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Abstract Digital elevation model (DEM) images provide
synoptic views of the Earth’s surface allowing the anal-
ysis of landforms of still active tectonic and volcanic
structures at regional scale. A DEM at 250 m pixel size
constitutes regional scale data particularly efficient to
investigate the late Miocene—Quaternary deformation of
the Eastern Turkish—Armenian Plateau in the Arabian—
Eurasian area of convergence. Geomorphic analysis of
the DEM image associated with review of fault-plane
solutions of earthquakes show that faults are mostly
strike-slip with small vertical component. Here we show
that the orientations of the tectonic and volcanic struc-
tures fit with a tectonic regime characterized by N-S
shortening and E-W lengthening, consistent with west-
ward escape of Anatolia perpendicular to the direction
of the Arabia—Eurasia shortening. The uniform uplift of
the plateau, the predominance of strike-slip faulting, the
lack of major thrusts and the occurrence of normal
faults do not support a model of going-on crustal
thickening due to intracontinental convergence. On the
contrary, our observations can be better interpreted in
terms of lithospheric thinning and mantle upwelling re-
lated to gravity escape of Anatolia.
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Introduction

The Eastern Turkish—Armenian Plateau (ETAP) forms a
broad surface at 2,000 m mean elevation that is gener-
ally considered to be uplifting (Fig. 1). It is characterized
by morphotectonic structures recognized in the field
mostly during the 1960s—1970 s (Ambraseys and Za-
topek 1968; Wallace 1968; Arpat and Saroglu 1972;
Seymen and Aydin 1972; Tchalenko 1977; Toksoz et al.
1977). These preliminary observations have served as the
basis for interpretations and discussions concerning the
morphological, structural and volcanic evolution of the
area (e.g., Saroglu and Giiner 1981; Saroglu and Yilmaz
1986; Yilmaz et al. 1987; Sengor et al. 1985; Dewey et al.
1986; Adiyaman et al. 1998; Kogyigit et al. 2001). More
recently, original geophysical data on the lithospheric
structure of the ETAP have been published from a
global seismic survey (Al-Lazki et al. 2003; Gok et al.
2003; Sanvol et al. 2003; Orgiilii e al. 2003; Turkelli et al.
2003; Zor et al. 2003). The ages of the neotectonic and
volcanic structures and uplift of the ETAP are coeval
with the collision between the Arabian and Eurasian
plates dated as middle-late Miocene (Sengdr et al. 1985;
Saroglu and Yilmaz 1986). In Eastern Turkey, the col-
lisional area corresponds to the Bitlis belt, affected by
thrusts verging south or north, and folds. To the north,
the ETAP has been described to be dominated by
compression, implying uplift, (Sengér and Kidd 1979;
Saroglu and Yilmaz 1986) or by a strike-slip regime of
deformation (e.g., Barka and Kadinsky-Cade 1988;
Jackson 1992; McClusky et al. 2000; Kogyigit et al.
2001). Conversely, Giilen (1984) has described extension
associated to strike-slip tectonics. The respective parts of
compressional, strike-slip and extensional deformations
being not well established, new structural and geomor-
phic analyses of the ETAP are critical for the under-
standing of the neotectonics of the plateau.
Topographic images derived from digital elevation
models (DEMs) provide synoptic views of the earth
surface, allowing the analysis of landforms of still active
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Fig. 1 Geological context of the Eastern Turkish-Armenian Plateau. a Geodynamic framework. Rectangle shows the study area. b
Simplified geological map of the studied area, from the 1:2,000,000 geological map of Turkey (MTA 1989). EAF East Anatolian Fault;
NAF North Anatolian Fault; VF Varto fault

tectonic and volcanic structures at regional scale (Dhont observed from a DEM with resolution of 250 m pixel-
et al. 1998a, b; Kiihni and Pfiffner 2001; Oguchi et al. size. The aim of this paper is to show that the DEM
2003; Silva et al. 2003). Large-scale structures are well constitutes first-order valuable data for detailed geo-
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morphic analysis at regional scale, helping to implement
the mapping of the main neotectonic structures of the
ETAP. We shall describe patterns showing the preva-
lence of strike-slip extensional (transtensional) tectonics
in the area.

