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[1] Combined P and S receiver functions from seismograms of teleseismic events
recorded at 65 temporary and permanent stations in the Aegean region are used to map the
geometry of the subducted African and the overriding Aegean plates. We image the Moho
of the subducting African plate at depths ranging from 40 km beneath southern Crete and
the western Peloponnesus to 160 km beneath the volcanic arc and 220 km beneath
northern Greece. However, the dip of the Moho of the subducting African plate is
shallower beneath the Peloponnesus than beneath Crete and Rhodes and flattens out
beneath the northern Aegean. Observed P-to-S conversions at stations located in the
forearc indicate a reversed velocity contrast at the Moho boundary of the Aegean plate,
whereas this boundary is observed as a normal velocity contrast by the S-to-P conversions.
Our modeling suggests that the presence of a large amount of serpentinite (more than
30%) in the forearc mantle wedge, which generally occurs in the subduction zones, may
be the reason for the reverse sign of the P-to-S conversion coefficient. Moho depths for the
Aegean plate show that the southern part of the Aegean (crustal thickness of 20–22 km)
has been strongly influenced by extension, while the northern Aegean Sea, which at
present undergoes the highest crustal deformation, shows a relatively thicker crust
(25–28 km). This may imply a recent initiation of the present kinematics in the Aegean.
Western Greece (crustal thickness of 32–40 km) is unaffected by the recent extension but
underwent crustal thickening during the Hellenides Mountains building event. The depths
of the Aegean Moho beneath the margin of the Peloponnesus and Crete (25–28 and
25–33 km, respectively) show that these areas are also likely to be affected by the Aegean
extension, even though the Cyclades (crustal thickness of 26–30 km) were not
significantly involved in this episode. The Aegean lithosphere-asthenosphere boundary
(LAB) mapped with S receiver functions is about 150 km deep beneath mainland Greece,
whereas the LAB of the subducted African plate dips from 100 km beneath Crete and
the southern Aegean Sea to about 225 km under the volcanic arc. This implies a thickness
of 60–65 km for the subducted African lithosphere, suggesting that the Aegean
lithosphere was not significantly affected by the extensional process associated with the
exhumation of metamorphic core complexes in the Cyclades.
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1. Introduction

[2] The crustal and upper mantle structures of the Aegean
are the result of a complex tectonic history that started
probably during the late Cretaceous [e.g., McKenzie, 1972]
and resulted in the subduction of Africa beneath Eurasia, the
building of mountain belts and the creation of stretched
regions. The present-day kinematics and deformation are
reasonably well known because of the large number of GPS
measurements covering the Aegean [e.g., Le Pichon et al.,
1995; Reilinger et al., 1997; McClusky et al., 2000].
However, the present-day kinematics is certainly different
from that of the past, as is attested by the large amount of
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rotation that the Hellenic arc experienced since the Oligo-
cene [Kissel and Laj, 1988].
[3] During the past 3–5 million years, the Aegean has

been moving to the southwest with respect to Eurasia at an
average velocity of �3.5 cm/yr across the Hellenic trench
[e.g., McKenzie, 1972; Jackson and McKenzie, 1988;
McClusky et al., 2000] and has lead to the northward
subduction of the African lithosphere beneath the Aegean
[Papazachos and Comninakis, 1969]. Relative to Eurasia
the African lithosphere is converging at a rate of �1 cm/yr
[DeMets et al., 1990], whereas the Aegean is extending at a
rate of �3 cm/yr (Figure 1). To a first approximation, the
motion of the Aegean relative to Eurasia can be described as
the superposition of a rigid rotation of Anatolia and the local
extension that affects the Aegean probably related to the
slab retreat [Le Pichon and Angelier, 1979]. Data from
satellite geodesy [Kahle et al., 1998], seismicity [Ekström
and England, 1989; Hatzfeld et al., 1997; Jackson et al.,
1994], sediments infillings and deformation [Mascle and

Martin, 1990; Mercier et al., 1989] all show that at present,
the crustal deformation is highest in the northern Aegean
Sea along the North Aegean Trough and is also concentrated
in grabens located west and east of the Aegean region
[Armijo et al., 1996].
[4] Details of earlier episodes of Aegean deformation are

less well known. It is likely that prior to the Oligo-Miocene
time, the slow convergence between Africa and Eurasia was
accommodated by the northward dipping subduction of the
African lithosphere along an E-W trending boundary. Dur-
ing the Oligo-Miocene time, extension started in the south-
ern Aegean as attested by the creation of deep basins
[Mascle and Martin, 1990] and the exhumation of meta-
morphic core complexes mostly in the Cyclades [e.g.,
Gautier and Brun, 1994]. This earlier mode of extension
was greatest in the Sea of Crete where it reaches a factor of
two [McKenzie, 1978; Angelier et al., 1982], and it is
responsible for the curvature of the Hellenic arc. This
extension is consistent with paleomagnetic rotations of rock

Figure 1. Location map of the seismological stations used in this study. Hexagons denote the location
of both NOA and sfg stations. Small circles indicate epicenters of the shallow and intermediate (mb �
4.5) depth earthquakes [Engdahl et al., 1988]. Locations of the Hellenic trench and the North Aegean
Trough are drawn with black solid lines. Dashed line denotes location of the volcanic arc. The arrows
indicate the direction of the motion relative to Eurasia [McClusky et al., 2000].
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units in the opposite sense observed on the east and west
sides of the Aegean [e.g., Kissel and Laj, 1988]. This earlier
episode of deformation was discontinuous both in time and
in space [Mercier et al., 1989]. Unlike the present episode
of deformation, the North Anatolian fault (initiated and
active only since the Pliocene time) was not involved in
this earlier deformation.
[5] The nature of the forces responsible for the complex

motion of the Aegean is a subject of debate. Deformation
may result from forces applied to the edges of rigid blocks
[e.g., Taymaz et al., 1991], from forces acting within the
mantle [e.g., Makris, 1976], from buoyancy forces [e.g., Le
Pichon et al., 1982; Hatzfeld et al., 1997], from the sudden
slab retreat due to a tear in the subducting slab [Sorel et al.,
1988; Jolivet, 2001], or some combination of these. Higher-
resolution images of the seismic structure to deeper depths
than previously available will help resolve these questions.
[6] The lithospheric structure in the Aegean area has been

the focus of many studies. Traveltime analysis from local and
regional earthquakes [Panagiotopoulos and Papazachos,
1985] resulted in a broad-scale averaged picture of the
crustal structure. Refraction profiles mapped the shallow
structure beneath specific areas in the Aegean [Makris,
1973, 1978; Makris and Stobbe, 1984; Delibasis et al.,
1988; Bohnhoff et al., 2001; Clément et al., 2004], but the
few data that do exist are of varying quality. The most
homogeneous image of the Aegean lithospheric velocity
structure is deduced from tomographic studies at the scale
of the Aegean [Spakman, 1986; Spakman et al., 1988;
Drakatos and Drakopoulos, 1991; Spakman et al., 1993;
Papazachos et al., 1995; Papazachos and Nolet, 1997].
These large-scale teleseismic and regional studies are com-
plemented by more detailed local tomographic studies using
traveltime arrivals recorded by local network [Christodoulou
and Hatzfeld, 1988; Ligdas et al., 1990; Ligdas and Main,
1991; Ligdas and Lees, 1993]. These studies all assume a
layered starting velocity structure divided into blocks of
various sizes and compute lateral variation in the velocity
structure. Therefore a traveltime delay for a specific block
could be due either to a real low relative velocity zone in the
block or to a variation in the thickness of the block. For this
reason, tomography may not be the most appropriate tool to
map the Moho depth over a large area.
[7] Maps of the Moho topography derived from gravity

data image the variation of the crustal thickness in the
Aegean [Le Pichon and Angelier, 1979; Makris and Stobbe,
1984; Tsokas and Hansen, 1997; Tiberi et al., 2001; Tirel et
al., 2004]. However, all these Moho maps suffer severe
limitations due to the corrections made for the subducted
slab and the thickness of the shallow sediments. As a result,
the Moho maps provided by Tsokas and Hansen [1997] or
Makris and Stobbe [1984] and recently by Tirel et al. [2004]
show considerable differences.
[8] Karagianni et al. [2005] used Rayleigh wave group

