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SUMMARY

Crustal and upper-mantle seismic discontinuities beneath eastern Turkey are imaged using
teleseismic S-to-P converted phases. Three crustal phases are observed: the Moho with depth
ranging between 30 and 55 km, indicating variable tectonic regimes within this continental
collision zone; an upper-crustal discontinuity at approximately 10 km depth; and various
crustal low-velocity zones, possibly associated with recent Quaternary volcanism. Imaging of
the upper mantle is complicated by the 3-D geometry of the region, in particular due to the
Bitlis—Zagros suture zone. However, several upper-mantle S-to-P converted phase are identified
as being the signature of the lithosphere—asthenosphere boundary (LAB). The inferred LAB for
the Eastern Anatolian Accretionary Complex indicates that eastern Turkey has an anomalously
thin (between ~60 and 80 km) lithosphere which is consistent with an oceanic slab detachment
model. The observed LAB phases for the Arabian shield and Iranian plateau indicate that
lithospheric thickness for these stable regions is on the order of 100 to 125 km thick, which is
typical of continental margins.

Key words: crust, eastern Turkey, lithosphere—asthenosphere boundary, seismic discontinu-
ity, S-wave receiver function.

1 INTRODUCTION

The Anatolian plateau in eastern Turkey is a region in the early
stages of continent—continent collision and so provides a unique
natural laboratory to study the early development of continental
plateau. Located within the Alpine-Himalayan fold-thrust fault belt
(see Fig. 1), the Anatolian plateau is geologically very complex, with
over half of the surface area covered with late Cenozoic volcanics of
diverse composition (Pearce et al. 1990; Keskin 2003). The plateau
is also seismically active and is dissected by numerous seismogenic
faults predominantly of strike-slip motion.

The deformation style in the Anatolian plateau differs from east to
west, with translational movement and transcompressional deforma-
tion in the east and, in the west, coherent plate motion involving the
westward motion and counter-clockwise rotation of the Anatolian
plate with little or no internal deformation in the central Anatolian
plate (Reilinger et al. 1997a,b; Jiménez-Munt et al. 2003; Tirkelli
et al. 2003). Focal mechanism studies indicate that collision is ac-
commodated by strike-slip faults, suggesting that escape tectonics
dominates and that thrust faulting and other compressive features,
although still active, are of lesser importance (Orgiilii ez al. 2003).
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Reilinger et al. (1997a) suggest that the differing deformation styles
in the east and west result from differing plate boundary conditions.
The ‘free’ boundary of the Hellenic arc in the west assists in the
westward motion of the Anatolian plate, whereas, in the east, the
Eurasian continent and the oceanic lithosphere of the Black and
Caspian Seas provide a resistant boundary to northward and east-
ward motion. This resistance leads to deformation in eastern Turkey
that is accommodated by distributed strike-slip faulting and crustal
shortening.

The crust of eastern Turkey is hot and weak (e.g. Reilinger et al.
1997a) and composed of crustal slivers that are in relative motion to
one another. In some respect, the Anatolian plateau is similar to the
crustal mosaic of central Iran (e.g. Sengor & Kidd 1979). However,
unlike Iran, there is no well-developed fold and thrust belt in front
of the Bitlis suture similar to the Zagros. This may reflect lateral
variations in the structure and rheology of the leading edge of the
colliding Arabian continental plate and/or variations in the Iranian
versus the Turkish terrains and their ability to partially escape from
the advancing Arabia.

P-wave receiver function studies have suggested that the crustal
thickness in eastern Turkey is, on average, less than 45 km (Cakir
et al. 2000; Zor et al. 2003; Cakir et al. 2004). The crustal thick-
ness varies from about 38 km in the Arabian foreland in southern
Turkey to about 50 km farther north in the Pontides mountain range
that extends along the Black Sea. The region is seismically very
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Figure 1. A simplified tectonic map of Anatolia and the northern Middle East showing Holocence volcanoes (triangles), active thrust faults (barbed lines)
and active strike slip faults (plain lines). Abbreviations: LC—Lesser Caucasus; GC—Greater Caucasus; BS—Bitlis Suture; ZS—Zagros Suture; EAF—East
Anatolian Fault; NAF—North Anatolian Fault; DSF—Dead Sea Fault. The area of study for the S-wave receiver function analysis is enclosed by the dashed

rectangle.

active, with the majority of earthquakes correlating well with
mapped faults. However, there are many events that occur in ar-
eas where no surface faults are mapped (Tirkelli et al. 2003). The
vast majority of the earthquakes occur within the upper 25 km of the
crust, and no subcrustal earthquakes occur anywhere in the region.
These crustal thickness estimates suggest that there is very little un-
derthrusting of the Arabian plate beneath eastern Turkey. Sandvol
et al. (2003b) correlate large shear-wave splitting delay times with
regions of low Pn velocity and find that the fast symmetry axes are
not consistent with surface or crustal deformation. The anisotropy
is interpreted to be mostly asthenospheric related, where the fast
axis is related to the vector difference between the lithospheric and
mantle flow velocity vectors.