Overview of the study area

The ETAP is located between two collisional areas, the
Bitlis—Zagros belt to the south and the Caucasus
mountains to the north (Fig. 1a). The neotectonic con-
text of the area is in keeping with the general geodynamic
pattern of the Eastern Mediterranean [see Bozkiirt (2001)
for a review]. North-south intracontinental collision be-
tween Arabia and Eurasia since the middle-late Miocene
(Sengdr and Yilmaz 1981; Seng6r et al. 1985) and initi-
ation of back-arc extension in the Aegean Sea since the
late Oligocene (Jolivet et al. 1994; Jolivet and Patriat
1999) are the boundary conditions allowing the westward
mass transfer of Anatolia, frequently considered as a ri-
gid plate bounded by the North Anatolian Fault (NAF)
and the East Anatolian Fault (EAF) meeting at Karli-
ova. Anatolian westward motion has been considered to
have initiated in the early Pliocene (Dhont et al. 1998a;
Kogyigit and Beyhan 1998; Platzman et al. 1998; Armijo
et al. 1999; Barka et al. 2000). Chorowicz et al. (1999)
proposed that the NAF propagated eastward beyond
Karliova as far as the Varto fault, which runs across the
ETAP (Fig. 1b). This plateau is half-covered with vol-
canic rocks (e.g., Innocenti et al. 1982; Yilmaz et al. 1987,
1998), whose ages range from 11 Ma (late Miocene) to
the Quaternary (Keskin et al. 1998). Several neotectonic
structures of different orientations cross-cut the ETAP:
NE-striking left-lateral strike-slip faults, NW-striking
right-lateral strike-slip faults, E-striking reverse faults,
and N-striking normal faults and/or fissures that gave
rise to volcanic activity (Saroglu and Gtiner 1981; Ko-
cyigit 1985; Sengor et al. 1985; Dewey et al. 1986; Barka
and Kadinsky-Cade 1988; Kogyigit et al. 2001).

GPS data show that the Arabia—Eurasia compressive
strain is predominantly distributed into strike-slip
deformations in the ETAP and crustal shortening
occurring mainly in the Caucasus (Reilinger et al. 1997;
McClusky et al. 2000), with no or little underthrusting of
the Arabian plate under Eurasia along the Bitlis belt (Al-
Lazki et al. 2003 ; Turkelli et al. 2003; Zor et al. 2003).
From the analysis of satellite and low-resolution DEM
images of part of this area, Adiyaman et al. (1998)
mapped the faults that are only related with volcanoes.
In agreement with Giilen (1984), they concluded that
strike-slip motion is often associated with vertical
throws.

Approach

Our main aim is to use DEM imagery in order to
implement the knowledge of the largest neotectonic

structures in the ETAP. The shadowed and hypsometric
colored DEM image (Fig. 2a) was generated by inter-
polation at 250 m ground pixel of digitized contours
from topographic charts at scale 1:250,000. This DEM
constitutes the basis for geomorphic analysis at regional
scale. The faults we have mapped can be considered as
the main ones because they are clearly displayed on such
an image.

Neotectonic faults can be identified by (1) their
morphology, forming asymetric ranges with one side
corresponding to breaks in slope or scarps, (2) the dis-
placement of late Neogene volcanic boundaries, struc-
tural or erosional surfaces, and (3) the occurrence of
straight lines of several tens of kilometers in length. We
have systematically compared our images with geologi-
cal maps in order to carefully separate the scarps formed
by fault planes (active) from those resulting from dif-
ferential erosion of contrasted lithology (ancient). The
active fault scarps, even eroded, are much higher and
longer than the scarps formed by lithological contrasts.

We have identified when possible the strike-slip,
normal or reverse nature of the faults. Strike-slip faults
have rectilinear traces and they locally bound push-up
hills or extensional basins at step-over or bends of the
fault trace. They can be associated with typical patterns
such as tail-crack or horse-tail structures at fault ends.
Reverse faults have sinuous traces and they are associ-
ated with half-cylindrical-shaped hills of the uplifted
blocks due to drag folds deforming ancient planar ero-
sion surface in the hanging wall. Normal faults are
recognized by the following geomorphic characters: (1)
they generally have a widely arched trace, concave
(mainly) or convex toward the footwall, in contrast to
the strike-slip faults whose trace is generally straighter;
(2) they bound tilted plateaus (tilted blocks); (3) as is
also the case for the strike-slip faults, they are not re-
lated to half-cylindrical-shaped hills corresponding to
recent drag folds, which accompany active reverse
faulting. We have also mapped the recent folds, the
synclines, forming lowlands filled with sediments, and
the anticlines corresponding to regularly shaped elon-
gate hills. It is important to point out that this approach
provides information on the finite strain, but not on its
detailed history. Our observations take into account fi-
nite deformation from the late Miocene to the Present.

The ETAP is covered by a number of volcanoes that
also can be indicators of the tectonic strain regime (e.g.,
Nakamura 1977). The emplacement of volcanoes can be
related to local scale tectonic structures such as tension
fractures (Opheim and Gudmundsson 1989; Chorowicz
et al. 1997; Korme et al. 1997; Dhont et al. 1998b) or
open faults (Cello et al. 1985; Chorowicz et al. 2001). We
have mapped the volcanic edifices forming a pattern of
elongate volcanoes or linear clusters of adjacent volca-
noes. Once we have inferred the geometry of these vents,
we have used them as ordinary vertical open fractures to
deduce the local strain from their orientation.