velocities to infer a three-dimensional (3-D) tomographic
image of the shear wave velocity structure of the crust and
upper mantle in the Aegean Sea using regional events. This
work is complemented with a group and phase velocity
study at longer period using teleseismic events [Bourova et
al., 2005]. They found different crustal thicknesses in the
Aegean Sea and beneath Greece, which are in agreement

with the general characteristics estimated from previous
works in this area.
[9] In general, thicker crust (40–45 km) exists beneath

western Greece and the Peloponnesus along the Hellenides
mountain range [Makris, 1976; Papazachos and Nolet,
1997; Tsokas and Hansen, 1997; Tiberi et al., 2000;
Karagianni et al., 2002, 2005], while thinner crust (30–
34 km) is found below eastern Greece. In the southern
Aegean Sea, the crust is approximately 20–30 km thick,
whereas the northern Aegean Sea exhibits a crustal thick-
ness of about 25–30 km [Makris, 1976; Papazachos and
Nolet, 1997; Tsokas and Hansen, 1997; Tiberi et al., 2000;
Knapmeyer and Harjes, 2000; Karagianni et al., 2002;
Marone et al., 2003; Karagianni et al., 2005]. The com-
plexity of the crustal structure beneath the island of Crete,
probably due to its location in the forearc of the subduction
zone, has been shown in a number of studies [Makris, 1978;
Knapmeyer and Harjes, 2000; Bohnhoff et al., 2001; Li et
al., 2003; Endrun et al., 2004], but the average crustal
thickness of Crete is about 28–30 km.
[10] The subducted African plate is imaged as a velocity

feature at least down to 600 km depth [Spakman et al.,
1988; Wortel et al., 1990; Papazachos and Nolet, 1997];
however, the zone of seismicity terminates at a depth of
about 180 km [Papazachos and Comninakis, 1971]. The
subducted African lithosphere resolved from seismicity
[Makropoulos and Burton, 1984; Papazachos, 1990;
Hatzfeld and Martin, 1992; Papazachos et al., 2000] and
seismic tomography [Papazachos et al., 1995; Papazachos
and Nolet, 1997] shows a remarkable shape with an
increasing dip from west to the east.
[11] Receiver function studies of the lithospheric structure

in the Aegean area and Greece are more limited. The early
work of Knapmeyer and Harjes [2000] using P receiver
functions in western Crete showed a downgoing oceanic
Moho at a depth of 40–70 km, while Li et al. [2003]
mapped the Moho to a depth of 100 km beneath Santorini in
the volcanic arc. However, the absence of seismological
stations in the Sea of Crete makes this structure difficult to
investigate with P receiver functions (Figure 1).
[12] The main goal of this paper is to derive a more

homogeneous image of the crustal thickness and subducting
African lithosphere for the entire Aegean area from direct
seismological observations. To achieve this goal, we em-
ploy the P and S receiver function technique to existing data
recorded by 65 stations belonging to various seismological
networks across continental Greece, the Aegean Sea and the
island of Crete. P receiver functions resolve the most
prominent structures beneath each seismological station,
however, they suffer from multiples. S receiver functions
are essentially free of multiples and provide information on
structures at greater distances from the seismic stations than
do P receiver functions and therefore enhance the spatial
sampling of the earth structure.

2. Data and Method of Analysis

2.1. Data

[13] Four different data sets were combined to construct a
dense coverage of the Aegean region (Figure 1). The first
data set consists of 22 stations from a temporary network
operated for six months in 1997 (the Seisfaultgreece project
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[Hatzfeld et al., 2001]) using Lennartz LE5S, Güralp
CMG40 and Güralp CMG3 seismometers (labeled Sfg in
Figure 1). The second data set consists of recordings from
8 permanent broadband stations from the GEOFON (http://
www.gfz-potsdam.de/geofon/) network on the island of
Crete and in the southern Aegean Sea. These stations are
equipped with STS2 seismometers and have been in oper-
ation since 1996. To further improve spatial coverage on the
island of Crete, we used data recorded from one broadband
MEDNET (http://mednet.ingv.it/) station equipped with a
STS2 sensor. The third data set consists of recordings from
21 permanent stations of the National Observatory of
Athens (NOA; http://www.gein.noa.gr/). These sites have
either Lennartz LE20S or Güralp CMG40 seismometers and
have been in operation since March 2003. The fourth data
set consists of recordings from 22 temporary seismographs
(19 Mark L4-3D and 3 STS2 seismometers) of the CYC-
NET that was operated in 2002–2004 by the Bochum
University (http://www.geophysik.ruhr-uni-bochum.de/
research/seismology/cyclades/).

2.2. P Receiver Function Technique

[14] The P receiver function method is now a routine
seismological technique for constraining crust and upper
mantle velocity discontinuities [e.g., Langston, 1977;
Owens et al., 1984; Kind and Vinnik, 1988; Kosarev et
al., 1999]. The teleseismic P wave coda contains P-to-S
conversions generated at significant and relatively sharp
velocity discontinuities in the crust and upper mantle
beneath a seismograph site (Figure 2a). The delay time of
the converted phase relative to the arrival time of the direct
P wave depends on the depth of the discontinuity, the ray
parameter of the incident P wave and the velocity of the
layers. Rotation of ZNE component waveforms into the
local P-SV-SH ray-based coordinate system isolates the Ps
converted phases on the SV component, which is perpen-
dicular to the direction of the P component containing the
P wave motion. To eliminate the influence of instrument
and source parameters, the instrument responses are
removed and the P component is deconvolved from the
SV component. The final P receiver function contains, in
addition to the primary converted phases, multiple phases
generated by reflections between the Earth’s surface and
velocity discontinuities (Figure 2c, first panel).
[15] Positive amplitudes in the P receiver function indi-

cate a velocity increase with depth, whereas negative
amplitudes indicate a velocity decrease with depth. Includ-
ing the multiples in the receiver function analysis gives
additional information about the depth of the Moho discon-
tinuity and the Poisson’s ratio of the crust [Zandt and
Ammon, 1995; Zhu and Kanamori, 2000; Yuan et al.,
2002]. However, the presence of significant sediments
may cause large amplitude reverberations masking the
primary Ps converted phases and make the estimation of
the discontinuity depth difficult.

2.3. S Receiver Function Technique

[16] S-to-P conversions produced at significant velocity
discontinuities beneath the station (Figure 2a) can be
obtained by deconvolving the SV component from the P
component. S receiver functions have a significant advan-
tage over P receiver functions because the converted Sp

phase arrives earlier than the main S phase [e.g., Faber and
Müller, 1980; Bock, 1991; Farra and Vinnik, 2000; Li et al.,
2004; Kumar et al., 2005a, 2005b; Sodoudi et al., 2006],
and therefore upper mantle conversions are free from
interference of crustal multiples (Figure 2c, second panel).
[17] The converted Sp phases are generally best observed

at epicentral distances between 60� and 85� [Faber and
Müller, 1980]. Since the time difference between converted
Sp and S waves depends on the ray parameter, we correct
the S-to-P conversions to a common distance using a
reference slowness of 6.4 s/deg. Although this velocity is
not necessarily realistic for S waves, it is used to make P
and S receiver function timescales directly comparable. S
receiver functions are much noisier than P receiver func-
tions due to their later arrival times. They also have longer
periods in comparison with the P receiver functions and
resolve less fine structure within the crust and mantle
lithosphere. However, the fact that they are free of multiples
enables the identification of Sp conversions at mantle
discontinuities. Therefore mantle discontinuity conversions,
which are masked by crustal multiples arriving at nearly the
same time in P receiver functions, can be isolated in the S
receiver functions (Figure 2c).
[18] Figure 2c shows synthetic P and S receiver functions

obtained from a simple two-layered model over a half-space
(Figure 2b) containing the crust-mantle and the lithosphere-
asthenosphere boundaries at 30 and 125 km depth, respec-
tively. The P onset (for P receiver function) and S onset (for
S receiver function) are fixed to be at zero time. While a Ps
converted phase at the Moho boundary (Figure 2c, first
panel) arrives later than the direct P wave, the converted Sp
Moho phase is a precursor of the direct S wave, and cannot
be disturbed by multiples (Figure 2c, second panel). The
computed P receiver function shows the converted Ps phase
at the Moho boundary as well as its multiples (Figure 2c,
first panel). The converted phase from the lithosphere-
asthenophere boundary (labeled LAB) is in this case
masked by the Moho multiple (with negative amplitude)
arriving at the same time in the P receiver function. This
boundary is however clearly observed in the S receiver
function at �14 s reversed time (Figure 2c, second panel).
To make the S receiver functions directly comparable with
the P receiver functions, we reverse the time axis (Figure 2c,
third panel) and the polarities of the S receiver functions
(Figure 2c, fourth panel; see also Yuan et al. [2006]).
Therefore, consistent with the P receiver function, positive
amplitude in the S receiver function indicates an increasing
velocity with depth.

