fault. Volcanoes Erciyes Dag, Koç Dag and Develi

Ž .Dag Fig. 9 are located respectively within the
releasing bend basin and along the eastern border
fault. The Erciyes Dag volcanic edifice includes a

ŽWNW-trending succession of vents and faults l on
.Fig. 5 , probably superimposed on NW-trending ten-

sion fractures indicating SSW-directed extension.
Further south, the Ecemis fault zone forms a

Ž .zigzag shaped corridor Fig. 6 . Straight scarps along
the eastern fault are only slightly eroded, testifying

Ž .to recent activity. In site 6 Fig. 9 , striations show
that horizontal component of strike-slip displacement

Ž .is oriented N 208 Fig. 10 . In Neogene tuff and
conglomerate at site 7, the s 3 paleostress compo-
nent trends N 408. Site 9, in Oligo-Miocene con-
glomerate and reddish clay, located close to the main

Ž .fault Fig. 9 , indicates left-lateral strike-slip move-
ment. These three sites argue SSW-directed motion
and left-lateral mechanism along the Ecemis fault.

Ž .Local collapse? movements may occur as is the
case for site 10, in Quaternary alluvial terrace gravel,

Ž .close 100 m to the main fault, where transtensional
displacement is oriented N 808.

4.3. Central Taurus range

Ž . Ž .On the DEM Fig. 2 and SAR Fig. 6 images we
have observed that the Ecemis fault zone connects to
the southwest in the Central Taurus range with a

Žseries of faults which die out westward FT on Fig. 2
.or F on Fig. 6 . These faults have been plotted on a
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Ž .topographic cross-section Fig. 12b . They bound
north-dipping tilted blocks and are extensional. In
site 12, we have observed a large fault affecting
marine early-middle Miocene layers and their base-

Ž .ment Figs. 9 and 10 . The fault is normal dip-slip
and attests to recent local N–S extension. In site 11,
extensional oblique-slip faults reactivate ancient
thrust faults and testify to recent SW-directed hori-

Ž . Ž .zontal displacement Fig. 10 . In site 24 Fig. 9 ,
relative extensional displacement is directed N 1608

Ž .Fig. 10 . Measurements in site 23 give a N 1658

trending s 3. We conclude that the present-day Cen-
tral Taurus belt, unlike the Eastern Taurus, is not
compressive but is under tension. Elevations in the
Central Taurus are the highest in the studied area
Ž .Fig. 12a , except for major volcanoes. These high
mountains do not result from compression, as is the
case in the Eastern Taurus. The last compression
event in this area consequently occurred in the late
Eocene.

5. Discussion

5.1. Distribution of Õolcanic Õents

Most volcanic vents such as volcanic ridges, lin-
ear clusters and isolated stratovolcanoes are inter-
preted to be rooted on tension fractures. We show
below that other open structures are able to give way
for the magma. Many monogenetic volcanoes are
randomly distributed but we think that each of these
volcanoes is rooted on a tension fracture as is the

Ž .case in Iceland Chorowicz et al., 1997 .
Ž .The Kara Dag structure Fig. 11 is an example of

central volcano rooted on a tail-crack opening at
oblique-slip fault termination. The tail-crack model
can be extended to other strike-slip or oblique-slip
faults which open termination has given way to
volcanic materials. Caldera complexes near De-

Ž .rinkuyu Fig. 9 are associated with horsetail struc-
tures developed at the termination or along major
faults. The Derinkuyu Caldera Complex is located at
the southeastern end of fault F2, where a horsetail

Ž .structure occurs t2 on Fig. 9 . A horsetail pattern
can be considered equivalent to several tail-cracks at
a fault termination or partial termination.