In order to implement these structural data, we have
also plotted on the DEM (Fig. 2b) the fault-plane



solutions of major earthquakes (Ms > 4) that occurred
in the area (Table 1).

Geomorphic analysis of the DEM
Geomorphic analysis at local scale

Faults

Faults with major reverse component In the south, the
DEM image (Fig. 2) displays the Bitlis belt, bounded by
the northern and southern Bitlis thrust faults. Com-
pression is attested by the fault-plane solutions 6 and 24.
Within the Bitlis massif, a N70°E- and N120°E-trending
continuous segment is clearly visible, respectively west
and east of long. 41°E. This line separates the north-
verging and south-verging thrust fronts and forms the
structural axis of the Bitlis belt. It would represent the
surface expression of the Bitlis suture in depth (Dhont
1999).

The Mus and Lake Van basins lie immediately to the
north of the Bitlis belt. They have been regarded as ramp
basins of compressional origin on the basis of interpre-
tations of seismic sounding, earthquake focal mecha-
nisms (fault-plane solution 17), photographs, and
satellite images (McKenzie 1972; Sengor and Kidd 1979;
Sengdr et al. 1985). Conversely, Dewey et al. (1986)
noticed that Quaternary volcanic deposits around Lake
Van remain unfolded. Giilen (1984), re-interpreting
seismic profiles of Wong and Finckh (1978), concluded
that there are no major thrusts in these basins but
mainly oblique-slip normal faults associated with sub-
sidence. The DEM shows that the Mus basin is bounded
to the north by the Otluk fault, which does not have the
morphology of a reverse fault. Its trace is not sinuous
but slightly curved. It forms the southern boundary of a
tilted block represented by a planar erosion surface
dipping to the north. The Nemrut volcano is located at
the eastern termination of the fault in a tail crack posi-
tion, showing that the Otluk fault has a dextral strike-
slip component. We then interpret the Mus basin as an
oblique-slip half-ramp basin bounded to the south by
the northern Bitlis thrust and to the north by the
transtensional dextral oblique-slip Otluk fault (Fig. 2b).

To the north, the Pasinler and Erzurum basins appear
to be structures similar to each other. Their southern
and northern ~N60°E-trending margins are bounded by
fold-shaped hills accompanying sinuous fault traces,
which we interpret as thrust ramps (Fig. 2b). South of
the Pasinler basin, the 07 November 1985 earthquake
indicates that thrusting is associated with strike-slip
movement (fault-plane solution 14 on Fig. 2b). Both the
Pasinler and Erzurum basins end to the east in left-lat-
eral transcurrent faults striking respectively NNE-SSW
(Erzurum fault; Barka and Kadinsky-Cade 1988) and
NE-SW (Cobandede fault; Kogyigit et al. 2001). These
basins have been interpreted as pull-apart structures
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opening in relay zones located at left-stepping offset of
the N60°E-trending left-lateral faults bounding the
northern and southern margins of the basins (Atalay
1978; Kogyigit et al. 2001). In our opinion they cannot
be pull-apart basins because they do not have a distinct
rhomb-shaped geometry, and their northern and
southern faulted margins have a noticeable reverse
component. These basins can be better interpreted as
oblique-slip ramp basins, as it was previously suggested
by Sengor et al. (1985).

Cutting through the northern part of the region, the
Pambak-Sevan fault zone (PSFZ in Fig. 2b) is a large-
curved fault zone that progressively changes from E-W
to NE-SW strike respectively north and west of Kars,
where to the west it continues as the left-lateral strike-
slip Cobandede fault. The PSFZ may have the mor-
phology of a reverse fault bounded to the north by
narrow continuous fold-shaped hills rather than by a
normal fault, but fieldwork will be necessary to deter-
mine the slip motion. It connects eastward with a major
structure corresponding to the Lesser Caucasus suture
zone (Rebai et al. 1993; Kogiyit et al. 2001). More to the
north, the Spitak event (plot 18) is one of the major
earthquakes of this area. The fault scarp related to this
event is visible on the DEM and the fault-plane solution
together with field observations (e.g., Bommer and
Ambraseys 1989; Cisternas et al. 1989) indicate thrusting
with a small strike-slip component.

The N30°E-trending Olur fault lies 75 km northwest
of the PSFZ. It is bounded on its west side by an elon-
gate uplifted convex surface. The surface lies above the
Ardahan basin to the east, which has been interpreted as
a pull-apart basin (Kogyigit et al. 2001). However, this
basin does not have a rhomb-shaped geometry and
moreover it does not correspond to a fault step. We
interpret that the crest line of the elongate hill corre-
sponds to the hinge of a N20°E-trending anticline
forming a drag fold associated with the thrust motion
along the Olur fault. In this context, the Ardahan basin
is interpreted to be a syncline drag fold formed in the
footwall of the fault.