3. Observations

3.1. P Receiver Functions

[19] To compute P receiver functions, we select tele-
seismic records for events with magnitude greater than mb

5.5 and epicentral distances ranging between 30� and 95�.
Receiver functions filtered between 1 and 20 s and corrected
to a reference distance of 67� are shown for two stations,
LIMN and NEO in Figure 3 (see Figure 1 for stations
location). At LIMN, the primary converted phase from the
continental Aegean Moho and its first multiple arrive at a
delay time of approximately 3.4 s and 10 s, respectively,
while those at NEO are observed at approximately 3.3 s and
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11 s, respectively. Some energy is observed at the zero time
at station NEO suggesting that either the rotation of the
components is not optimal or shallow sediments generate
some energy.
[20] We compute P receiver functions for all stations and

summarize the results in the stacked moveout-corrected
receiver functions shown in Figure 4. These traces are
sorted by their south-to-north distance from the Hellenic
trench, and provide an average discontinuity depth beneath
each station. The P receiver functions are plotted in a time

window of 0–20 s in order to display information for both
continental and oceanic structures.
[21] The receiver functions obtained for stations in the

southern Aegean and on the island of Crete (labeled FA in
Figure 4) show a phase with increasing delay time north-
ward, reaching 10 s beneath the volcanic arc. This phase is
interpreted as the Moho of the subducted African plate
(labeled African Moho). It can be followed from 4.5 s
beneath station VLS to 11 s beneath station SANT in the
volcanic arc (labeled VA in Figure 4). North of SANT, this
phase is no longer clear. Beneath the northern Aegean Sea

Figure 2. (a) Raypaths of P and S receiver functions. (b) A two-layered model over a half-space
consisting of two discontinuities: the crust-mantle boundary at 30 km and the lithosphere-asthenophere
boundary at 125 km. The S velocity is considered to be 3.5 km/s in the crust and 4.5 km/s in the upper
most mantle. (c) Synthetic P and S receiver functions computed for the model shown in Figure 2b. The P
onset for P receiver function and the S onset for S receiver function are fixed at zero time (bold thick
line). In the first panel, the P receiver function significantly reveals the Ps conversion at the Moho and its
multiple phases, while the lithosphere-asthenosphere boundary (labeled with LAB) is masked by the
crustal multiple with negative amplitude. In the second panel, in contrast, the S receiver function reliably
shows the Sp converted phase from the Moho as well as that from the LAB. Sp phases arrive earlier than
direct S waves, whereas all the multiples appear later. The polarity of the Sp converted phase is reversed
due to the different sign of its conversion coefficient comparing to that of Ps. In the third panel, to make it
directly comparable with the P receiver function, the time axis is reversed, and in the fourth panel,
polarities of the Sp phases are also reversed.
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and continental Greece (labeled NA and CG in Figure 4,
respectively), the strongest phase observed between 3 and
4.8 s (labeled Aegean Moho) is interpreted to be the Ps

conversion from the Moho of the continental Aegean plate.
This phase is not well observed under the forearc (FA in
Figure 4). There it is replaced by a significant negative

Figure 3. (a) Individual P receiver functions for station LIMN located in the northern Aegean Sea.
Positive amplitudes are plotted in black, and negative amplitudes are shown in gray. Individual
seismograms are plotted equally spaced and sorted according to their back azimuth. The Ps conversion
phase from the Aegean Moho and its multiple and the Ps conversion from the sediment layer are labeled
on the summation trace. (b) Same for station NEO located in mainland Greece.
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amplitude phase (dashed box in Figure 4). This negative
phase was also reported for most stations located on Crete
[Knapmeyer and Harjes, 2000; Li et al., 2003; Endrun et
al., 2004].
[22] In Figure 5, the stacked receiver functions are sorted

by increasing time of the converted Ps phase from the
Aegean Moho. Stations from the forearc with possibly
negative Moho signals are not contained in Figure 5. The
data show clear primary Moho conversions where the
amplitude of the Moho multiples appear to be reduced since
we used the moveout curve for direct Ps conversions and
not that for multiples. To compute the depth of the Aegean

Moho beneath the stations, we used an average crustal
velocity of 6.2 km/s and a Vp/Vs ratio of 1.73. This is a
first-order estimate of the Aegean velocity structure and
keeps our depth values independent from possible errors of
preliminary shear velocity models. However, we estimate
the deviation to this model to be less than 5%. Therefore
this procedure results in an 1.5–2 km error in the Moho
depth determination. The calculated Aegean Moho depths
are listed in Table 1. We could not estimate the delay times
of the converted phases from the Aegean Moho at stations
in the forearc region due to the presence of unclear negative
signals.

Figure 4. Stacked P receiver functions sorted according to their distance from the Hellenic trench from
south to north. The north dipping phase in the southern part labeled ‘‘African Moho’’ indicates Ps
conversions from the Moho of the subducting African lithosphere. This phase can be traced from station
VLS to the station SANT in the volcanic arc. Ps conversions from the Moho of the continental Aegean
lithosphere (labeled Aegean Moho) are observed in the northern part and disappear southward. The black
dashed box indicates negative conversions which are seen at the expected Moho conversion times. The
number of P receiver functions for each station is shown in brackets. FA, forearc; VA, volcanic arc; NA,
northern Aegean; CG, continental Greece.

B12307 SODOUDI ET AL.: LITHOSPHERIC STRUCTURE OF THE AEGEAN

7 of 23

B12307



3.2. S Receiver Functions

[23] We compute S receiver functions from seismograms
of events with magnitude greater than 5.7 (mb) and epicen-
tral distances between 60� and 85� for 50 of the stations
within the area. Moveout corrected and band-pass-filtered
(6–20 s) S receiver functions at the GEOFON station KRIS
located on the island of Crete are shown in Figure 6. The
first phase at about 3 s (labeled Aegean Moho) represents
the converted Sp phase from the Aegean Moho discontinu-
ity; the second phase at about 8 s (labeled African Moho) is
associated with the Moho of the subducted African litho-
sphere; and the third phase with a strong negative amplitude

at about 13 s delay time (labeled LAB) is interpreted as a
conversion from the lithosphere-asthenosphere boundary.
[24] Figure 7 shows the location of the Ps and Sp piercing

points at 80 km depth. This depth was chosen based on the
P receiver functions, which show the African Moho at delay
times ranging from 8 to 10 s beneath the southern Aegean Sea
(see also Figure 4). As Figure 7 shows, while P piercing
points are located close to the stations, S piercing points are
located much farther away from the stations. Therefore the
two together provide reasonably dense spatial coverage (see
also Figure 2a). For example, while the Sea of Crete is poorly
sampled by the P receiver function observations, it is well
covered by S receiver function observations. We plot two sets
of cross sections from S receiver functions (Figure 8). The
first set consists of three parallel S-N trending cross sections
across the Aegean and continental Greece (Figures 8a–8c).

Figure 5. Estimated arrival times of Moho conversions
(Aegean Moho), displayed with white circles for stations
with positive amplitudes and sorted according to their
values from 3 to 4.8 s. The stacked receiver functions are
filtered with 1–20 s band-pass filter. Arrival times are
converted to depth (km) using a Vp of 6.2 and a Vp/Vs ratio
of 1.73. Moho conversion times and depths are listed in
Table 1.

