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Crustal and upper mantle structure beneath
the Corinth rift (Greece) from a teleseismic
tomography study

Christel Tiberi,!? Hélene Lyon-Caen,* Denis Hatzfeld,* Ulrich Achauer,’
E. Karagianni,® A. Kiratzi,° E. Louvari,® D. Panagiotopoulos,® 1. Kassaras,”
G. Kaviris,” K. Makropoulos,” and P. Papadimitriou”

Abstract. We report here the results of a tomographic lithospheric study in the area of
the Corinth and Evvia rifts (Greece), designed to constrain the mechanism of continental
extension. Sixty seismological stations were deployed in the area for a period of 6 months,
and 177 teleseismic events were recorded by more than five stations and gave more than
2000 travel time residuals (P and PKP phases), which were inverted to image the velocity
structure down to 200 km depth. We use both a linear and a nonlinear method to invert
the data set. The main result is a long-wavelength positive velocity anomaly located in the
upper mantle, which is interpreted as the subducted African lithosphere. The subducted
lithosphere is well defined from ~70 km depth down to 200 km. From synthetic tests
as well as from the amplitude of the anomaly (more than +7%) we conclude that the
subduction continues below 200 km. In addition, a second positive velocity anomaly of
about +4% from the surface down to 40 km depth, located north of the Gulf of Corinth,
has been found. This is interpreted as the result of a crustal thinning of several kilometers
(~5 km), shifted to the north from the Gulf of Corinth and trending obliquily NW-SE. We
suggest that this crustal thinning is mainly related to the Miocene widespread extension
in the Aegean and that the Quaternary Corinth rift initiated where the crust was already
thinned. The different styles of deformation of the eastern and western part of the rift are
consistent with this interpretation. No clear velocity anomaly can be related to the Evvia

rift.

1. Introduction

It has long been recognized that the Aegean is one of
the most active continental extensional regions in the world
le.g., McKenzie, 1978a; Le Pichon und Angelier, 1979; Rob-
erts and Jackson, 1991]. Owing to its relative small dimen-
sions and 1o the accessibility of the extensional structures,
numerous geophysical and geological observables are avail-
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able in this area. It is thus a key place to study the processes
mvolved in continental extenston.

The Aegean is located in the western part ol the Mediter-
ranean region (Figure 1), where the African lithosphere con-
verges loward Eurasia with a rate of ~1 cm yr=* or less
[Argus et al., 1989; Noomen et al., 1996; McClusky et al.,
2000]. This convergence takes place along the Hellenic arc
[Taymaz et al., 1990], where the African slab subducts be-
neath the Aegean with a relative motion of ~3.5 cm yr™*.
This rate is due partly to the African-Eurasia convergence
motion (< lcm yr~!) and partly to the extension of the
whole Aegean region (~3 cm yr~!). This particular scheme
is probably the reason for the unusual shape of the subducted
African lithosphere: It is almost horizontal beneath the Pelo-
ponnissos and steepens rapidly beneath the Gulf of Corinth
[Hatzfeld et al., 1989; Papazachos et al., 2000].

The continental extension in the Aegean region was 1niti-
ated in Miocene time, probably by the gravitational collapse
of the Hellenides mountains [e.g., Le Pichon et al., 1995],
leading to widespread extension and crustal thinning in the
whole Aegean. At present, this extension, which appears to
be localized mostly in the northern part of the Aegean, oc-
curs at a rate of ~3 ¢cm yr~! in the SW direction [McClusky
et al., 2000]. It is probably preserved by both westward lat-
eral extrusion of the Anatolian block along the North Anato-
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Figure 1. Tectonic framework of the Aegean region. The ar-
rows indicate the direction of movement relative to Eurasia.
The velocities are from McClusky et al. [2000].

lian Fault (east of Aegean region) and a slab retreat effect of
the African lithosphere [Lundgren et al., 1998]. Part of the
Aegean extension is now concentrated on land in grabens lo-
cated at the eastern and western edges of the Aegean region,
in Turkey and in Greece [Armijo et al., 1996], as shown on
Figure 1. In this paper, we concentrate on two active struc-
tures that accommodate part of the Aegean deformation: the
Gulf of Corinth and the Gulf of Evvia.