Strike-slip faults Strike-slip faults constitute the main
neotectonic structures of the ETAP. Most of them have
been described in the literature (e.g., Yilmaz et al. 1987,
Saroglu et al. 1992; Sengor et al. 1985; Kogyigit et al.
2001) and have a clear expression on the DEM. This is
the case for the Kelkit-Coruh, Erzurum, Narman, Sen-
kaya-Gole, Cobandede, Horasan, Kagizman, Karago-
ban, Siiphan and East Anatolian left-lateral strike-slip
faults, and the Agri, Hamur, Balik Go&li and North
Anatolian right-lateral strike-slip faults (Fig. 2b).

The Erzurum, Narman and Sengaya-Goéle fault zones
(near long. 42°E, lat. 40°30°N) consist of several NE-
trending fault segments bounding elongate hills corre-
sponding to recently uplifted erosion surfaces. We
interpret these domes as restraining bend structures that
formed at right-stepping relays of the fault system. Focal
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Fig. 2 a Shadowed image of a digital elevation model (DEM) of the Eastern Turkish—-Armenian Plateau. It has been generated by linear
interpolation of digitized elevation contour lines of the 1:250,000 scale topographic chart of Turkey. Pixel size is 250 m. Illumination is
from the north. b Structural analysis of the DEM. AF Agri fault; BGF Balik Goli fault; BFZ Baskale fault zone; CF Caldiran fault; ChF
Cobandede fault; DF Diyadin fault; EAF East Anatolian Fault; EF Erzurum fault; HGF Hasantimur Go6li fault; HaF Hamur fault; HoF
Horasan fault; HiF Hinis fault; K¢F Karagoban fault; KCFZ Kelkit-Coruh fault zone; KgF Kagizman fault; KyF Karayazi fault; LCSZ
Lesser Caucasus suture zone; M F Malazgirt fault; NAF North Anatolian Fault; NFZ Narman fault zone; O/F Olur fault; O¢F Otluk fault;
PSFZ Pambak-Sevan fault zone; SGF Sengaya-Gole fault; SF Stiphan fault; TF Tutak fault; TLF Tuzluca fault; VF Varto fault. AkV
Akca Volcano; 4bV Akbaba volcano; 4V Akdogan volcano; Bil Bing6l volcano; BV Bilican volcano; Cal Cavahet volcano; CV Ciplak
volcano; GV Girekol volcano; HV Hayal volcano; KV Kandil volcano; Kal Kavak volcano; Kel Kel volcano; KiV Kisir volcanoes; LeV
Legli volcano; MV Meydan volcano; NV Nemrut volcano; SV Siiphan volcano; ShV Siibhan volcano; TV Tendurek volcano; YV Yillik
volcano; ZtV Ziarettepe volcano; ZV Zor volcano
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Table 1 Parameters of focal mechanism solutions for earthquakes in the Eastern Turkish—Armenian Plateau. Senses of motion along the
observed fault plane are L (left-lateral), N (normal), R (right-lateral) and T (thrust), and any of these combinations (compilation of

Ambraseys and Jackson 1998)

Reference Fault plane Date Epicentre Magnitude Field observations

number solution

on Flg 2b reference (d/m/y) Lat. (NO) LOIlg (EO) (MS) Sense of Horizontal Vertical
motion displacement displacement

(cm) (cm)

1 (©) 07/03/1966 39.10 41.40 6.2 (d) RN 5 20

2 (©) 19/08/1966 39.20 41.60 6.9 (a) RN 30 25

3 (©) 20/08/1966 39.30 41.16 6.3 ()

4 (©) 29/04/1968 39.20 44.30

5 (a) 22/05/1971 38.90 40.64 6.8 () L 38 60

6 (a) 06/09/1975 38.55 40.75 6.5 () T - 60

7 (b) 24/11/1976 39.10 44.00 7.26 (f) R 350 50

8 (b) 26/05/1977 38.70 44.32 5.4 (a)

9 (b) 01/02/1978 41.23 44.03 5.1 (b)

10 (e) 30/10/1983 40.45 42.17 5.1 (e)

11 (e) 30/10/1983 40.28 42.18 6.8 (e) L 100 60

12 (e) 18/09/1984 40.90 42.24 5.5 (e)

13 (e) 18/10/1984 40.79 42.48 5.1 (e)

14 (b) 07/11/1985 39.75 41.68 4.2 (b)

15 (b) 13/05/1986 41.03 43.92 5.4 (b)

16 (b) 20/04/1988 38.97 44.00

17 (b) 25/06/1988 38.44 43.08 5.0 (b)

18 (b) 07/12/1988 40.85 44.13 6.76 (f) RT 150 50

19 (b) 16/12/1990 40.53 43.18 5.0 (b)

20 (b) 03/06/1991 40.22 42.82 4.1 (b)

21 (b) 06/10/1991 41.29 43.85 4.4 (b)

22 (b) 13/04/1998 39.18 41.10 4.8 (b)

23 (b) 12/03/1999 40.61 42.40 5.5 (b)

24 (b) 15/11/2000 38.30 42.92

25 (b) 10/07/2001 39.94 42.07

(a) Jackson and McKenzie, 1984
(b) Harvard cmt
(c) McKenzie, 1972

mechanisms indicate compression (fault plane solution
13) but this is local and the motion is predominantly left-
lateral strike-slip with a small thrust component (plots
10, 11, 12, and 23) in agreement with our interpretation.