Table 1. Stations, Geographical Coordinates, Ps Conversion

Times at the Aegean Moho and Their Corresponding Depths, Ps

Conversion Times at the African Moho, and Their Corresponding

Depths

Stations Longitude Latitude

Aegean Moho African Moho

Time, s Depth, km Time, s Depth, km

AGGI 22.32 39.01 4.4 36 - -
ALEX 25.79 40.97 3.7 30 - -
ANAT 22.68 39.74 3.8 31 - -
APEZa 24.88 34.97 4 33 6.2 52
ATH 23.72 37.97 3.1 25.5 - -
DRAM 24.01 41.2 4.1 34 - -
EVR 21.81 38.92 4 33 - -
FODEa 24.95 35.37 4 33 6.7 58
FLOR 21.38 40.78 4.8 40 - -
GVD 24.08 34.83 3.3 27 5.8 48.5
HIOS 26.04 38.25 3 25 - -
IDIa 24.89 35.28 4 33 7.1 61
ITM 21.93 37.18 3.5 28.5 5 41
JAN 20.85 39.66 3.4 28 - -
KARP 27.17 35.55 - - 6.2 52
KEK 19.8 39.71 3.3 27 - -
KOS1 27.21 36.84 3.2 26 - -
KOZA 21.78 40.3 4.5 37 - -
KRISa 25.5 35.17 2.5 21 8.1 70
LESB 26.26 39.24 3.8 31 - -
LIMN 25.16 39.95 3.4 28 - -
LITO 22.48 40.1 3.7 30 - -
LKR 23 38.65 3 25 - -
MILO 24.44 36.67 4.4 36 10.2 90.5
NAXO 25.52 37.07 3.3 27 - -
NEO 23.22 39.31 3.3 27 - -
NPSa 25.61 35.26 2.5 21 7.4 64
NVR 23.86 41.35 4.8 40 - -
PENT 23.96 38.04 4.5 37 - -
PLG 23.45 40.37 3.7 30 - -
RLSa 21.47 38.06 3 25 8 69.5
RODO 28.02 36.08 3 25 5.5 46
SAMO 26.83 37.7 3.5 28.5 - -
SANT 25.45 36.37 4.2 34.5 11.1 99
SKDa 23.92 35.41 4 33 7.2 62
SKIR 24.57 38.85 3.2 26 - -
SKOP 23.74 39.11 3 25 - -
THES 22.96 40.63 3.6 29.5 - 100
VAMa 24.2 35.41 4 33 7.3 63
VELI 22.94 36.71 3.3 27 7.2 62
VLS 20.59 38.18 3.4 28 4.5 36.5
ZKRa 26.31 35.11 3.1 25.5 6.2 52

aNo observed positive Ps Moho conversion, the delay times of Moho
conversions are inferred from S receiver functions.
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The second set consists of three profiles perpendicular to the
Hellenic trench (Figures 8d–8f ). Individual S receiver
functions are considered in the data bands of 1.25� at each
side of the profiles and sorted by the latitude of their
piercing points at 80 km depth. A 4 s low-pass filter is
applied to the data. Although they are much noisier than
stacked data, they allow a more detailed image of the
geometry of the Aegean Moho and of the subducting slab.
The traces in Figure 8 are plotted in trace spacing. That
means all traces are equally spaced in the sequence of their
latitude, but not in a linear scale. This is a good technique
for screening all individual traces and for detecting phases
correlatable over larger distances. In order to obtain sections
with a linear latitude-scale, traces must be binned. We

divide the region into 39 boxes (see also Figure 7) and a
stacked S receiver function is computed for each box from
all individual S receiver functions (Figure 8) whose piercing
point (at 80 km) fell into the respective box. It is important
to note that the 80 km deep piercing point is not appropriate
for deeper phases with later arrival times (�15–20 s).
Therefore, for the northern Aegean and mainland Greece,
the data are also sorted with piercing points at 200 km depth
in the same boxes. However, no considerable difference is
observed in the arrival times of the seismic phases beneath
the northern part of the area if we use piercing points at
200 km depth. In Figure 9, stacked S receiver functions
computed for each box (see Figure 7) are shown along
profiles DD1-FF1 (see Figures 8d–8f). The stacking method
enhances the conversions and reduces the error of the depth
determination by averaging the information of many single
traces within each box. Note that the African Moho obtained
by stacked data in Figure 9 is similar to that obtained from
individual traces in Figures 8d–8f.

3.3. Moho Topography of the Subducting African Plate

[25] Figure 10 shows a map of the topography of the
African Moho derived from our data. This map combines
results from P and S receiver function techniques. Along the
Hellenic arc, results from stacked P receiver functions from
17 stations are used (data from Figure 4). The 17 station
locations are indicated by triangles in Figure 10. At larger
depths, where P receiver functions poorly resolve the
African Moho, stacked S receiver functions in the boxes
of Figure 7 are used to determine the times of the Moho
conversions (Figures 8 and 9). The centers of the boxes are
also marked in Figure 10 (white small points). Depths are
determined from delay times using the IASP91 reference
model [Kennett and Engdahl, 1991]. Because of the ab-
sence of a model covering the entire area, we preferred to
use a well known and frequently used global reference
model for the depth determination. The times and depths of
the African Moho at stations and boxes are given in Tables 1
and 2, respectively. The delay times in Tables 1 and 2 may
be used later with improved P and S velocity models to infer
depths. Future improved receiver function observations
might, for example, be able to resolve multiples, which
would be very helpful for determining Vp/Vs ratios
[Zhu and Kanamori, 2000]. In the following, we describe
the African Moho imaged by cross sections AA1-FF1

(Figure 8).
[26] In addition to the Sp conversion at the Aegean

Moho, which can be seen between 2.5 and 4 s along profile
AA1 (Figure 8a), we clearly observe the Moho of the
subducting African plate (labeled African Moho). This
phase can be traced from 6 s (�50 km deep) in the southern
Aegean to about 25 s (�220 km deep) in northern Greece.
Because of the lack of seismological stations in the Aegean
Sea this phase could only be imaged by P receiver functions
to 10 s beneath station SANT in the volcanic arc (see also
Figure 4). The subducted African lithosphere has been
imaged by tomography down to 600 km [Spakman et al.,
1988] and even to 1200 km [Bijwaard et al., 1998] beneath
northern Greece. Papazachos et al. [1995] also reported the
continuity of the African lithosphere up to northern Greece
by tomographic images, even though the deepest earth-

Figure 6. The 53 individual S receiver functions for
broadband station KRIS on Crete sorted by back azimuth.
The S receiver functions are plotted in reversed time and
reversed polarities to allow direct comparison with P
receiver functions. The arrows on the stacked trace (top)
show the average time of the Sp conversions generated by
the continental Aegean Moho, the oceanic Moho of the
subducted African plate and the lithosphere-asthenosphere
boundary, respectively.
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quakes are at depths of approximately 180 km in the eastern
part of the trench (see also Figure 1).
[27] Along profile AA1, the African Moho has a notice-

ably variable downgoing slope. It starts at low angle (�10�)
in the southern Aegean and becomes steeper under the
volcanic arc (�30�). It flattens out beneath the central
Aegean and then steepens again beneath northern Aegean
Sea and continental Greece. In the central part of the
Hellenic subduction zone (along profile BB1), the African
Moho is clearly deeper than in the eastern part. It can be
followed from 9 s in the southern Aegean to 23 s beneath
northern Greece. It also dips gradually at a low angle
(�10�) to the northern Aegean and becomes horizontal
toward mainland Greece. Beneath the western Peloponnesus
and western Greece (profile CC1), the African Moho is
shallow (delay time 5–6 s) and the arrival time of this
converted phase is very close to that of the Aegean Moho
converted phase. The phase at 5–6 s has generally been
interpreted as related to the Aegean Moho boundary at