Investigation of the mantle lithosphere from Pr tomography
(Hearn & Ni 1994; Al-Lazki et al. 2003; Al-Damegh et al. 2004), Sn
attenuation (Rodgers et al. 1997; Gok et al. 2003, 2004; Al-Damegh
et al. 2004) and surface waveform tomography (Maggi & Priestley
2005) studies indicate that the Anatolian lithospheric mantle is seis-
mically very slow. These independent measurements indicate that
the uppermost mantle is partially molten and the asthenospheric
material is in close proximity to the base of the crust. Recent to-
mography results (Sandvol & Zor 2004) indicate that the ultra-low
Pn velocity zone is also underlain by a slightly low velocity in the
upper mantle beneath the northern Arabian plate and the eastern-
most portion of the Anatolian plate. Furthermore, high Bouguer
gravity anomalies support the presence of asthenospheric material
underlying the Moho in this region (Ates et al. 1999; Barazangi
et al. 2006).

Crustal and upper-mantle processes at the convergent boundary
between the Arabian and Eurasian plates in eastern Turkey and ad-
jacent regions have received extensive attention because the Eastern
Anatolian Accretionary Complex (EAAC), a subduction—accretion
prism of Cretaceous to early Oligocene age, is being converted into
continent through A-type granite magmatism and felsic and inter-
mediate volcanism (e.g. Sengdr & Natal 1996; Sengor et al. 2003).
However, the thickness of the lithosphere and the spatial extent of the

crustal low velocity layers and their relationship to the upper-mantle
low velocity zones remain poorly known; hence it remains difficult
to differentiate between competing geodynamic models for this re-
gion. In this paper, the S-wave receiver function method is applied to
digitally recorded broadband seismograms from the Eastern Turkey
Seismic Experiment (ETSE) to investigate the crust and upper man-
tle structure of this continent—continent collision zone. Images of
crustal and upper-mantle seismic discontinuities are presented for
various east-west and north-south vertical profiles, which sample
portions of the Arabian shield, the Anatolian and Iranian block, the
EAAC and the Lesser Caucasus.

2 REVIEW OF TECTONIC HISTORY

The complex geology of the Anatolian region of eastern Turkey
is a product of the collision of two continents, Gondwanaland in
the south and Eurasia in the north, where continental fragments of
varied geologic history have been accreted to Eurasia throughout
the Mesozoic and Cenozoic time (Barazangi et al. 2006). The Neo
Tethys was subducted beneath the southern margin of Eurasia and
was completely consumed during the late Palacocene along the Pon-
tide arc (e.g. Sengér & Yilmaz 1981; Bozkurt & Mittwede 2001).
However, a segment of the southern oceanic branch ofthe Neo Tethys
attached to the Arabian plate continued its northward subduction be-
neath eastern Turkey through the middle Miocene (e.g. Yilmaz 1993,
Fig. 7). The upper plate, back-arc region is mostly the site of the
EAAC, which was associated with the Pontide subduction system
(e.g. Sengor et al. 2003). The final continental collision and suturing
of Arabia with the Turkish terrains in the middle Miocene resulted
in the complete annihilation of subduction of the Neo Tethys ocean
in eastern Turkey (e.g. Sengdr & Kidd 1979; Dewey et al. 1986;
Yilmaz 1993; Bozkurt & Mittwede 2001; Sengér et al. 2003). Sub-
sequent to this collision a major episode of widespread volcanism
with varied and complex composition aftfected most of the eastern
Anatolian region starting at about 11 Ma (e.g. Keskin 2003).
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A recent model has been suggested that explains both the geo-
logic and geophysical observations in the region (Sengér ez al. 2003;
Keskin 2003). This model involves the break-off of a northward
subducted slab that allowed hot, partially molten asthenospheric
material to be in close proximity to the bottom of the crust. This
could explain the extensive melting, the initiation of collisional vol-
canism and the relatively rapid regional uplift to form the 2 km
high east Anatolian plateau. Both Sengor et al. (2003) and Keskin
(2003) propose that the detached slab is that which descended be-
neath the Pontide arc system (i.e. the northern oceanic branch of the
Neo Tethys). Barazangi et al. (2006) propose an alternative scenario
where the detached slab is the southern oceanic Neo Tethys that was
descending shallowly beneath the Bitlis arc system (i.e. the oceanic
segment of the Arabian lithosphere). This slab break-off and the
subsequent sinking of the detached slab into the upper mantle is the
main cause of the widespread episode of volcanism within Anatolia
and the dynamically supported uplift of the east Anatolian plateau.