The emplacement of the volcanic vents can be related
to faults, especially in extensional relay zones. This is the
case for the Siiphan volcano (long. 42°50’, lat. 38°50")
which is rooted in a transtensional zone that opened in a
left-stepping offset of the Siiphan fault. The Kandil
volcano (long. 43°20’E, lat. 39°35°N) is another volcanic
vent related to a tensional structure. It is located at the
curvature between the E-trending Agri and NW-trend-
ing Hamur right-lateral faults, and probably occupies a
releasing bend opening.

South of the Ararat basin, the N120°E-trending Balik
Goli fault has a clear right-lateral displacement evi-
denced by a pull-apart basin and a horse-tail pattern at
the fault termination. Right-lateral strike-slip motion
can be locally associated with a minor reverse compo-
nent as attested by the fault-plane solution of the 29
April 1968 earthquake (plot 4).

Other faults are not well shown in detail by the DEM
image and we did not find morphological evidence to
give their sense of motion. However, fault-plane solu-
tions and published field observations have been made
along active faults. Focal mechanisms of earthquakes

(d) Ambraseys and Jackson, 1998
(e) Eyidogan et al. 1999
(f) Ambraseys, 2001

associated with the Caldiran fault (plots 7 and 8) indi-
cate dextral strike-slip movement, consistent with the
field observations of Arpat et al. (1977). The Hasanti-
mur GOl fault is right-lateral strike-slip with a reverse
component (plot 16). Field structural observations
indicate right-lateral strike-slip movement along the
Tutak (Saroglu and Giiner 1979) and Karayazi (Ko-
cyigit 1985; Kogyigit et al. 2001) faults (long. 43°E, lat.
39°40'N).

In the northeastern corner of the image, fault traces
are not well displayed on the DEM image, but several
earthquakes have occurred (plots 9, 15 and 20) whose
focal mechanisms are predominantly strike-slip and
associated with small normal throws (plots 15 and 20).
We could not identify fault scarps in the Kars volcanic
area although earthquakes occurred and indicate strike-
slip deformation (plot 19).

The eastern terminations of the NAF and EAF are
displayed in the western part of the DEM image. Fault-
plane solutions associated with earthquakes indicate
respectively right-lateral (plot 3) and left-lateral (plot 5)
strike-slip motion, both of them containing a minor
normal component along the principal nodal plane. The
NAF continues to the east beyond Karliova forming the
Varto fault. The fault scarp, well displayed on the image,
bounds a depressed surface in the south and cuts the



Bingdl volcano. Prolongation of the NAF farther east,
well beyond the Karliova triple junction, is also imaged
by a continuous band of seismicity (Turkelli et al. 2003).
Fault-plane solution along the Varto fault indicates
right-lateral transpression (plots 1 and 2), whereas field
observations (Wallace 1968; Ambraseys and Zatopek
1968) indicate extension, in agreement with the struc-
tural mapping of Chorowicz et al. (1999). A few kilo-
meters east of the EAF, a fault-plane solution accounts
for strike-slip deformation with a small normal com-
ponent (plot 22).

Faults with a major normal component The Hinis fault,
situated north of the Varto fault, is a S-dipping normal
fault separating the Hinis basin from a tilted block.
Immediately to the north, the DEM image displays a
similar structure that is more eroded. These faults have
large-curved traces in plan view, showing that they
probably root at shallow level in the crust.

South of the Kars volcanic plateau, the DEM image
displays the quite rectilinear N110°E-trending Tuzluca
fault scarp that juxtaposes an uplifted flat erosion sur-
face dipping northward to the north, and the narrow
and elongate Kagizman-Tuzluca basin to the south.
Kogyigit et al. (2001) interpreted this basin as a pull-
apart structure. However it does not have a rhomb-
shaped geometry and there are no dog-leg relays along
the Tuzluca fault that would allow the opening of such a
transtensional basin. The Tuzluca fault can be best
viewed as a south-dipping normal fault bounding the
Kagizman-Tuzluca basin in the hanging wall.