45 km depth [e.g., Karagianni et al., 2002; van der Meijde
et al., 2003; Karagianni et al., 2005]. However, Figure 8c
indicates that the converted phase at 5 s beneath the
Peloponnesus is associated with the African Moho. The
African Moho is almost horizontal beneath the Peloponne-
sus, dips steeply (�45�) beneath the Gulf of Corinth and
flattens out under continental Greece. This result is also
consistent with the shallow seismicity recorded beneath the
Peloponnesus [Hatzfeld, 1989; Papazachos et al., 2000].
[28] It is interesting to note that all three S receiver

function profiles in Figures 8d–8f demonstrate a significant
Moho phase with positive amplitude in the forearc area,
while P receiver functions exhibit a reversed Moho velocity
contrast (see also Figure 4). Profile DD1 indicates a steeper
African Moho in the eastern part in comparison with other
parts of the arc. The continuity of the subducted plate up to
northern Greece is well illustrated in profile EE1. The
African Moho is also visible to about 25 s (�220 km)
along this profile. Spakman et al. [1988] showed the

Figure 7. Location of piercing points of P (blue crosses) and S (red crosses) receiver functions at 80 km
depth. Triangles denote stations. Because of the differing ray parameters for Ps and Sp conversions, the
Cretan Sea is well covered with S piercing points and so compliment the P receiver functions. The study
area is divided into 39 boxes that sample different geological formations relative to the positions of S
piercing points.
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existence of a subduction zone at a depth of about 600 km
under northern Greece along a similar profile. This might
imply that receiver functions can only image the shallow
dipping part of the slab down to 200 km in this region.
The slab depth along profile FF1 is consistent with that
from profile CC1. It shows a subhorizontal African Moho
beneath the Peloponnesus but increasing dip in the northern
Aegean Sea to a depth of about 220 km. A difference in
slope reported by the seismicity [Hatzfeld, 1989] and
tomographic images [Papazachos and Nolet, 1997] beneath
the Peloponnesus, and interpreted as a kink in the slab at a
depth of about 75–95 km, can also be clearly seen in our
cross section. Therefore the receiver functions confirm a
very shallow dipping slab (slope less than 10�) as far as
northern Greece that was mapped by Papazachos and Nolet

[1997] and, at shallower depth, proposed by Spakman et al.
[1993].
[29] The observed change in the slope of the African

Moho agrees with other geophysical observations. Tomo-
graphic results for this region [Papazachos and Nolet, 1997]
confirm the change in dip of the Moho for different parts of
the subducted African plate. Hatzfeld and Martin [1992],
Hatzfeld et al. [1993], and Papazachos et al. [2000] imaged
the Wadati-Benioff zone in this area and showed that it dips
at a shallower angle in the west compared to the east.
[30] On the basis of our results shown in Figure 10, the

slope of the African Moho changes laterally. Beneath the
Peloponnesus it is almost flat then steepens below the Gulf
of Corinth. Further east the African Moho has a moderate
dip from Crete to the north of the volcanic arc, but is almost
flat beneath the north central Aegean and northernmost
Greece. Observed steeper slope of the African Moho

Figure 8. Imaged structures deduced from individual S receiver functions along S-N trending profiles
AA1-CC1 and profiles DD1-FF1 orientated perpendicular to the trench. The individual S receiver
functions are considered in the data bands of 1.25� at each side of the profiles and sorted by the latitude of
their piercing points at 80 km depth (see also Figure 7). They are filtered with a low-pass filter of 4 s. The
converted phases are denoted by red dashed lines. The first arriving converted phase (labeled Aegean
Moho) is related to the continental Aegean Moho and the second to the subducting African Moho
(labeled African Moho). (a) Individual S receiver functions sorted by latitude of S piercing points at
80 km along profile AA1. The Aegean Moho and the downgoing African Moho are well imaged up to
northern Greece. (b) Same for profile BB1 located in the middle part of the Hellenic arc. (c) Same for
profile CC1 located in the Peloponnesus, west of the Hellenic arc. The downgoing African Moho is
reliably observed at �5 s delay time under the Peloponnesus. (d) Individual S receiver functions along
profile DD1 in the eastern part of the Hellenic arc. (e) Same for profile EE1 in the middle part of the arc,
which crosses the central Crete. (f ) Same for profile FF1 in the western part of the Hellenic arc. The
subducting African Moho is well imaged up to continental Greece. The southern part of the African
Moho along profile FF1 is imaged shallower than along profiles DD1 and EE1.
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beneath the eastern part of the arc where the deepest
earthquakes are located (see Figure 1) suggests a faster
sinking of the African plate beneath the eastern part rather
than the western part of the arc. This is consistent with GPS
measurements showing a trenchward motion of 10 mm/yr in
the southeastern part of the Aegean relative to the southern
Aegean [McClusky et al., 2000].
[31] The depth of the slab (Figure 10) is shallowest

(�40–60 km) under the western Peloponnesus, southern
Crete and southeast of Rhodes, but its depth increases to
160 km under the volcanic arc. Beneath the northern
Aegean and northern Greece, it is continuous and roughly
horizontal at a depth of 200–220 km. Tomographic results
[Spakman et al., 1988, 1993; Papazachos et al., 1995] show
that the subducting slab must extend as far north as the
northern Greek border. Therefore it seems that the northern
part of the slab is aseismic. Wortel [1982] and Hatzfeld
[1994] demonstrated that reheating of a downgoing slab can
affect its rheological properties and limit, if not suppress
seismicity.
[32] Hypocenter isodepths of 20, 100, and 170 km in the

Hellenic arc provided by Papazachos et al. [2000] using
data from several temporary networks in the southern
Aegean are also denoted in Figure 10. Taking the errors
introduced by longer period S receiver functions as well as
velocity model (�5–10 km) into account, the earthquake
depths are in good agreement with the Moho depths.
Furthermore, the African Moho seems to be continuous
and flat beneath the northern part of the region suggesting
that the subduction was more linear when it started. This
supports the idea that the trench has migrated from the

northern Aegean to its present position since Eocene
[De Jonge et al., 1993]. In addition, the clear continuation
of the African Moho from west to east down to a depth of
200 km in our data rules out a possible vertical tear in the
slab beneath the Aegean as suggested by Sorel et al. [1988].

3.4. Lithosphere-Asthenosphere Boundary of the
Aegean and African Plates

[33] Understanding the lithospheric structure is a prereq-
uisite for deciphering the plate tectonics history and the
mode of thinning in the Aegean region. Here we provide,
for the first time, an image of the lithosphere-asthenosphere
boundary (LAB) beneath the Aegean using S receiver
functions. In Figure 9 a clear negative phase (shown in
black) at �12–25 s is identified as a conversion from the
lithosphere-asthenosphere boundary. The negative phase at
delay time �17 s along the northern parts of profiles DD1

(box 24-35), EE1 (box 23-39) and FF1 (box 28-39) is the
LAB of the continental Aegean plate (labeled Aegean LAB
in Figure 9). The negative phase at delay time 12 s at the
southern end of profiles DD1 and EE1, which become
increasingly delayed to �23 s in the central parts of profiles
DD1 and EE1, is the LAB of the subducting African plate
(labeled African LAB). However, this phase arrives at
nearly the same time as the Aegean LAB phase along
profile FF1. We converted the delay times of this negative
phase to depth using the IASP91 reference model and
plotted these depths in Figure 11. Delay times and depth
values of the African and Aegean LAB are given in Table 2.
Beneath the island and Sea of Crete the LAB is at �100 km
depth but deepens to �225 km beneath the central Aegean.