The latest major tectonic events in the late Cenozoic geologic evo-
lution of Anatolia are the development of the North Anatolian fault,
the East Anatolian fault and the Dead Sea fault. The resulting north-
ward relative differential plate motion between Arabia and Africa
has accelerated the convergence of Arabia relative to Eurasia in the
early Pliocene time (e.g. Bozkurt 2001). This apparently led to the
development of the North Anatolian fault in the early Pliocene and
subsequently the East Anatolian fault (e.g. Bozkurt 2001; Kogyigit
etal. 2001). The northernmost segment of the Dead Sea fault joined
the East Anatolian fault in the Maras region of southern Turkey to
form the Anatolian-Arabian-African triple junction (e.g. Karig &
Kozlu 1990). The development of these fault systems provided the
mechanism for the tectonic escape of the Anatolian crustal block
toward the Aegean arc system (e.g. Burke & Sengor 1987). With
the escape westward of the Anatolian plateau, the EAAC absorbed
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the relative north-south compression through internal deformation
and shortening.

Studies of collision-related volcanics indicate that deformation
involved detachment of a thermal boundary layer via delamination,
where initiation of volcanism around 11 Ma coincided with rapid
uplift of the Anatolian plateau (Sengdr et al. 2003; Keskin 2003).
Areas of very thin mantle lithosphere appear to coincide with the
lateral extent of the EAAC (Keskin 2003; Sengor et al. 2003). Fur-
thermore, the location of mantle low-velocity zones is consistent
with the location of Quaternary volcanics (Sandvol 2004).

3 DATA AND METHOD

The ETSE array was designed to study the crust and upper mantle
beneath Eastern Turkey (Sandvol et al. 2003a) and consisted of
29 broadband PASSCAL stations deployed over a period of roughly
22 months between November, 1999 and July, 2001 (see Fig. 2). The
stations were equipped with STS-2 sensors and one Guralp CMG-
3T sensor (station EZRM). Two additional permanent broadband
stations were also used in this study; station GNI from the Global
Seismograph Network (GSN-IRIS/USGS) and station MALT from
the GEOFON (GFZ-Potsdam) Network.

The receiver function method, which utilizes deconvolution to
minimize instrument response as well as source and propagation-
path effects, is commonly applied to emphasize vertically to subver-
tically propagating converted phases to delineate seismic disconti-
nuities (e.g. Jordan & Frazer 1975; Bock 1988, 1991). There are a
variety of receiver function techniques and the methodological dif-
ferences depend not only on the actual converted mode used (i.e.
P-to-S versus S-to-P converted waves), but also on the form of
component rotation in the deconvolution process. The P-receiver
function is the most commonly used approach for imaging crustal
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Figure 2. Map showing the location of the 29 three-component PASSCAL broadband stations in the ETSE array (inverted triangles), the two permanent stations
GNI (GSN-IRIS/USGS network) and MALT (GEOFON network) (triangles) and Holocene volcanoes (circles). Abbreviations: NAF, North Anatolian Fault;
EAF, East Anatolian Fault; BZS, Bitlis—Zagros Suture Zone. Approximate location of the major tectonic units of eastern Turkey are shown (modified from
Keskin 2005): (I) Rhodope-Pontide fragment, (II) Northwest Iranian fragment, (I1I) Eastern Anatolian Accretionary complex (EAAC), (IV) Bitlis—Poturge

Massif and (V) Arabian foreland.
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Figure 3. Global distribution of the 81 events used in the S-wave receiver
function study.

and mantle discontinuities primarily for two reasons; the P-wave
arrival is generally easy to identify and the deconvolution of in-
strument response and source/path effects is relatively robust with
respect to the form of component rotation used in the deconvolu-
tion process. One major drawback of the P-wave receiver function
approach is that crustal and upper-mantle conversions are contam-
inated by primary P-wave crustal multiples. These multiples can
have larger amplitude than the direct converted phases and tend to
obscure arrivals from deeper lithospheric discontinuities, such as the
lithospheric-asthenospheric boundary (Farra & Vinnik 2000). Fur-
thermore, crustal multiples can be particularly troublesome for sta-
tions located over deep sedimentary basins (Wilson ez al. 2003). One
of the primary advantages of the S-wave receiver function over the
P-wave receiver function is that it tends not to suffer from con-
tamination by multiply reflected primary S-wave energy since the
converted S-to-P phases travel faster, and therefore arrive before the
primary S-wave energy. Because of this, the S-wave receiver func-
tion may be more useful in imaging lower-crustal and upper-mantle
discontinuities, such as the lithosphere—asthenosphere boundary
(LAB) (e.g. Li et al. 2004; Kumar et al. 2005). However, with re-
spect to P-wave receiver functions, the S-wave receiver function is
lower in frequency (which limits the vertical resolution of seismic
discontinuities) and requires more restrictive event criteria (Bock &
Kind 1991; Wilson et al. 2006).