Whereas the central Aegean is now below sea level, the
Gulf of Corinth is still an accessible rift edged by clear Qua-
ternary faults, with a high extensional rate (0.7-1.5 cm yr~!
[Clarke er al., 1997]) localized over a width of 10 to 20
km [Briole et al., 2000). This structure is an asymmetrical
half graben, the southern faults being more active than the
northern ones (Figure 2). The southern faults show a well-
organized en échelon system with Quaternary slip rates that
could reach 11 mm yr~! [Armijo et al., 1996]. Although the
observational period is not very long, there is some hint that
the western and eastern parts of the rift do not deform in the
same manner. In the east, fault plane solutions correspond
to 45°-50° dipping normal faults [Jackson et al., 1982; Tay-
maz et al., 1991], whereas normal faulting mechanisms with
shallow (< 30°) north dipping slip planes have been docu-
mented in the western part of the rift [Rietbrock et al., 1996;
Bernard et al., 1997]. The western part also corresponds to
the place where extension is the most rapid and localized.
Regarding the Evvia rift, although it is less active than the
Corinth rift [Roberts and Jackson, 1991] and presents an ex-
tension rate an order of magnitude smaller than that of the
Corinthrift [Clarke et al., 1998], it has quite similar tectonic
features. Armijo et al. [1996] deduced from this similarity
a periodic organization of the graben structures along the
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edges of the Aegean, which accommodates deformation of
the region (Figure 1).

Although a large amount of information is now available
for the upper crust in this area, the characteristics and mech-
anisms of extension at lithospheric scale for these two rifts
are poorly constrained. In general, modes of extension are
classified into pure shear modes [McKenzie, 1978b], or sim-
ple shear modes [Wernicke, 1985]. The pure shear involves a
uniform and symmetrical extension in the whole lithosphere,
whereas simple shear involves an asymmetrical extension lo-
calized along a lithospheric low-angle fault. Some authors
[e.g., Lister and Davis, 1989] propose an intermediate mode
of extension, where the low-angle normal faultis localized in
the upper crust and where pure shear is present in the lower
crust. As shown by Allemand and Brun [1991], for example,
a symmetrical extension can create asymmetrical structures
at the surface. It is thus very difficult to distinguish between
pure shear, simple shear, and intermediate mode by simply
observing the surficial structures.

Therefore lithospheric structures linked to the Corinth and
Evviarifts need to be better determined in order to shed light
on our understanding of the mechanisms of extension in this
region. For this purpose, a seismological experiment in the
region of the Corinth and Evvia rifts was conducted in 1996.
The extension of the array allowed to image the lithosphere
down to ~200 km.

We present here the results obtained from teleseismic
travel time tomography. First, the travel time residuals had
been inverted using the Aki, Christoffersson, and Husebye
(ACH) method [Aki et al., 1977] to obtain the lithospheric
structure down to 200 km depth. Second, these results were

STATIONS
HADES
TITAN
MINITITAN

® ¢ >

CEIS

Figure 2. Seismological network deployed during
Corinth96 experiment. Each type of station is represented
by a different symbol. The array was organized into two
main subparallel profiles (east profile in open symbols and
west profile in solid symbols). Shaded stations (center of the
array) were not used for the residual travel time curves but
were used in the inversion. Active normal faults are plotted
from Roberts and Jackson [1991], Rigo et al. [1996], and
Armijo et al. [1996].
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Figure 3. Azimuthal distribution of the 177 events selected
in this study in a projection centered on our network. Circles
represent P wave first arrivals, triangles represent PKP wave
first arrivals.

compared with those obtained by the nonlinear method of
Weiland et al. [1995]. In addition, we studied the possibility
of artefacts of the inversion due to network geometry, data
distribution, and 1maged structures, through a series ot syn-
thetic tests. Finally, a lithospheric image and a geodynami-
cal interpretation for the Corinth rift that takes into account
information from the teleseismic inversion as well as from
other seismological and tectlonic studies are proposed.