Open fractures

Extensional fractures and fissures localize elongate vol-
canic edifices or craters and clusters of aligned vents in
the ETAP (Sengér and Kidd 1979; Sengdr et al. 1985;
Dewey et al. 1986; Adiyaman et al. 1998; Yilmaz et al.
1998). Open fractures were described at the summits of
isolated Plio-Quaternary volcanoes such as the Nemrut,
Tendurek, and Ararat edifices (Kogyigit et al. 2001).
North of the Kars Plateau, several tension fractures
can be deduced from volcanoes. They strike mostly
north (from N160°E to N10°E) and correspond to a
minimum stress component ¢3 varying from N70°E to
NI100°E. Other elongate volcanoes indicate a ¢3 com-
ponent varying from N30°E (Ararat volcano) to N160°E
(Aragat volcano). In the southeastern corner of the im-
age, a N20°E-trending open fracture is parallel to the
Baskale fault zone forming an elongate graben.

Geomorphic analysis at regional scale

We have produced a DEM at ~2,000 m horizontal
resolution by computation from the GTOPO30 data set
using contours at 1,000 ft (~305 m) interval. Then we
have applied several filters in order to emphasize the
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major geomorphic structures (ranges, deep basins, low
plains) of the area (Fig. 3). The initial DEM was
smoothed using a fast Fourier transform Butterworth
filter in order to mask the major volcanic edifices and to
remove the drainage network. The smoothing was
achieved by accounting for the 10% most important
frequencies, considering long wavelengths in order to
reconstruct the topography (Harrison and Lo 1996;
Collet et al. 2000). From this DEM, we have made a
series of N-S topographic cross-sections extending from
the Greater Caucasus up to the Arabian foreland
(Fig. 4). The main geomorphic units visible both on the
DEM and on the cross-sections are, from north to
south: the Greater and Lesser Caucasus, the Pontides
belt, the ETAP, the Bitlis belt and the Arabian platform.

The Arabian platform is a flat-lying surface affected
by fold reliefs when approaching the Arabia-Eurasia
collisional front. Elevations of the Bitlis and Western
Zagros belts are surprisingly low (1,700—2,200 m) when
considering they began to uplift during middle Miocene
time (e.g., Sengdr and Yilmaz 1981). Cross-sections
(Fig. 4) reveal that these belts have lower altitudes than
the ETAP, indicating that the collisional zone uplifts less
rapidly than the plateau. East of long. 42°E, the Western
Zagros merges with the ETAP and the folds of the
Arabian platform, making difficult to identify it (Fig. 3).
The ETAP, lying at ~2,000 m mean elevation in its
central part (Fig. 5), forms a near horizontal surface
except at local places of basins and volcanoes (Fig. 3). It
is juxtaposed to the Eastern Pontides, at higher eleva-
tion, along a curved tectonic lineament corresponding to
an Eocene suture zone (e.g., Sengdr et al. 1985), which
was probably reactivated in the Neogene to form the
left-lateral strike-slip North-East Anatolian Fault (Yil-
maz et al. 2000). To the north, the Greater Caucasus
constitutes the highest belt in the area, with peaks
reaching more than 5,500 m.

Discussion and conclusions

Several authors have proposed that the ETAP has been
subjected to compression since the middle Miocene
(Sengér and Kidd 1979; Sengdér and Yilmaz 1981;
Sengor et al. 1985; Saroglu and Yilmaz 1986), or the
early Miocene (Yilmaz et al. 1987). However, Pearce
et al. (1990) observed that folding of the post middle
Miocene strata north of the Bitlis belt is minor. These
observations are consistent with recent fault plane
solutions of small-to-moderate earthquakes (Orgiili
et al. 2003), indicating that most of the Arabia—Eurasia
collision is taken up by strike-slip faults. Giilen (1984)
established that the deformation is dominated by a NW-
SE and NE-SW-trending conjugate set of major strike-
slip faults associated with extensional tilted blocks.
Kogyigit et al. (2001) presented evidence for a strike-slip
faulting-dominated compressional-extensional tectonic
regime in the Plio-Quaternary, compression having oc-
curred during the Oligo—Miocene. Our analysis of the
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DEM image, together with fault-plane solutions normal. This is consistent with the interpretations de-
(Fig. 2), shows that the major faults are mostly strike- rived from slip vectors along the main faults (Jackson
slip with small vertical components, either reverse or 1992), regional tectonic studies (Westaway 1990) and
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GPS data (Reilinger et al. 1997; McClusky et al. 2000),
which show the ETAP as being mainly subjected to a
regime of strike-slip deformation.

The orientations of the left-lateral strike-slip faults
vary from N20°E (Erzurum fault), to N50°E (Horasan
Narman fault zone, Siiphan fault) and N70°E (Kagiz-
man fault), with a mean direction at N51°E (Fig. 6a).
Right-lateral strike-slip fault azimuths are mainly
NI110°E (Tutak, Karayazi, Varto and Mus faults),
NI120°E (Caldiran fault), and N140°E (Balik G&li and
Hasantimur G6lii faults), with a mean N125°E direction
(Fig. 6b). As previously proposed by Dewey et al.
(1986), oblique-slip faults can be considered as the
boundaries of upper crustal blocks (‘“flakes’”) moving
over a detachment surface located at the brittle—ductile
boundary within the crust. This interpretation implies
that only the upper crust of Anatolia is seismogenic,
which is confirmed considering that the majority of
earthquakes are restricted to the upper part of the crust
(less than 20 km depth, Turkelli et al. 2003). Since the
ETAP is a confined area, the crustal blocks do not have
the possibility to move in a preferential direction and
local compression may occur locally at their borders.