A total of 81 events with epicentral distances between 60° and
75°, depths <300 km and magnitude (mb) >5.8 were used (Fig. 3).
Wilson et al. (2006) show that by restricting events to within this
epicentral distance and depth range, true S-wave receiver function
phases can be isolated from interfering (or parasitic) P-wave energy
(e.g. pPPP and sPPP phases). The data are filtered between 1/40 and
1 Hz and the waveforms are rotated into the theoretical ray coordi-
nates using a 1-D velocity model generated from the Rayleigh-wave
tomography study of Sandvol (in prep.). In ray coordinates, the P
component is along the direction of propagation, the Sv component
is perpendicular to the P component within the vertical plane and
the tangential (or Sh) component is normal to the vertical plane

defined by the P and Sv components. Although the true velocity
structure will differ (to varying degrees) from that of the 1-D ve-
locity model used in the processing, any bias due to error or noise
introduced from improper rotation will likely be reduced through
signal stacking. This is because each imaging bin contains multiple
rays coming from different angles and azimuths and so any rotational
error will be different for each ray and will likely be reduced when
stacked. In previous studies, we had experimented with other pro-
cedures for component rotation (e.g. applying polarization filters)
and found that, for our S-wave receiver function approach, more sta-
ble results were obtained when using theoretical incidence angles.
To estimate the source, a 15 s time window is applied around the
direct S-wave arrival on the Sy component using a 5 second Ham-
ming taper. Deconvolution is performed in the frequency domain
and an optimum water level is selected based on a criterion which
minimizes the second-order derivative of the receiver function (i.e.
trade off between fitting the data and producing a receiver function
with minimal ringing). To filter out signals with weak Sv component
(and thus weak S-to-P conversions), receiver functions were evalu-
ated only for raw S-wave signals with a signal to noise ratio greater
than 1.2:1 on the Sv component.

For receiver functions from multiple stations, 2-D cross sections
(or 3-D mappings) of seismic discontinuities can be produced using
the exploration seismic analogue of the common conversion point
(CCP) image (e.g. Dueker & Sheehan 1998). The CCP image is
created by first back-projecting the recorded signal along the theo-
retical ray path and then binning the data into lateral and depth bins.
The depth cross section is then calculated by taking the mean sample
value in each bin. When significant lateral structural heterogeneity
exists, the mapping may be a poor representation of the true Earth
structure due to diffractive effects. For such scenarios, the migration
of the scattered phases can be applied to improve the positioning of
discontinuities (e.g. Bostock & Rondenay 1999; Wilson & Aster
2005). However, even in such scenarios, the CCP imaging method
provides an adequate first-order image of crustal and upper-mantle
discontinuities.

A total of 921 S-wave receiver functions were used for CCP
imaging. Theoretical ray paths for back projecting the deconvolved
wavefield into depth and lateral bins were calculated using the 1-
D Rayleigh-wave velocity model of Sandvol (in prep.). Since the
station spacing for the ETSE array ranged between 50 and 75 km,
receiver function amplitudes were stacked along ray paths with a lat-
eral binradius of 50 km. Stacked receiver function amplitudes within
a given bin were scaled by the semblance of amplitudes within the
bin to help mitigate the effects of possible high receiver function
noise levels. In other words, at a given depth an imaging bin is a
weighted average of all receiver function rays which pass within 50
km laterally of that imaging point.

It is important to note that gaps in the following receiver func-
tion plots (e.g. bottom-left and top-right portions of figures) do not
indicate missing crustal or upper-mantle structure. These gaps are
due to the lack of ray coverage since the events used in the receiver
function analysis come from east of the array.