2. Data Analysis

2.1. Experiment

The temporary network deployed from June to December
1996 across the Corinth and Evvia rift system consisted of
60 portable stations installed at 44 different sites (Figure 2).
The stations were mainly deployed along two 180-km-fong
profiles, later on referred to as the eastern and western lines
(Figure 2), with an average spacing of ~10 km. During
the first half of the experiment, an additional 13 stations
were deployed covering the area in-between the two profiles.
The western profile was equipped with continuous recording
stations (Titan) equipped with three-component broadband
seismometers (CMG40-20s). The other sites were equipped
with event-triggered stations, of the type Hades (equipped
with three-component seismometers; Lennartz-5s), Miniti-
tan and Ceis (with one-component geophones; 2 s and 1 s,
respectively). All stations, except the Ceis, recorded GPS
time every hour, allowing for very good control of clock
drifts. The internal clock of Ceis stations was controlled by
an external Telecode receiver leading in general to a less con-
tinuous clock control. Ceis stations were installed 1n parallel
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with Titan stations on the western profile (Figure 2). This al-
lowed us to check the timing precision and to minimize data

loss due to enormous power consumption of Titan stations,
especially during the winter time. The sampling rate was ei-
ther 30 (Ceis, Minititan, Hades) or 60 (Titan) samples per
second.

We selected 177 teleseismic events that were recorded by
more than five stations with epicentral distances >30° and
magnitudes >5.0. The azimuthal distribution of the selected
events is shown on Figure 3. The azimuthal distribution is
quite good except toward south between 150° and 200° as
well as between 300° and 340°. These 177 events yielded
2319 phase pickings, 1748 clear P wave first arrivals and 571
PKP phases (PKPdf as well as PKPab and PKPbc). PKP
phases improve the range ot near-vertical incidence angles
and come mainly from the Pacific region (Vanuatu, Fidji)
in our case. After converting all waveforms to a common
instrumental response, data were filtered between 0.5 and
5 Hz, and phase pickings were performed using a multi-
channel cross-correlation method [Van Decar and Crosson,
1990]. We thus benefit from faster and more accurate pro-
cessing. Depending on the quality of the phase picking ob-
tained from the cross correlation and on the time correction
precision, a time uncertainty was assigned to each residual:
0.03 s for the best ones, 0.05 s for the fair ones, and 0.1 s for
the others.

2.2. Travel Time Residuals

Travel time residuals were computed relative to the
IASPI | model | Kennett and Engdahl, 19911, using the Pre-
liminary Determination ol Epicenters ot the U.S. Geological
Survey. Then, for each event, relative residuals with respect
to the mean of all stations were computed tn order to get
rid of errors induced by source mislocation, absolute time
uncertainty, and differences between the real Earth and stan-
dard model outside the target volume. Relative travel time
residuals allow us to check the data consistency and to give
a first qualitative estimatc of the depth, relative sign, and
wavelength of the anomalies. Figure 4 presents some exam-
ples of travel time residuals curves for different azimuths.
Residuals for events with roughly the same azimuth and epi-
central distance have been averaged at each station. For each
profile the stations were projected on a line passing through
the network and trending NE-SW. One can notice that the
error bars (associated to phase picking) are always smaller
than the global variations of the residuals curve, indicating
that the residuals are significant.

The main feature outlined on Figure 4 is a long-wavelength
anomaly of up to 1.5 s amplitude, which does not depend
much on the profile. Some short-wavelength features are
present, probably indicating some weak crustal anomalies,
and no particular feature could be clearly associated with
the Evvia Graben. The curves are quite similar, with a V
shape, and more or less symmetrical. It can thus be expected
that long-wavelength velocity anomalies exist perpendicular
to the direction of the profiles that do not change a lot be-
tween the two profiles. The V shape of the curves indicates a
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Figure 4. Example of residual travel time curves for various azimuths. The eastern profile is represented
as a solid line, the western profile is represented as a dashed line. Error bar in each top corner repre-
sents the average scattering of residuals over all the events, obtained from cross correlation. The number
of events used for each profile and the location of the Gulf of Corinth and the Evvia Graben are also

displayed.

high-velocity anomaly, which probably originates in the up-
per mantle, as the location of the minimum of the curve de-
pends on the azimuth (for western azimuths the curves lose
their V shape to decrease continuously: central and southern
Atlantic, Figure 4). The relative peak to peak amplitude of
the residuals ranges from 1 s to 1.5 s across 180 km. Such
residuals are very likely related to a long-wavelength high-
velocity structure in the upper mantle.