The Nevsehir–Acigol Caldera Complex is not at a¨
fault end but rather slightly apart from the Gu-
muskent–Derinkuyu fault line. However, a set of
NNE-striking faults occurs, forming a horsetail pat-

Ž .tern h on Figs. 5 and 9 . We interpret that the late
Miocene Gumuskent–Derinkuyu fault line ended into

Ž .the horsetail pattern h , accommodating part of the
right-lateral strike-slip component. The fault line now
continues into the active Derinkuyu fault.

Another way for the magma to reach the surface
is at a deep-seated releasing bend opening along a
strike-slip fault zone. This seems to be the case in
the Sultan Saz basin for the Erciyes Dag and perhaps
for the Koç Dag and Develi Dag volcanoes. How-
ever, the Erciyes Dag is also rooted on NW-striking
tension fractures. At the regional scale, the central
volcano may benefit from the releasing bend open-
ing, but at local scale emplacement is related to
tension fractures.

The Hasan Dag volcano is situated close to the
Tuz Golu fault, near a sharp change in strike forming¨ ¨

Ž .a right-stepping dog-leg feature Figs. 4 and 9 . The
fault having a right-lateral strike-slip component, the
dog-leg is likely to make a small releasing bend
opening. We did not find on Fig. 4, at the location of
Hasan Dag, intersections of the Tuz Golu fault with¨ ¨
other faults as indicated by Toprak and Goncuoglu¨ ¨
Ž .1993 . We consider that the volcano has benefited
from a small releasing bend opened along the Tuz
Golu fault, but that its local emplacement is possibly¨ ¨
related to a tension fracture.

Finally, emplacement of volcanoes can be re-
garded at several scales. On a regional scale, there is
no compression, and extension can be considered to
be responsible for volcanism. At the local scale, the
emplacement of vents is controlled by tension frac-
tures, tail-crack or horsetail features, but volcanoes
also seem to be sometimes localized by larger scale
tectonic structures such as releasing bends along
strike-slip or oblique-slip faults.

5.2. Tectonics

Ž .Elevations in the Central Taurus range Fig. 12a ,
progressively decrease westwards, with the dying out
of large normal faults and tilted blocks. We associate
this with location near the southwestern end of the

Ž .Adana basin Fig. 1 . Offshore data indicate a 1000-
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Ž . Ž .Fig. 12. Relative elevation map of the studied area from DEM. a The higher altitudes clear tones are in the Central Taurus range, except
Ž .for the largest volcanoes. b Topographic cross-section showing N-dipping tilted blocks and normal faults.
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m-deep structure, the Cilicia basin, located between
Ž .the Adana basin and Cyprus Evans et al., 1978 .

Basin formation is related with either a transtensive
Ž .Evans et al., 1978 or a transpressive tectonic regime
Ž .Jackson and McKenzie, 1984 . We interpret the
Central Taurus range, where only extension has oc-
curred in the late Neogene, as the uplifted shoulder
of the Adana–Cilicia basin, related to thermal effects
of lithospheric thinning.

In Central Anatolia, west of the Ecemis fault
zone, we have identified no recent compressive
structures. We have observed only extension, form-
ing blocks which are moving westward or south-

Ž .westward relatively to the eastern region Fig. 9 .
NW-striking major faults are extensional oblique-slip
structures with a dextral throw component. Influence

Ž .of the Aegean extension Sengor et al., 1985 can be¨
regarded as the major cause for deformation in the
studied area, rather than compression inducing lateral

Ž .extrusion McKenzie, 1972; Sengor, 1979 .¨
The Ecemis fault zone, active and subjected to

left-lateral strike-slip movements, can be regarded as
a transfer fault zone in the extensional pattern of
Central Anatolia, separating two regions which ma-
jor normal faults have different orientations. Move-
ments are almost parallel to the Ecemis fault zone as
well along the NE-striking as along the NNE-striking
segments. The Sultan Saz releasing bend basin was
formed where the fault zone turns from a NE-strike
to NNE-strike.