4 DISCUSSION OF RECEIVER
FUNCTIONS

4.1 East-west profiles

Fig. 4 displays CCP images of four east—west vertical slices at

latitudes 37°, 38°, 39° and 40°N. Two crustal phases are clearly
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Figure 4. East—west profiles at 37°, 38°, 39° and 40°N. In this and the remaining figures, the dashed lines are the inferred seismic discontinuities for the crust
and upper mantle. The dotted lines indicate regions where the LAB is very weak. The dotted ellipse, in this and the remaining figures, highlights the region
where the Bitlis—Zagros suture zone (BZSZ) is believed to introduce complexity in the receiver function images. A dashed-dotted ellipse indicates a crustal
low velocity zone (CLVZ). The letter U highlights a region of thin lithosphere (also seen in Fig. 5) and the letter D a region of thick lithosphere. Abbreviations:
UCD, upper-crust discontinuity; LAB, lithosphere—asthenosphere boundary; EAAC, East Anatolian accretionary complex; AS, Arabian Shield; IB, Iranian
Block. The location where the vertical profile crosses a major fault zone is indicated along the top. Note: straight lines in Figs 4-7 do not indicate missing
signal, but rather lack of data.
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visible; the Moho, with depth varying between 30 and 45 km and an
upper-crustal discontinuity (UCD) at roughly 10 km depth. In sec-
tion 37°N, the Moho depth of the northern margin of the Arabian
plate (or shield) is approximately 40 km and is consistent with the
P-wave receiver function and wide-angle controlled-source reflec-
tion study of Mohsen et al. (2005) across the Dead Sea Transform
further south. In the remaining sections, the Moho depth increases
from approximately 30 km in the west up to 45 km or more in
the east. The thickest crust (~48 km) is found beneath the central
EAAC between 41° and 42°E. The UCD is consistent throughout
all sections, though there are regions where this phase is weak or
non-existent. The fluctuation of the UCD depth appears to be inde-
pendent of the Moho depth and this would suggest that the UCD
represents a boundary between differing deformation styles, where
brittle faulting is occurring in the upper crust and ductile flow is
occurring in the lower crust (e.g. Keskin 2005). In the Zagros moun-
tain belt, Hatzfeld et al. (2003) invert P and S traveltimes from local
earthquakes and observe a thick sedimentary layer (~11 km and V'p
~ 4.70 km s~!) overlying a thick upper crystalline crust (~8 km
and Vp ~ 5.85 km s™!). Therefore, the UCD may be interpreted as a
boundary associated with contrasting velocities of crystalline base-
ment below and thick volcano-sedimentary successions above. The
thick crust beneath the EAAC suggests that the upper crust is being
thickened by extensive magma generation (Keskin 2005) as well as
thrust and strike-slip faulting, where as the lower crust thickened by
crustal flow processes.

Another interesting feature seen in section 39°N is the several
negative phases at approximately 25 km depth centred at longitude
42°E. The discontinuity associated with this negative phase is re-
ferred to as a crustal low velocity zone (CLVZ) and is observed
below recent (Quaternary) volcanic centres near the city of Van in
the EAAC. The CLVZ most likely represents a pocket of partial
melt in the middle crust, which is related to the magmatic ascen-
sion process for these volcanoes (e.g. Keskin ef al. 1998). Zor et al.
(2003) observe a large phase at approximately 10 s in several of
their P-wave receiver functions (most noticeably for stations KRLV
and HINS) and suggest, from a grid search inversion technique, that
this phase is a multiple from a crustal low velocity zone at roughly
20 km depth.

The east-west profiles also image the LAB. In section 37°N,
the LAB of the northern margin of the Arabian plate (or shield) is
clearly visible and indicates that the lithosphere has a thickness of
approximately 100 km. In section 38°N, S-to-P converted phases are
difficult to interpret and this suggests that the lithospheric structure
beneath the Bitlis—Zagros suture zone is very complicated. However,
three S-to-P converted phases are identified as LAB signatures: the
LAB beneath the Arabian shield for longitudes between 40° and
42°E and depth at roughly 100 km; the LAB beneath the Iranian
block (Zagros fold thrust belt) for longitudes between 43° and 45°E
and depth of approximately 125 km; and the LAB beneath the EAAC
for longitudes between 40° and 43°E and depth ranging between
approximately 60 and 85 km.

Both the observed lithosphere beneath the Arabian shield and
Iranian block are of typical thickness for continental margins,
whereas the lithosphere beneath the EAAC is anomalously thin. The
thin lithosphere beneath the EAAC is intimately related to its forma-
tion at about 8 Ma when the Tethys oceanic plate detached from the
Arabian plate (Sengor et al. 2003). During the initial stages of EAAC
development, the mantle lid may not have existed. As the upwelling
asthenosphere cooled the thermal boundary layer of the EAAC
(~1280°C) would have deepened and so the EAAC would have
acquired new lithosphere. A rough estimate of the thickness of the

cooled zone below the EAAC using the heat flux equation D = /k?,
where D is the thickness of cooled lithosphere, k = 107° m? s~!
is the thermal diffusivity typical for rocks and ¢ is the cooling time
(from Davies 1999, page 185), gives minimum and maximum val-
ues of 15 and 22 km, for cooling times of 7 and 15 Ma respectively.
Therefore, the existence of about 20 km of lithosphere can be ex-
plained partly from cooling of the asthenosphere as the thermal
boundary layer moved downward. However, this estimate does not
preclude the possibility that some lithospheric mantle existed prior
to the asthenospheric upwelling.

It is interesting to note the presence of additional strong neg-
ative phases in section 38°N for depths between 75 and 125 km
which appear to indicate the presence of a laterally extensive and
strong upper-mantle structure. However, it is believed that these neg-
ative phases are in fact noise and this will be discussed further in
Section 4.2.