3. Inversion

The 2319 phase pickings were inverted for velocity per-
turbations using the ACH method [Aki et al., 1977], revised
by Evans and Achauer [1993]. This method (single step, lin-
ear) is particularly suitable for restricted regional networks
recording teleseisms. By using teleseismic events we only
consider the final part of the ray path, making the assump-
tion that the remaining part of the ray and associated possible
errors will be equally affected for all stations. Those error
terms can be removed by considering relative residuals. It
is thus assumed that the relative residuals express only those
heterogeneities located just beneath the array. The inversion
is carried out by linearizing the travel time integral into the
following matrix expression:

Gm =d, )
where G is the partial derivatives matrix, m is the vector
of the model parameters (unknown velocity perturbations),
and d is the vector containing the travel time residuals. The
damped least squares solution of (1) can be written as

m®! = [G'WG + 6°1]"'G'Wd, )
where W is a weighting matrix and #? is the damping pa-
rameter. One has to carefully choose the damping factor 62
so that there is neither overdamping of the model nor overfit-
ting of the noise. We fixed the value of #2 using the empiric
trade-off curve between the remaining residual variance af-
ter inversion and the squared model length. The optimal §2

0.050

0.045

0.040

Data variance (32)

0.035

0'03%.0 0.1 0.2 0.3

. 3 04
Squared model length

0.5

Figure 5. Trade-off curve between data variance after in-
version and the squared model length for different damping
parameters. A value of 30 s? was selected for this study.
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Table 1. Parameters of the Initial 1-D Model for ACH Method

Layer Vi, km/s? Thickness, km Blocks 1° Size 1, km Blocks 2° Size 2, km

1 5.56 10 - - - -

2 6.00 15 8 18 12 22
3 6.50 15 8 18 12 22
4 7.80 25 9 20 18 22
5 8.00 25 10 25 20 25
6 8.15 25 10 30 22 30
7 8.20 25 10 30 22 30
8 8.20 30 10 30 22 30
9 8.50 30 10 30 22 30

aMean P velocity for the whole layer.
PNumber of blocks 1n the main direction of the array.
¢Number ot blocks 1n the direction perpendicular to the array.

dSpecial first layer. one cone-shaped cell assigned to each station.

value can be found at the turning pomnt of the curve as the
best compromise between overdamping and noise domina-
tion. We estimate from Figure 5 that values between 30
and 90 s” seem a reasonable choice. Only small changes
in the velocity anomalies amplitude are induced; the loca-
tion and geometry of the anomalies remain constant. For
example, for #2=30 and 50 s* a maximum change of ~15%
is recorded on the maximum velocity anomalies in poorly
resolved areas. We take 0°=30 s for this study.

The mitial one-dimensional (1-D) model is composed ol
scvetal homogencous velocity layers divided into regular
blocks. Blocks crossed by <10 rays were not verted. The
first layer 1s treated 1 a special way [Evans and Achauer,
1993]. In this lTaycer, nonoverlapping cones are assigned (0
each station to account tor the fact that rays hardly overlap
in the first kilometers. The initial model used n this study
is listed 1n Table 1, while Table 2 displays the main parame-
ters of the inversion. Velocities in Table | were chosen from
previous studies n the region | Papazachos et al., 1995; Rigo
etal., 1996]. The crust 1s represented by the first three layers
of the model, the Moho being at 40 ki depth.

We have tested the eftect of the imtial model by modify-
ing the width, height, and the mitial velocity of the layers, as
well as the Moho depth. However, none of those changes
significantly modified the result. The depth range ol the
iversion 1s commonly 2/3 to about the length of the array
aperture, depending on the structures and the data |Evans

Table 2. Inversion Parameters for the ACH Method

Parameter Value
Number of blocks 1497
Number ot inverted blocks 419
Damping factor, s° 30
Initial data variance, 2 0.25
Data variance after inversion, s> 0.04
Variance improvement, % 85

and Achauer, 1993]. Although the aperture of our array is
~180 km, we attempted to invert down to 200 km depth
because we expect long-wavelength structures in the upper
mantle.

The selected parameters for this study result in a data vari-
ance improvement of 85% (Table 2). Results of the inversion
are expressed in terms of velocity perturbations relative to a
lateral homogeneous model. To avoid block limits artetacts,
the offset-average smoothing method as described by Evans
and Zucca [1988] was applied. This type of smoothing re-
sults in averaging nine inversions, cach block parametriza-
tion being oftset by £1/3 in the » and y directions. One
should keep in mind that vertical smoothing applied to some
vertical cross sections is due to the imaging routine and 1s
not totally correct tor the ACH method, as velocity pertur-
bations arc relative o a relerence velocity for each separate
layer (which may change).