Figure 8. (continued)
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Further north, beneath Greece, the LAB is about 150 km.
We interpret the deepening of the LAB from �100 km in
the southern Aegean to �225 km in the central Aegean
as the subduction of the oceanic African lithosphere beneath
the Aegean plate. We also interpret the strong horizontal
negative phase at about 17 s (at about 150 km depth) above
the African Moho phase in mainland Greece as an S-to-P

conversion from the continental Aegean lithosphere (Eur-
asian lithosphere).
[34] Thus it seems that the African lithosphere is thinner

than the Aegean (Eurasian) lithosphere (150 km) where we
have information. However, we do not have detailed infor-
mation on the thickness of the Aegean lithosphere beneath
the Sea of Crete, which experienced the most important
primary stretching. Concerning the Eurasian lithosphere, there

Figure 9. Location of the boundaries estimated from stacked S receiver functions, box by box, along
profiles DD1-FF1 (Figures 8d–8f). The box number and number of S receiver functions for each box are
indicated below and above each trace, respectively. Negative amplitudes of S receiver functions (in black)
show a velocity decrease with depth. Different types of lines are used to indicate the African Moho (thin
dashed), continental (dotted) and oceanic (thick dashed) LAB. (top) Stacked S receiver functions along
profile DD1 located in the eastern part of the Hellenic arc showing a clear negative phase interpreted as
the LAB. The continuation of this boundary is poorly imaged beneath the northern Aegean, due to the
absence of piercing points (see Figure 7). Under continental Greece, this negative phase is interpreted as
the continental Aegean LAB, which occurs at a shallower depth. The African Moho phases observed in
Figure 8 are shown by the thin dashed line and follow the deepening of the African LAB. (middle) Same
as Figure 9 (top) but along profile EE1 in the middle part of the Hellenic arc. Both profiles DD1 and EE1

show the continental Aegean LAB at �17 s, while the oceanic African LAB is dipping from 12 s to 25 s.
(bottom) Same as Figure 9 (top) but along profile FF1 in mainland Greece. Note that the African LAB is
at 17 s.
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is no large variation in thickness from continental Greece to
the northern Aegean Sea in spite of the large metamorphic
core complexes presented in the northern Aegean Sea.
[35] The difference in LAB depth is therefore consistent

with a localized stretching process, affecting mostly the
southern area of the Aegean, and significantly differs from
the present-day stretching rate, which is highest in the
northern Aegean Sea. Furthermore, the LAB depth map
implies that the lithosphere may not significantly have been
involved in the stretching process. The average thickness of
the lithosphere in the Mediterranean has been estimated to
be 90 km for the Eurasian plate [Papazachos, 1969; Payo,
1967, 1969], although Calcagnile et al. [1982] showed that

the Eurasian lithosphere-asthenosphere boundary undulates
between 90 and 120 km. According to the error introduced
by the selected reference velocity model (�10 km), our
results are consistent with those of other studies in this area.
Our observations also imply a thickness of 60–65 km for
the subducted African lithosphere underneath the Aegean
region.

3.5. Aegean Crust

3.5.1. Does a Reversed Moho Contrast Exist in the
Forearc?
[36] The S receiver function sections (Figures 8 and 9)

show a normal Aegean Moho contrast (i.e., positive ampli-

Figure 10. Depth of the African Moho obtained from both P and S receiver functions. Depth values
beneath stations represented by triangles are computed using P receiver functions (see also Figure 4).
Depth values for other parts of the area are obtained from stacked S receiver functions, box by box (see
also Figures 7 and 9). Centers of boxes are shown with small white points. White boxes indicate areas
where not enough S piercing points are available. Dashed lines indicate hypocenter isodepths shown for
20, 100, and 170 km and are taken from Papazachos et al. [2000].
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tude) in the forearc, whereas the P receiver functions at the
same sites show a reversed velocity contrast (i.e., negative
amplitude) (Figure 4). Such a reversal of sign for the Moho
conversion has been previously observed by Bostock et al.
[2002] beneath the Cascadia subduction zone. To obtain a
complete picture and examine the origin of the negative
amplitude Ps Moho conversion at the forearc stations, we
selected and compared P and S receiver functions recorded
at four stations (Figure 12); three of them are located in the
forearc (SKD, IDI, NPS) and one in continental Greece
(PLG). We stack P and S receiver functions and apply a
band-pass filter of 4–20 s (Figure 12).
[37] On both the Ps and Sp plots, the bold vector indicates

the converted phase from the continental Aegean Moho and
the thin vector shows the converted phase from the sub-
ducted African Moho. There are no conversions with clear
positive amplitude from the Aegean Moho in the P receiver
function data at the three forearc stations. Instead, strong
converted phases with negative amplitudes appear at delay
times of 3–4 s (marked with the bold vectors). Three
explanations have been given for the negative amplitude

Ps receiver function Moho conversions recorded in Crete.
Knapmeyer and Harjes [2000] interpret the weak negative
signal recorded in western Crete as due to a thick fossil
accretionary wedge. Li et al. [2003] interpret the negative
phase recorded in western and northern central Crete as a
reversed Moho velocity contrast caused by a large amount
of serpentinite in the mantle wedge. Finally, Endrun et al.
[2005] conclude that significant Moho topography can
provide inverted Moho phases in the forearc.
[38] Considering the results from both the P and S

receiver functions, we can discriminate between these
different models. Although the Moho converted phases in
Figure 12 reveal different polarities for P and S receiver
functions at stations located in the forearc, the conversions
have the same polarity and arrival time at the station located
on mainland Greece. We consider three different crust-
mantle contrasts [Hacker et al., 2003] and calculate their
corresponding Ps and Sp conversion coefficients (Figure 13).
A normal crust overlain by 100% peridotite uppermost
mantle shows a positive Ps and a negative Sp conversion
coefficient. If the uppermost mantle contains 30% serpen-
tinite, Ps conversion coefficients tend to have smaller

Table 2. Box Number, Coordinate of the Box Center, Measured

Delay Times of Sp Conversions From the African Moho and the

LAB as Well as Their Calculated Depths

Box Longitude Latitude

African Moho LAB

Time, s Depth, km Time, s Depth, km

1 24.8 34.7 6 50.5 12.5 112.5
2 25.15 34.7 6 50.5 11.3 102
3 24.7 35.3 7 60 13.5 121.5
4 25.7 35.25 7.5 64.5 12 108
5 26.5 35 8 69.5 14 126
7 24.75 35.75 10.5 93 12.4 112
8 25.5 35.75 9 79 13.5 121.5
9 26.25 35.7 8 69.5 13.5 121.5
10 24.1 36.15 9 79 12 108
11 24.9 36.1 11 98 13 117
12 26.3 36.25 11 98 14 126
13 26.8 36.25 11 98 12.5 112.5
14 24.2 36.8 13 117 17.5 157.5
15 25.4 36.6 13 117 16.5 148.5
16 26 36.9 15 136 19.5 175.5
17 27 36.75 13.5 122 19 171
18 28.75 36.75 - - 15 135
19 23.25 37.3 7.5 64.5 - -
20 24.9 37.25 16 145.5 21.5 193.5
21 25.25 37.1 18.5 169 25 225
22 26.4 37.4 16 145.5 20 180
23 24.6 37.8 16.5 150 19 171
24 25.75 37.65 18.5 169 19.5 175.5
25 22 37.6 5.5 46 19 171
26 21 38.6 17 155 22 198
27 22 38.5 13 117 17.5 157.5
28 24 38.5 22 202 18 162
29 27.4 38.2 19 174 12 108
30 21.75 39.5 22 202 17 153
31 22.4 39.4 20 183 17 153
32 23.8 39.8 22 202 19 171
33 26.8 39.8 21 192.5 17.5 157.5
34 20.25 40.2 23 211 20 180
35 22.4 40.8 24 220 18.5 166.5
36 24 40.8 - - 18.5 166.5
37 25.9 40.25 24 220 17 153
38 24.5 41.7 22.5 206.5 19 171
39 26.2 41.7 24 220 19 171