ŽMovements trend west in the Tuz Golu area sites¨ ¨
.1, 3, 4, 5, 15, 16 and 17, Fig. 9 . This can be

interpreted to result from the influence of the Aegean
Žback-arc opening. However, in the south sites 2, 19,
.20, 12, 24, 23, 11, 13 and 14, Fig. 9 they turn

southwestward and southward. This change may be
related to the influence of the Adana–Cilicia basin
opening, in the frame of N–S-directed extension
affecting the area north of Cyprus. This change in
movement orientation is also consistent with the Tuz
Golu fault trace turning southward to the ESE.¨ ¨

Ž .Given the relatively small size 50 km of the
region where the change in movement orientation
occurs, displacements are likely related more to
crustal than to lithospheric deformation. This idea is
consistent with the Tuz Golu basin having no topo-¨ ¨
graphic thermal shoulders, despite thick Neogene
infill. Thinning associated with the Tuz Golu basin¨ ¨

consequently seems to concern only the crust, not the
whole lithosphere. In addition, we have suggested
that the Tuz Golu fault zone is a detachment which¨ ¨
have migrated southwestward from the Gumuskent–
Derinkuyu fault line, successively to F2 and F1
faults, and finally to the active Tuz Golu fault. The¨ ¨
arched curved shape in plan view of the faults
bordering tilted blocks east of the Tuz Golu basin,¨ ¨

Ž .suggests they are listric spoon faults and connect in
Ždepth with horizontal detachments Lister et al.,

. Ž .1991 . The Tuz Golu main fault dips gently 658 ,¨ ¨
implying that connection with detachments is not
very deep, i.e., in the crust. This conclusion is
important because it implies that deformation in the
Central Anatolia plateau is not of lithospheric scale
but rather that of crustal blocks moving above sub-

Ž .horizontal detachment surfaces located in the lower?
crust, possibly related with the active back-arc
Aegean extension in the west.

6. Conclusions

The Central Taurus was affected in the late Neo-
gene by uplifting which we relate to its location on
the northern shoulder of the north Cyprus Adana–
Cilicia lithospheric scale extensional basins. All our
observations concur to show that during the late

ŽMiocene to present daytime the time interval of the
.volcanic activity accounted for in this paper , exten-

sion has dominated throughout the Central Anatolian
region. No Neogene compressive structures have
been observed whereas extensional Neogene frac-
tures are obvious. The tectonic transport direction is
regionally westward, but in the southern sector it
changes to SW and S. Part of Central Anatolia seems
to be under the influence of the Aegean extension,
inducing W-directed movements, but extension north
of Cyprus interferes and deviates displacements
southwards.

The major result of our study is that regional
volcanism in Central Anatolia is associated with
extension, not compression. At local scale, volcanic
vents can be rooted on tension fractures, forming
linear clusters and volcanic ridges, or on tail-crack
and horsetail structures, including the volcanoes and
the caldera complexes of Cappadocia. Oblique-slip
movements along extensional faults may influence
emplacement of central volcanoes in releasing bends.
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The common characteristics of these structures is to
open at local scale and give way to the magma.

Ž .McKenzie 1972 first defined Anatolia as an
undeformed lithospheric block, laterally extruded.
Important deformation and volcanism in the Central
Anatolian region are consistent with relative move-
ments using mainly horizontal detachment in the
Ž . Ž .lower? crust. The clues for this are: 1 lack of
lithospheric thermal uplift of the shoulders of the

Ž .Tuz Golu basin; 2 migration with time of the¨ ¨
Ž .detachment faults east of the basin; 3 change in

direction of block movements at regional scale; and
Ž .4 exclusive use of local scale brittle crustal struc-
tures such as tension fractures and tail-cracks used
by magma to reach the surface. The only lithospheric
scale feature found in the area is related to thermal
uplift of the Central Taurus due to upper mantle
thinning and subsequent asthenospheric intrusion,
forming the northern shoulder of the north Cyprus
Adana–Cilicia lithospheric basin.
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