4. Results
4.1. Resolution Matrix

Before discussing the results of the inversion and the ve-
locity model obtaied by the ACH method, one should check
the quality of the inversion by examining the whole resolu-
tion matrix which is given by

R = [G'WG + 0’1" 'G'WG (3)
with the same notation as in (2). Each diagonal element of
this matrix indicates how well the corresponding parameter
is resolved. If the resolution was perfect, one would obtain
the identity matrix. In our case, nonnull off-diagonal terms
as well as negative sidelobes are observed.

The diagonal terms are on average larger than 0.5 with a
maximum of 0.81, indicating that the parameters are, in gen-
eral, well enough resolved to trust the main anomalies of the
velocity model. The diagonal terms decrease near the edges
ot each layer, indicating a better resolution at their center
(where there is the best ray cross fire). However, nonneg-
ligeable off-diagonal terms are present, and the largest val-
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ues (maximum 0.26, in general, around 0.1) concentrate on
lines parallel to the main diagonal and form secondary diag-
onals. This indicates coupling between neighboring layers.
It can be viewed as a vertical smearing effect always present
in teleseismic tomography: vertical resolution is inhibited by
the subvertical geometry of rays. However, in our case those
elements rapidly decrease for the farthest layers (secondary
diagonals are larger for the layers immediatly above and be-
low). Moreover, the remaining values of off-diagonal ele-
ments are small (mostly below 0.03). The diagonal terms of
the resolution matrix for each layer are presented in Plate 1
with the corresponding tomograms expressed in terms of P
velocity perturbations.

4.2, Crust

The crust has been parametrized with three layers between
0 and 40 km depth (Table 1). The first layer (0-10 km) is not
represented because it is not well resolved and corresponds
mostly to near-surface and site effects. The resolution panel
(Plate 1) indicates that the closer to the center of the layer,
the better the blocks are resolved, except beneath the Gulfs
of Corinth and Evvia, where low resolution appears in lay-
ers 2 and 3 (10-25 km and 25-40 km) owing to the lack of
stations in both gulfs.

Velocity perturbations range from -6.2% to +4.8% for
layer 2 and from -8% to +3.7% for layer 3, not considering
the -12% that appears in only one block of layer 3 (Plate 1)
and which is not at all resolved. No clear velocity pertur-
bation is present beneath the Gulf of Evvia. Although the
strong negative amplitude localized at the southern part of
layer 3 is not very well resolved, it looks consistent with
layer 2 and is likely not an artefact of the inversion. The
low-velocity zone (-3%) observed on the southern coast of
the Gulf of Corinth (near the stations trik and evro, see Fig-
ure 2) could be related to the presence of sediments. In-
deed, thick layers of Plio-Quaternary sediments are present
all along the southern coast of the Gulf of Corinth and could
produce the observed anomaly [Armijo et al., 1996; Le Meur
etal., 1997].

The main feature that appears in Plate 1 for the crust is the
high-velocity contrast of about +4% trending NW-SE being
located beneath the northern edge of the Gulf of Corinth. It is
10 to 15 km wide and is present over the whole width of the
array. The direction of this anomaly (NW-SE) is neither that
of the gulf (N110°) nor the direction of the main presently
active normal faults. Howeyver, it is more or less the direction
of the geological structures (the Hellenides mountains), and
it is also orthogonal to the direction of Miocene extension
le.g., Mercier, 1981; Jolivet and Patriat, 1999].

4.3. Upper Mantle

The upper mantle is parametrized by layers 4 to 9 down
to 200 km depth (Plate 1). The most striking feature is a
high-velocity perturbation trending NW-SE. This perturba-
tion 1s present from 70 km down to 200 km. Its amplitude
varies from about +4% for layer 5 to +7.5% as one goes
deeper and is maximal in layer 9 (170-200 km). This high-
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velocity region is ~80-90 km wide and seems to dip in the
NE direction. This is clearer on the cross section (Plate 2),
where it dips with an angle of ~50°. The direction of the
section (Plate 2) is the direction of the profiles (NE-SW) and
is also roughly the direction of the dip of the African slab in
this region [Hatzfeld and Martin, 1992; Papazachos et al.,
1995). Seismicity from the International Seismological Cen-
ter (ISC) and relocated ISC catalogue [Engdahl et al., 1998]
associated with the African slab is also plotted in Plate 2
(only events deeper than 60 km have been plotted). One pe-
culiar observation in this region is that the recorded seismic-
ity stops at a depth of ~200 km, which has led some authors
to interpret it as the maximum depth of the slab [e.g., Le Pi-
chon and Angelier, 1979]. However, tomographic studies
show that the fast velocity anomaly associated with the slab
is continuing below 200 km, maybe as deep as 600 to 800 km
[Spakman et al., 1988; Piromallo and Morelli, 1997]. Plate 2
shows a good correlation of the location of the high-velocity
anomaly with the location of the hypocenters, even if they
seem to concentrate in the lower part of the slab. As the
subducting African lithosphere is colder than the upper man-
tle, itinduces a high-velocity anomaly which manifests itself
clearly on the cross section.