We did not observe many recent folds and thrusts in
the ETAP, except along the southern margins of the
Pasinler and Erzurum basins, along the northern
shoulder of the Kars fault responsible for the Spitak
earthquake (Philip et al. 1992), and at the fronts of the
Bitlis and Caucasus belts. These observations are in
agreement with seismotectonic data indicating that the
deformation in the ETAP is accommodated by few
minor thrust faults (Orgiilii et al. 2003). Although thrust
faults have a NO90°E mean strike, there are discrepan-
cies in the fault directions that vary from N45°E to
NI135°E (Fig. 6¢), along which reverse motion may be
associated with strike-slip movement. Compression oc-
curs also at local scale at step-overs of strike-slip faults,
forming push-up ridge structures mainly located along
the Narman fault zone and Sengaya-Goéle fault. One of
the main conclusions in this paper is the absence of
major compressional structures in the ETAP, showing
that only a small part of the Arabia—Eurasia shortening
is accommodated by crustal thickening.

Isolated volcanoes may be rooted on geometrical
discontinuities associated with strike-slip faulting. They
can be found in releasing-bend (Kandil volcano) and
pull-apart (Siiphan volcano) basins, and at horse-tail
terminations (Nemrut volcano). Other edifices are
elongate (Akbaba, Aragat, Ararat, Cavahet, Kel, Kisir,
Legli, and Zor volcanoes; vents of the Kars volcanic
plateau and south of the Tutak fault). In a similar way
to that described in Iceland (Chorowicz et al. 1997) or in
Central Anatolia (Dhont et al. 1998b), we assume that
these volcanoes are related to open tension fractures
serving as conducts for the magma. The mean trend of
the elongate edifices is NOOS°E (Fig. 6e), consistent with
a N95°E-directed extension.

We have plotted on a diagram (Fig. 7) the mean
direction of these fault sets (Fig. 6a—c) and elongate

volcanoes (Fig. 6e). Orientations of the structures fit
fairly well with a regional tectonic regime characterized
by N-S compression and E-W extension (Fig. 7). This
strain pattern differs slightly from that of Kogyigit et al.
(2001) who proposed NNW-SSE shortening and WSW-—
ENE extension.

In addition, we have identified some normal faults
that mainly strike from N110°E to N130°E (Fig. 6d).
The normal faults cross-cut all the previous volcanic and
strike-slip tectonic structures: the Varto fault crosses the
Bingdl volcano, the Hinis fault crosses the Karagoban
fault, and the Tuzluca fault crosses the Kagizman fault.
Consequently, the normal faults, which are also of lesser
importance and scarce in comparison to the strike-slip
faults, were initiated later. The orientation of the normal
faults is not consistent with a N-S compression and
perpendicular extension; extensional deformation in the
ETAP has to be explained by other mechanisms. An
integrated geophysical survey across the ETAP presents
data clearly demonstrating that the 2 km high topog-
raphy of the ETAP is isostically undercompensated (Al-
Lazki et al. 2003; GOk et al. 2000; Sanvol et al. 2003;
Orgiilii e al., 2003; Turkelli et al. 2003; Zor et al. 2003).
Thus, the ETAP is not supported by thick crust but by
hot mantle, and this leads to a model of active extension
and lithospheric thinning. One of the explanations pro-
posed for asthenospheric upwelling and lithospheric
thinning is the break-off of the Arabian slab under
Anatolia (Keskin 2003; Sengdr et al. 2003). Another
mechanism accounting for extensional deformation in
Eastern Anatolia and the ETAP is the eastward propa-
gation of the extension going on in the Aegean domain.
Recent GPS data support the hypothesis that extension
in the Aegean has effects far in the east beyond Karliova,
and the westward motion of Anatolia would currently
be driven completely by buoyancy forces (i.e., not by
“extrusion”), including foundering of the down-going
African plate along the Hellenic trench (Reilinger et al.
2004). This result is in agreement with the interpretation
of Chorowicz et al. (1999) who proposed that exten-
sional deformation propagated through time from west
to east along the NAF as far as at least the Varto fault.
Moreover, Westaway and Arger (1996) also have shown
that extension migrated eastward by progressive jumps
of the eastern boundary of Anatolia, which is considered
to be presently the EAF. The interpretations are that
either the EAF initiated with the NAF at 5 Ma (Barka
1992; Westaway 1994; Platzman et al. 1998; Kogyigit
and Beyhan 1998; Armijo et al. 1999), or independently
between 3 and 1 Ma (Westaway and Arger 1996; Yiirir
and Chorowicz 1998; Barka et al. 2000). We propose
here that the extensional deformation in Anatolia ex-
tended eastward beyond the EAF and reached the
ETAP. Eastward migration of the extension is consistent
with the volcanic activity that began slightly earlier in
the western part of the plateau than in the eastern part
(Keskin et al. 1998).