Moving north from the Bitlis—Zagros suture zone, images of the
LAB become clearer. In sections 39° and 40°N, the LAB of the
EAAC is still anomalously shallow with an average depth of roughly
70 km. In section 39°N the LAB depth mimics the Moho and sug-
gests, for this region of the EAAC, that the crust and mantle litho-
sphere have deformed coherently. Toward the east, the LAB of the
Iranian block is also visible and its location (depth and longitude)
is consistent with the neighbouring section 40°N. Furthermore, the
LAB depth estimate of 120 km for the Iranian block is similar to
the depth estimates from surface wave inversion results for the Cen-
tral Zagros (Anne Paul, personal communication, 2005). In section
40°N, the LAB beneath the EAAC remains shallow and is approxi-
mately parallel to the Moho. The lithosphere appears to be very thin
at longitude 39°N (region marked by U) and this trend is also visible
in the north-south section at 39°E in Fig. 5. This area lies geograph-
ically in the eastern most part of the Anatolian block where high
frequency Sn waves are not observed to propagate (Gok et al. 2003)
and where S-wave velocities in the uppermost mantle observed from
Rayleigh-wave tomography are low (Sandvol, in prep.). The LAB
phase of the EAAC is very weak for longitudes between 41.5° and
43°E (see dotted line in Fig. 4). This suggests that either the velocity
contrast between the lithosphere and asthenosphere is small possi-
bly due to a small temperature differential or the LAB is in very
close proximity to the Moho such that the LAB phases are over-
shadowed by the Moho phases. The thin lithosphere beneath the
Eastern Anatolian block may be related to the deformation within
the Anatolian block (i.e. a large pull-apart to the south of the North
Anatolian fault). If this interpretation is correct, then local extension
involves the entire lithosphere. A region of thickening lithosphere
can be seen at longitude 44°E (region marked by D in section 40°N)
and could either represent a portion of the lithosphere that has not
been as affected by the upwelling hot asthenospheric convection or
a portion of the lithosphere beneath the eastern EAAC that is being
thickened by the northwesterly convergence of the Iranian plateau.
It is interesting to note that this region is associated with an area of
high Pn velocities centred at 42°E and 40°N observed by Al-Lazki
et al. (2003).

4.2 North-south profiles

Figs 5 through 7 display CCP images of 12 north—south vertical
slices for longitudes between 38.5° to 44°E at increments of 0.5°.
For longitudes between 38.5° and 41°E (see Figs 5-6), the Moho
dips gently from south to north indicating gradual northward crustal
thickening in the eastern Anatolian block and western EAAC away

© 2006 The Authors, GJI, 166, 1335-1346
Journal compilation © 2006 RAS



EAF NAF
6 |/ B |
UCD>7'$—H -t—}—l,’l‘l?‘1
25 b bk | 1)
wn b b >>m*++h
—~50 [ /
g LAB (RP) >JJ4‘{11
=7 1
53
Q'-O:I
| |
' |NS Section at 38.5E|
s{'ﬂ:l.‘ ars s ang a5 65 an 05 a1 4|I.5 42
BZF EAF NAF
; LA A v
veo=FFFTEEEY))
: (a bhA ixf\"’.—\w! I
19 3)-

' LAB (RP)

h\!‘H'

Depth (km)
i 5
i
———
—— —
. —
L

—_ 2

B W—

\

o0 v | l
LAB (AB) ' | | R
125 | |
’NS Section at 39E ‘
:sﬂj'.' ars 3 35 k) 305 a0 405 a1 : 45 a2
Latitude

S-wave receiver functions 1341

BZF EAF NAF NEAF
0 vy VY
- 1, S
vep= 199177771177
i "|'f!""\‘n"-' q
Moho » 4 3 4071~ T
TrYErri rrrr
’ ( ([ ] L CLVZ
-k tr T4 LAB (RP)

i

_..;...
|l ','

125

I’ NS Sectlon at 39. SE\

15“:!’? s 38 385 ) 385 40 IG-S 41 d!S 42
BZF EAF NAF NEAF
: YV VY
2501 l| V)
/ > rf‘l TTIT17177 < UCDh
28 HEEY Lkl
'jl ‘|I |‘ ~||—l|'| —\.—-\|—-\)—— - L ‘L I!I__
wp Moho| [ [ [ ] ’Hi
" 11 NN LAB (EAAC)
R L
ot LAB (Ah)|
4 [ { | |
| 1 ,
1250 LB I
N [LAB (AS) l’ NS Se]ctilon at 40E
15“37 &} 8 385 &) 385 40 € 405 L 1] L1R-] a2

Latitude

Figure 5. North-south profiles at 38.5°,39°, 39.5° and 40°N. The LAB (RP), Rhodope-Pontide continental fragment (or block), may or may not be a thickened

continuation of the EAAC LAB to the south.

from the Arabian margin. The estimated Moho depth, ranging be-
tween 30 and 40 km, are similar to those obtained from P-wave re-
ceiver functions (Zor et al. 2003). In the eastern sections, the Moho
beneath the EAAC and the Iranian block ranges in depth between
40 and 45 km, where the thickest part of the crust is in the central
region of the EAAC. The observed Moho depth for the Iranian block
is also consistent with those found in Central Iran (Paul ez al. 2002,
2003). In Figs 4 and 6-7, it can be seen that the Moho in the central
region of the EAAC is subhorizontal, whereas it is dipping north-
east beneath the Anatolian block and western EAAC. The transition
from a dipping Moho beneath the Anatolian block to subhorizontal
Moho beneath the EAAC is delineated by the North Anatolian and
East Anatolian faults, and reflects the differing deformation styles
within these tectonic units.