However, some questions arise from the observation of
this fast body on Plate 2: How can one explain the increasing
velocity contrast in the deep layers of our model, and why
is there apparently no continuity of the slab to the south-
west? The deeper part of the slab below 200 km may dis-
turb rays, and those perturbations could be projected into
the deeper layers during the inversion, thus accounting for
the observed stronger amplitude at depth. From previous
studies [Harzfeld, 1994; Papazachos and Nolet, 1997], we
expected to see a near-horizontal part of the slab beneath
the Peloponnissos that we do not distinguish in the P wave
velocity model, maybe because of the vertical geometry of
the teleseismic rays. In addition, one can wonder if the
fast crustal velocity anomaly beneath the northern coast of
Corinth could be due to a smearing effect of the deeper struc-
tures. All these questions will be adressed in section 4.4 with
the help of synthetic tests (section 4.5).

4.4. Comparison With Another Method

We performed various synthetic tests in order to better un-
derstand the possible artefacts or bias coming from the in-
version itself, as well as from the event distribution and the
network configuration. Those tests were performed with the
inversion scheme ot Weiland et al. [1995]. ACH is a linear
method using a straight ray approximation, which depends
on the size and depth of the anomalies and might not be
quite valid. Weiland et al. (1995] proposed a new method
using essentially the same inversion algorithm as ACH, but
including a 3-D simplex ray tracing [Steck and Prothero,
1991], and iterating the procedure. In order to first test our
results obtained by ACH, we performed an inversion on the
same data set with the method of Weiland et al. [1995]. The
parametrization of this method is quite different from the
previous one as 1t is a 3-D grid of velocity nodes with an
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interpolation between each node [Thurber, 1983]. The in-
version is performed using a damped least squares method
with an a priori constraint on the second derivatives [Menke,
1984]. We proceed the same way as for ACH to determine
the damping factor #2 and a value of 30 s? seemed to be the
best choice. To easily compare the results from both meth-
ods, the initial 1-D model for this method was similar to that
of Table 1, with the depth of each node level fixed to the mid-
layer value of the corresponding layer in the ACH model.
Seven hundred and fifty nodes were inverted with a spacing
of 25 km, and after five iterations the residual variance was
improved by 78%.

The locations and sign of the velocity perturbations de-
duced from this inversion are similar to those from the ACH
method for all layers (except the first one, as it 1s not consid-
ered the same way). Hence we will not show the results
for all layers but just compare the cross section obtained
from this method (Plate 3) with that obtained with ACH
(Plate 2). As regards to amplitudes, the method of Weiland
et al. [1995] results in larger values than ACH. Weiland et al.
[1995] explain this behavior by the fact that the real ampli-
tudes are better retrieved by an iterative method rather than
by a single-step algorithm. All features are identically re-
trieved, but low anomalies are spread a little more than in the
case of ACH. The increase in amplitude for the two deepest
layers is much more striking as values as high as +13% are
reached at 180-200 km depth (Plate 3).

4.5. Synthetic Test

The increase in amplitude observed 1n the P wave veloc-
ity model (Plates 2 and 3) could come from the influence of
the remaining part of the slab below 200 km. As the pertur-
bations induced by this structure seem to be symmetrical, a
very simple test has been performed. A simple shaped slab
running NW-SE with a +5% velocity contrast relative to the
background velocity was used as a starting model. The slab
is horizontal beneath Peloponnissos as suggested by several
authors [e.g., Papazachos and Nolet, 1997], then it dips at
50 to 60°, down to 300 km. At this depth the structure was
made larger according to the observations made by Piroma-
llo and Morelli [1997]. Residuals associated with this struc-
ture are calculated by removing the travel times through the
unperturbed model from the travel times through the model
with the +5% velocity structure. Those residuals are inverted
using the nonlinear method and the same parameters.