A striking feature is that compression, while being
important in the Bitlis belt, is related to minor uplift
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along this collisional zone. It forms a narrow (less than
50 km wide) tectonic edifice characterized by relatively
low elevations, especially in its western part with peaks
reaching no more than 2,000 m elevation. Our analysis
shows that the Bitlis belt is bounded in the north by the
half-ramp Mus basin, whose southern border is a north-
dipping normal fault. Immediately east of the Mus ba-
sin, seismic profiles (Wong and Finckh 1978; Giilen
1984) display a series of NW—SE oblique-slip faults with
major normal components bounding half-grabens tilted
to the north. These features suggest that the Arabia—
Eurasia continental collision is accompanied by exten-
sion north of the Bitlis belt.

Among the different views concerning the origin of
the Bitlis massif, Yazgan (1984) and Yazgan and Ches-
sex (1991) proposed that this metamorphic complex
represents the northernmost extension of the Arabian
plate. The massif consists of rocks metamorphosed from
greenschist to upper amphibolite facies. This metamor-
phism is assumed to be related to the obduction of
ophiolites over the Arabian platform in the late Camp-
anian—early Maastrichtian (Yazgan and Chessex 1991).
Metamorphic patterns locally involve blueschist facies
south of the Piitiirge massif, which corresponds to the
western prolongation of the Bitlis complex. Hall (1974,
1980) recognized glaucophane-bearing schists in the
frontal thrust belt. The morphology, structures and
metamorphism of the Bitlis massif suggest that it can be
considered as a metamorphic slice of crust, exhumed at
the front of the Arabian continental subduction in a
similar manner to that described by Chemenda et al.
(1996) for Oman. The consequence of such a process is
that the initial middle Miocene continental subduction
was characterized by a low-compressional regime, and
therefore compression in the ETAP was minor at this
time.

Moreover, the uniform uplift of the plateau, the
predominance of strike-slip faulting, the lack of major

Topography (m)

thrusts, and the occurrence of faults with normal-slip
component do not support crustal thickening by com-
pression from the middle Miocene onward. To the
contrary, other clues favor a rather thin crust (45 km,
Zor et al, 2003) and/or hot and thin lithospheric mantle
in the ETAP: (1) high heat flow values (Kurtman and
Baskan 1978; Mutlu and Giileg 1998); (2) a change in the
nature of volcanism from calc-alkaline to alkaline (In-
nocenti et al. 1980, 1982; Yilmaz et al. 1987; Pearce et al.
1990); (3) a positive difference between observed gravity
and isostatic gravity anomalies, showing that Turkey is
isostasically under-compensated (Seber et al. 2001); (4)
the occurrence of isolated volcanoes which are not re-
lated to faults (Akga, Akdogan, Bingdl, Ciplak, Hayal,
Kavak, Meydan, and Tendurek volcanoes); and (5)
inefficient Sn wave propagation (Gok et al. 2000, 2003;
Sandvol et al. 2001) and very low Pn velocity zones (Al-
Lazki et al. 2003) under the ETAP. In agreement with
Giilen (1984), Pearce et al. (1990), Keskin et al. (1998,
Keskin 2003), and Arger et al. (2000), we propose that
uplift and lithospheric thinning of the ETAP are better
explained from the partial replacement of lower conti-
nental lithosphere by upwelling hot upper mantle. As a
consequence, the high elevations of the ETAP should
not be related to the intracontinental convergence be-
tween the Arabian and Eurasian plates, but to mantle
upwelling, leading to lithospheric thinning and recent
extension.

This analysis has shown that the DEM constitutes
first order valuable data for detailed geomorphic anal-
ysis at regional scale, helping to implement the mapping
of the main neotectonic structures. Our main result is
that the northward motion of Arabia is partitioned be-
tween (1) strike-slip faults, bounding blocks that move
relatively to each others and elongate the crust perpen-
dicularly to the direction of shortening, (2) minor fold-
ing and thrusting within the leading edge of the Arabian
plate and along the Bitlis massif, and (3) compression,
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mainly located in the Caucassus. It is then difficult to
consider that uplift of the ETAP is a consequence of the
Arabia—Eurasia intracontinental collision. Our obser-
vations of strike-slip and superimposed extensional
deformation in the plateau can be better interpreted in
terms of lithospheric thinning related with westward
escape of Anatolia whose motion is probably not due to
the Arabia convergence but possibly to the Aegean slab
retreat.
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