Table 3. Box Number, Coordinate of the Box Center, Measured

Delay Times of Sp Conversions From the Aegean Moho and Their

Inferred Depths

Box Longitude Latitude

Aegean Moho

Time, s Depth, km

1 24.3 34.7 3 25
2 24.2 35.2 2.6 2
3 24.7 35.2 - -
4 25.25 35.25 3.5 28.5
5 25.6 35.2 2.5 21
6 25.8 35.2 2.8 23
7 26.25 35.25 3.1 25.5
8 24.25 35.6 2 17
9 25.15 35.6 3 25
10 25.2 36.25 3 25
11 25.75 36.2 2.5 21
12 28.3 36.25 2.7 22
13 23.2 36.7 2.7 22
14 24.25 36.75 3 25
15 24.65 36.75 4 33
16 25.2 36.65 3 25
17 25.8 36.8 2.8 23
18 26.7 36.6 3.4 28
19 22.2 37.25 3.5 28.5
20 24.7 37.25 3.5 28.5
21 25.5 37.2 3 25
22 20.7 38.2 4.5 37
23 21.7 38 3 25
24 23.8 38 3.4 28
25 25.5 37.65 3 25
26 27 37.75 3.4 28
27 22 39 3.7 30
28 23.2 38.7 3.4 28
29 23.4 39.4 3.5 28.5
30 26.5 39.25 3.4 28
31 20 39.75 3.9 32
32 21 39.75 3.7 30
33 25.4 40 3.5 28.5
34 22 40.4 3.7 30
35 23.7 40.35 3.5 28.5
36 24 41.25 4 33
37 25.7 41.25 3.5 28.5
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values, while those of Sp increase. However, for a com-
pletely serpentinized uppermost mantle the values of the
conversion coefficients are reversed. Ps conversion coeffi-
cients become negative and those of Sp are positive.
Therefore a large amount of serpentinite (larger than 30%)
can provide a negative Ps conversion coefficient leading to
a negative amplitude Ps conversion in the forearc. We
conclude from our calculations, in contrast to Knapmeyer
and Harjes [2000] and Endrun et al. [2005], and in
agreement with Li et al. [2003], that greater than 30%
serpentinization (�50%) in the forearc upper mantle could
result in a negative amplitude P-to-S conversion, while the
S-to-P conversion coefficient remains negative.
3.5.2. Topography of the Aegean Moho
[39] We complement the Aegean Moho depth values

obtained from P receiver functions (Table 1 and Figure 4)
with stacked S receiver functions. Figure 14 shows the
distribution of Sp piercing points at 30 km depth (the
average depth of the Aegean Moho). By combining both
the P and S receiver function results, we can construct a
more detailed map of Moho depths for the Aegean area. The
Moho depths are evaluated by converting the delay time of
the Sp phases into depth using a crustal Vp velocity of
6.2 km/s and a Vp/Vs ratio of 1.73 (Table 3). First, we
verify that the Moho depths calculated from P receiver
functions beneath each station (Figure 4) agree with the
depths computed from stacked S receiver functions for each

box encompassing the station (see Figure 14). The time
differences between the estimated Ps and Sp converted
phases at the Aegean Moho boundary are generally less
than 0.4 s (�3 km) and reach 0.7 s (i.e., less than �6 km in
depth) only beneath northwestern Greece. This difference
can be caused by the longer period content of the S receiver
functions as well as their differing piercing points compared
to those of the P receiver functions. Therefore the differ-
ences observed between the P and S receiver function Moho
conversions are within the expected uncertainties (�5 km).
Second, we build a Moho depth map using a relatively
homogeneous set of P and S receiver functions measure-
ments. For all stations in the back arc area, we use the
Aegean Moho depths calculated from P receiver functions
because they are clear and more precise (error �1.5–2 km).
For stations in the forearc region, where no positive Ps
converted Moho phase could be determined, we use S
receiver functions (error �5 km). Because of the wider
lateral distribution of piercing points for the S receiver
functions compared to those of P receiver functions as well
as the overlap of S piercing points between neighbor
stations (Figure 14), we have improved coverage between
stations.
[40] Because of the sparseness of the data recorded at

station PENT (24 events) and the large difference in the
computed Moho depth relative to its neighboring station
ATH (see Figure 1 for station location) and to that computed

Figure 11. LAB depth map obtained from S receiver function analysis in the Aegean. Time has been
converted to depth using the IASP91 reference model. The values are given in Table 2. On the basis of
our results, the heavy red line indicates the boundary separating the observed continental Aegean
lithosphere from the oceanic African lithosphere.
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from S receiver functions in box 24 (see Figure 14), the
depth estimate from this station is not used in the Moho map
(see also Table 1). For stations MILO and SANT, located on
the volcanic islands in the Cyclades region (Figure 1), we
observe two similar stable, coherent conversion phases at
about 2.5 and 4.5 s (i.e., �20 and 36 km) in the P receiver
functions that arrive within the expected Moho delay time
(Figure 15). The observed S receiver functions from box 15
(see Figure 14) including MILO shows a Moho depth of
33 km (�4 s). Therefore we interpret the second phase in
the P receiver functions as the Aegean Moho conversion,
which reveals a larger amplitude for station SANT. We
suspect that the first phase is due to multiple scattering from
sediment and upper crustal layers that are commonly
present under volcanic islands. Our result confirms the
recent work of Zhu et al. [2006], which indicates a Moho
depth of 33 km at station SANT. Li et al. [2003] observed
significant energy on the transverse component at station
SANT, which correlates well with the converted Moho
phase at 4.2 s on the radial component. They interpreted
this observation as due to an anisotropic crustal structure.

They also showed that the boundary at 25 km depth may be
related to the Moho of the Aegean subplate which overlies a
thinned remnant of the Cretan microcontinent whose Moho
is located at 34 km depth.
[41] Our Aegean Moho depth results are summarized in

Figure 16, where all Moho depth estimates are obtained
from both P and S receiver functions (Tables 1 and 3). We
complemented our results with Moho depth estimates from
three stations in Turkey [Saunders et al., 1998]. Further-
more, we have no information on the crustal thickness
beneath the central Peloponnesus, which according to
geology and gravity anomaly is probably thicker than that
of the margin. Therefore we complement our results in this
area using the Moho depth values computed by Tiberi et al.
[2001].
[42] Beneath western Greece the crust is 32–40 km thick.

This thick crust is related to isostatic compensation of the
Hellenides mountains beneath western part of Greece. Our
estimate of the crustal thickness is less than previous studies
for this region, where depths were indicated to be�40–46 km
[Makris, 1976; Ligdas and Lees, 1993; Papazachos, 1998;

Figure 12. Comparison of P and S receiver functions for 4 selected stations in order to check their
compatibility. (a) Stacked P receiver functions show notable negative conversions (bold arrows) at the
expected Aegean Moho conversion times at stations in the forearc. This conversion is positive at station
PLG on mainland Greece. The interpreted African Moho phase is indicated with thin arrows. (b) Stacked
S receiver functions show clear positive conversions at the expected Aegean Moho conversion times for
all selected stations. Both types of receiver functions show positive amplitudes for all African Moho
phases. Differences in arrival times of the African Moho phases result from the differing lateral locations
of the P and S piercing points (see Figure 7).
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Figure 13. Calculated Ps and Sp conversion coefficients as functions of P wave incidence angle (i) and
Swave incidence angle ( j), respectively for different models of uppermost mantle materials. (a) Conversion
coefficients for a normal crust overlain by 100% peridotite uppermost mantle, (b) uppermost mantle
consisting of 30% serpentinite, and (c) completely serpentinized uppermost mantle. Note that in
Figure 13c, the values are reversed and Ps conversion coefficients are no longer positive.

Figure 14. Distribution of Sp conversion points at 30 km depth. The study area is divided into 37 boxes
with respect to the location of piercing points at 30 km. The stacked S receiver functions obtained from
each box are used to compute the Aegean Moho depth values.
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Tiberi et al., 2000; Karagianni et al., 2002, 2005]. How-
ever, these estimates of the Moho depth come from refrac-
tion profiles, tomography results and gravity anomalies,
which are not appropriate to accurately determine the depth
of structural interfaces. On the basis of our results, there is a
clear thinning from 40 km at FLOR (see Figure 1 for station
location) in the north to 33 km at EVR located in the south
and 28 km at JAN located in the western part of Greece.
This suggests that the crust is thicker in the center of the
Epirus mountains compared to other parts of this area.
[43] Along the west and north coasts of the Aegean Sea,