Similar to the east—west profiles, the UCD also displays the char-
acteristic depth fluctuation as well as regions of weak or non-existent
phases. Beneath the eastern Anatolian and Iranian blocks the UCD
is not subparallel to the Moho, whereas, beneath the EAAC (be-
tween 40.5° and 43°E), the UCD and Moho are subparallel. The
uniform crustal structure of the EAAC indicates that the crust de-
forms rather uniformly by north-south compression. It should be
noted that no UCD phases are observed in section 44°E (see Fig. 7)
since there is very little ray coverage in this region of the upper crust.
The CLVZ observed in the east—west section at 39°N (see Fig. 4)
is observed in the north-south sections 42°E (see Fig. 6). At lati-
tudes greater than 40°N, the southern extent of a CLVZ is imaged in
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the north-south section 39.5°E. Although there are volcanic centres
within close proximity, the location of this CLVZ is coincident with
a geothermal centre south of the Black Sea (see Aydin et al. 2005,
fig. 2).

The LAB signature of the Anatolian block is imaged in sec-
tions 39° to 39.5°E (see Fig. 5) with depth ranging between 75 and
85 km. As the Anatolian block pinches out eastward, where the North
Anatolian and East Anatolian faults meet at the Karliova triple junc-
tion, the images of the LAB of the Arabian block (see Figs 5 and
6) become less coherent due to complexities associated with the
Bitlis—Zagros suture zone and the western EAAC. Also imaged is
the LAB of the Rhodope-Pontides fragment which could represent a
continuous northern extension of the LAB of the EAAC. However,
due to the severe crustal fragmentation within this region it is likely
that the lithosphere below the Rhodope-Pontides is distinct from
that of the EAAC. In sections 39°E to 44°E, the LAB of the EAAC
is relatively consistent throughout with an average depth of about
70 km. The minimum depth of approximately 65 km in section 39°E
(‘U at latitude 40°N in Fig. 5) matches that of the east—west section
40°N (longitude 39°E in Fig. 4). The LAB signal is weak below the
central EAAC between 39° and 40°N and this correlates well with
the location of Quaternary volcanoes and shallowest Curie-point
depths (Aydin et al. 2005).

The presence of the strong negative phases appearing at depths
between 75 and 125 km in the EW section 38°N and in the NS
sections between 37° and 39°N is believed to be caused by several
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Figure 6. North-south profiles at 40.5°, 41°, 41.5° and 42°N.

factors. To explore these factors, it is best to consider a hypothetical
cross-section with a N—S orientation perpendicular to the sections
in Fig. 4. Fig. 8 is a cartoon representation of the crust and mantle
for a north-south profile bisecting the Bitlis suture zone. Due to the
tectonically complex geometry of the region, it is expected that the
2- and 3-D structure of the lithosphere below the Bitlis—Zagros su-
ture (e.g. truncation and inter-fingering of delaminated lithospheres)
will introduce wave-front diffractive and scattering effects. Also, be-
low the Bitlis suture in the south-west, Rayleigh wave tomography
has imaged an extensive zone of low shear wave velocity (Sand-
vol, in prep.). This region of partially melted mantle may be acting
as a lens by focusing or de-focusing upcoming teleseismic energy.
Since the CCP imaging method cannot transform these diffractive
effects properly into the offset and depth space correctly (Wilson
et al. 2003), the images will suffer from improper migration of
these artefacts. Furthermore, since the EAAC was devoid of any old
lithospheric root and was predominantly supported by subducted
oceanic slab prior to slab detachment (Keskin 2005) it is possible
that any remaining subducted oceanic lithosphere has a lower crust
component. For such a scenario, a velocity discontinuity would ex-
ist where the oceanic crust abuts the thin lithosphere of the EAAC
(see LLB in Fig. 8). This may also help explain the strong negative
phase observed above the LAB signature for the Iranian block for
longitudes between 43° and 45°E in east—west section 40°N (see
Fig. 4). It is possible that a compositional contrast also exist from
serpentinization of the oceanic lithosphere, although this contrast
may not have a sufficient enough gradient. There would be no sig-
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nificant compositional contrast expected for continental-continental
lithospheric boundaries, such as the boundary between the top of
the Arabian lithosphere and bottom of the subducted oceanic litho-
sphere. A wet oceanic lithosphere would also help explain the pres-
ence of partially melted lithosphere within this region, where the
escape of water from the subducted oceanic lithosphere and crust
would lower the solidus of the mantle.

Although the Bitlis—Zagros suture introduces complexity into the
receiver function images of the LAB for latitudes between 37° and
39°N (see dotted ellipses in Figs 4-06), it is conceivable that the LAB
of the Arabian shield and the Iranian block are being delineated. In
sections 40° to 42°E (see Figs 5-0), the lithospheric thickness of the
Arabian margin thins from approximately 125 km to 100 km as the
north-south profiles sample less of the interior shield and more of
the Bitlis—Zagros suture zone. The lithosphere of the Iranian block
ranges in thickness between 90 and 120 km (sections 42.5° to 44°E
in Fig. 7).

5 CONCLUSIONS

A simplified interpretation of the crustal and upper-mantle struc-
ture of eastern Turkey is shown in Figs 9 and 10. The crust has
an average depth of approximately 45 km, thickening from west
to east and south to north, and compares well with the P-wave re-
ceiver results of Zor et al. (2003), although not exactly. The upper-
crustal discontinuity at roughly 10 km depth is likely associated
with volcano-sedimentary successions and the crustal low velocity
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Figure 8. Schematic diagram showing splaying of oceanic and continental
lithosphere, regions where teleseismic energy is diffracted and scattered,
and possible lithosphere—lithosphere boundary (LLB) due to the presence of
subducted oceanic crust.
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zones at depths of 25 km are consistent with the location of geother-
mal and Quaternary volcanic centres. Beneath the EAAC, where the
crust is thickest, the UCD and the Moho discontinuities are subpar-
allel and this indicates that deformation is vertically uniform. The
LAB for the EAAC is anomalously thin with an average depth of
approximately 70 km. The observation that the lithosphere is shal-
low below EAAC supports the idea that the tectonically deformed
domal structure (see top plots in Figs 9 and 10) is supported by an
asthenospheric upwelling. Thus the fact that the crust is thickest
and uniform below the EAAC is plausible since this region is hot
and weak. The LAB for the Arabian shield and Iranian block have
depths of approximately 100 to 125 km typical of continental mar-
gins. Furthermore, the LAB of the Arabian shield does not appear
to underthrust eastern Turkey and this is consistent with the oceanic
slab break-off model of Keskin (2003).

Although the imaged depths of the crustal and upper-mantle seis-
mic discontinuities are within range of those estimated from previ-
ously published results, it should be stressed that our S-wave receiver
function depths are calculated based on a 1-D velocity model from
Rayleigh-wave tomography. To examine the effect of using this 1-D
velocity model, we reanalysed the data using several other 1-D
crustal and upper-mantle velocity models developed for this re-
gion (i.e. Cakir & Erduran 2004; Kaypak & Eyidogan 2004). Our
tests indicated that the geometry remained relatively unchanged (at
least to first-order) and only the depth estimates varied, as was ex-
pected. Even within the estimated depth error bounds, our results
strongly indicate that in eastern Turkey the crust has not experienced
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significant thickening and the lithosphere is anomalously thin below
the EAAC.

It is interesting to note that the LAB of the EAAC and the Anato-
lian, Iranian, and the Rhodope—Pontide blocks appear to be distinctly
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Figure 10. Top: Topographic relief of eastern Turkey at 42°E. Bottom:
sketch illustrating the collision of the Arabian and Eurasian plates sum-
marizing the results of S-receiver function analysis for a north—south cross
section at 42°E.

imaged. This would suggest that eastern Turkey is indeed melange
of several lithospheric fragments. Since the spatial resolution of the
S-wave receiver function is on the order of 10 km and due to the
large station spacing, it is difficult to observe whether the crust also
shows similar fragmentation. Therefore it is not possible to deter-
mine whether the faults extend deep into the lower crust, as would be
expected for aregion composed of several crustal blocks, or whether
deformation is distributed throughout the crust with no Moho offset
(e.g. Wilson ef al. 2004).

The main point of practical significance is that the S-wave receiver
function profiles demonstrate an upper-mantle geometry consistent
with the ‘oceanic slab steepening and break off” model of Keskin
(2003). The existence of a low velocity mantle beneath the EAAC
has been established (e.g. Kadinsky-Cade et al. 1981; Hearn & Ni
1994; Gok et al. 2000), but the nature of the lithosphere and de-
tailed crustal structure of the EAAC and surrounding region are not
well known. It has been suggested that the asthenosphere was in
contact with the crust of the EAAC since slab break-off at about 8
Ma (Sengor et al. 2003). Our observation show with good resolu-
tion the existence of clear LAB below the EAAC within the depth
range of 60 and 80 km, where late Miocene to recent volcanism is
significant.
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