the crust thins to 28–30 km, consistent with the result of
Makris [1978] for the region of Evia. This thin crust is
likely due to the extensional tectonics that affected the
whole Aegean and adjacent parts of Greece since the
Oligocene time (�30 Myr) as a result of the Hellenic slab
southward retreat [e.g., Gautier and Brun, 1994]. In the
northern Aegean, a region that has undergone crustal
extension since the Eocene, the crust is approximately
25–28 km thick. Traveltime [Papazachos, 1998] and S wave
velocity [Karagianni et al., 2005] tomographic studies also
show a relatively thin crust in this area (26–32 km). Wide-
angle reflection profiles, conducted in the Sporades Basin
(near station SKOP, see Figure 1) show a Moho depth at
about 25 km [Vigner, 2002]. Beneath the southern Aegean
Basin, we observe a very thin crust of about 20–22 km
reaching a maximum of 26 km eastward. These results are
in good agreement with Moho depths obtained from
seismic profiles [Makris, 1978; Bohnhoff et al., 2001],
shear wave velocity tomography [Karagianni et al.,
2005] and receiver function analysis [van der Meijde et
al., 2003] for this region. This indicates significant thin-
ning of the crust within this area compared to the northern
Aegean area. The contrast between the large-scale present-
day thinning associated with the North Aegean Trough, the
region with the highest present-day strain rate computed
from GPS measurements, and the total thinning inferred
from our crustal thickness is consistent with the recent
evolution in the geodynamics of the Aegean. This may also
imply that if the extension started near the Hellenic trench
(the Sea of Crete) during earlier time, it moved away from
the trench at roughly the same time as the Hellenic
subduction moved southward.
[44] A 26–30 km thick crust is observed beneath the

central Aegean across the Cyclades region. This is consis-
tent with earlier refraction data [Makris, 1978; Vigner, 2002]
for this region, which indicated a Moho depth of about
28 km. This thicker crust may suggest that the Cyclades act
as a rigid block and hence was not affected by the second
episode of the extension, which is mostly concentrated in
the northern Aegean Sea [Tirel et al., 2004]. However, the
crustal thickness displays a sudden thickening beneath
stations MILO and SANT on the volcanic islands where
the Moho is 36 and 34 km deep, respectively. This thick-
ening is only related to volcanic islands and does not
indicate any relationship with the extensional processes
occurring in this area. From our observations we conclude
that the average crustal thickness beneath western and
central Crete is 30 km and thins to 21–25 km under the
eastern part of this island. Our results are in good agreement
with the previous results inferred by Makris [1978] and
Bohnhoff et al. [2001] but cannot confirm the results

Figure 15. Individual P receiver functions for two stations
located on the volcanic islands of Cyclades region, sorted
by back azimuth (right legend). The P onset is fixed at zero
time. (a) Receiver functions for MILO shows two phases at
2.5 and 4.4 s delay time (labeled 1 and 2, respectively),
which give depths of 21 and 36 km, respectively.
(b) Receiver functions for SANT show two stable phases
at 2.4 and 4.2 s, giving the depths of 19.5 and 34.5 km,
respectively. Moho depth obtained from S receiver func-
tions for box 15 (Table 3) including MILO shows a depth of
33 km (�4 s). Thus the phase labeled with 2 is interpreted
as the conversion phase from the Aegean Moho.
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obtained by Li et al. [2003] beneath the western part of this
island. The difference in the crustal thickness below Crete
could be related to the large discontinuity at the surface
associated with the Messara basin that results from an horst
and graben system that evolved during the Miocene time
[Meulenkamp et al., 1988].
[45] On the basis of our results, we infer a thinner crust

than previously proposed for the unstretched crust of
mainland Greece (32–40 km), and therefore suggest a
stretching factor of 20–25% in the northern Aegean and
40–45% in the Cretan Sea. We also find, contrary to
previous studies [Makris, 1978; Angelier et al., 1982], that
low to moderate extension has occurred across the entire
Aegean region, which is not restricted only to the Sea of
Crete. For the Aegean Sea, our Moho map fits well with
gravity anomalies inferred by Tsokas and Hansen [1997]
and Tirel et al. [2004]. However, our Moho map is smoother
than what would be expected from surface observations of
the topography [Mascle and Martin, 1990]. Our Moho

estimates reliably show that the continental crust along the
Hellenides mountains in the Peloponnesus and Crete has
also been partly affected by the extensional processes
occurring in the Aegean, consistent with the GPS results
in the southern Aegean [McClusky et al., 2000]. We do not
observe a NE-SW trend associated with the North Aegean
Trough as suggested by the gravity map of Tirel et al.
[2004]. Indeed, our observations are not very dense (we
have measurements only in a few islands) and therefore
observe only a smooth Moho topography. Even though this
may indicate that the North Aegean Trough is only a
superficial feature and does not significantly affect the
deeper part of the crust as expected for a lithospheric
transtensional fault.
[46] Finally, we suggest that the Moho topography is

relatively smooth (25–29 km) in the northern and central
Aegean Sea. Large extension in the continental area can
result in metamorphic core complexes that are exhumed to
the surface from the lower ductile crust. This is the case in

Figure 16. Aegean Moho depth map (in km) obtained from P and S receiver functions. The Moho
depth values of three stations in Turkey and one station in the central Peloponnesus are taken from
Saunders et al. [1998] and Tiberi et al. [2001], respectively. The Moho depth values are listed in Tables 1
and 3.
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the Aegean [e.g., Gautier and Brun, 1994], even though the
mechanism of exhumation is still disputed. The Moho
topography of the Basin and Range province (another area
experiencing large extension) is rather flat [Gans, 1987],
supporting a model where the lower crust flows to accom-
modate extension and yield a smooth Moho topography. In
the Aegean, our results also show little topography (less
than 4 km except beneath the volcanic islands), whereas
tectonic observations suggest a larger variability of stretch-
ing. This variation is two times less than that proposed by
Zhu et al. [2006] and, therefore shows a smaller difference
in the viscosity of the lower crust between the Basin and
Range province and the Aegean area. On the basis of our
results, the Aegean and the Basin and Range province show
similar variation in Moho topography and so suggests
similar mechanical properties for the lower crust.

4. Conclusions

[47] By combining P and S receiver function observations
we have obtained a dense seismic sampling of the Aegean
Sea and the surrounding regions. We observe a crustal
thinning from 38–40 km in western Greece to 28–30 km
in the northern and eastern coasts of the Aegean to 25–28 km
in the northern Aegean Sea. The discrepancy between the
present-day strain rate located mostly in the northern
Aegean Sea and the greatest crustal thinning observed
beneath the southern Aegean Sea (crustal thickness of
20–22 km) confirms that the present-day kinematic pattern
is new. Furthermore, a crustal thickness of 26–30 km
beneath the Cyclades in the central Aegean Sea supports
this idea, that the second episode of the crustal thinning has
not significantly affected this area. The relatively constant
Moho depth observed in the northern and central Aegean
across the metamorphic complex area suggests that the
lower ductile crust compensates the stretching of the upper
crust. Observation of the reversed Moho velocity contrast
obtained from P receiver functions at forearc stations (Crete,
Peloponnesus, Rhodes) indicates serpentinization (�50%)
in the mantle wedge of the overriding Aegean plate and is
responsible for the reversed sign of the P-to-S conversion
coefficient. We found different crustal thicknesses beneath
Crete (21–25 km in the east and 30–33 km in the west) and
estimate a crustal thickness of 25–28 km beneath the
margin of the Peloponnesus.
[48] A high-resolution image of the Hellenic subduction

zone demonstrates the penetration of the Moho of the
subducting African plate from the Hellenic trench to north-
ern Greece at depths between 40 and 220 km. The shape of
the African Moho is coherent with the intermediate seis-
micity and shows a shallow dip beneath the western
Peloponnesus, which becomes steeper beneath Crete and
southeast of Rhodes. On the basis of our S receiver
functions, the lithosphere-asthenosphere boundary of the
subducting African plate is at 100 km depth beneath the
southern part of the Aegean region and dips beneath
the volcanic arc to a depth of about 225 km and therefore
implies a thickness of 60–65 km for the subducted African
lithosphere. Beneath western and northern Greece as well as
in the northern Aegean Sea, the continental Aegean litho-
sphere lies above the downgoing African Moho and is
observed at about 150 km depth. The thick Eurasian

lithosphere, which seems to be smooth across continental
Greece and the northern Aegean Sea, suggests that the crust
was significantly more involved in the stretching process
than the lithosphere. This is associated with the metamor-
phic core complexes evidenced in the northern Aegean and
Cyclades islands.
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