The result of the inversion is displayed in Plate 4, with the
synthetic slab delineated by the black lines. The horizontal
part of the slab is missing in the output model (Plate 4), con-
firming the poor vertical resolution due to subvertical rays.
A purely horizontal structure can hardly be imaged at depth
by teleseismic tomography. Instead, it is smearing all along
the path (see the cookbook by Evans and Achauer [1993]).
However, for the layers from 70 km down to 200 km, the fea-
tures are strongly similar to those obtained from the real data
(Plate 2): The slab is laterally well imaged, as well as neigh-
boring features. Clearly visible artefacts of low-velocity per-
turbations appear near the edges of the slab (Plate 4), where
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no anomaly had been introduced. These zones can also be
observed in Plate 2 and thus should be regarded not as geo-
physical signal, but rather as artefact. The increasing veloc-
ity contrast in the data inversion in the deepest layers is well
retrieved in the synthetic test (+13%), showing the effect of
the downgoing part of the slab below 200 km depth: In fact,
the inversion projects perturbations coming from the lowest
part of the slab into the deepest layers of the model, creat-
ing these large amplitudes at 200 km depth. Synthetic tests
with a slab stopping at 200 km depth did not show an in-
creasing velocity contrast in the deepest layers as observed
in our case. Additional tests indicate that the results of the
inversion remain unchanged when the horizontal part ot the
slab is either suppressed or put deeper.

Two others synthetic tests were made n order to under-
stand how the slab structure could interfere with crustal
structures and how well the latter could be retreived. The
first test consists in a +10% velocity anomaly located in the
layers | to 3 of the initial model. The results (Figure 6, left)
show that we retrieve a weaker anomaly of +6% in layers |
to 3, with smearing effects towards layer 4 (+3% velocity
perturbation in this layer). Artefacts of opposite sign (-4%)
are present on both sides of the initial velocity anomaly.
When adding the synthetic slab (Figure 6, right), the struc-
tures interfere with each other. The resulting cross section
shows quite identical features for layers 4 to 9 as those {or
the slab alone (Plate 4), but the initial velocity contrast ol
10% in the three first layers is enhanced to reach almost +7%
in layer 3. The negative artefact in the left part of the cross
section 1s reduced, whereas the one on the right side is en-
hanced owing to the slab artefact towards the surtace

Theretfore it 1s concluded from these tests that although
vertical smearing is present, the anomalies observed n the
crust (0-40 km) cannot be explained as artefacts from a
deeper slab structure (Plate 4), and that, in addition, surli-
cial structures can be well retreived even with a subducting
slab (Figure 6). In particular, the high-velocity anomaly be-
neath the northern edge of the Gulf of Corinth and the low
velocity beneath Peloponnissos cannot be the effect of the
slab. The synthetic tests show that the artefacts created by
the slab 1n the crustal layers are indeed opposite to those ob-
served on Plate 2. These anomalies are thus not artefacts
related to a subducted body and should be interpreted as real
crustal structures.

5. Discussion
5.1. Subduction

The main part of the final velocity model obtained by
inversion is dominated by the influence of the subducted
African lithosphere. We obtain a more detailed geometry
for this slab from 70 km down to 200 km depth than the
previous study of Spakman et al. [1988] or Piromallo und
Morelli [1997], for example. Nevertheless, the results are
in agreement with those studies. In particular, the fact that
the dip angle is very small beneath Peloponnissos and in-
creases to a steeper one north of Corinth rift is in common
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Plate 1. P wave velocity perturbations obtained after the ACH inversion and diagonal elements of resolu-
tion matrix for layers 2 to 9. The black line on the velocity perturbation pictures represents blocks with a

resolution larger than 0.5.
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Plate 2. Cross section with P velocity perturbation in percent (same color scale as in Plate 1) from ACH.
AA’ is a SE-NW section along the main direction of the array. Relocated International Seismological
Center (ISC) seismicity is reported in white circles {Engdahl et al., 1998).
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Plate 3. Cross section with P velocity perturbations in per-
cent from Weiland et al.’s [1995] method. The color scale is
the same as for Plates 1 and 2; it has only been enlarged to
fit higher positive values. The section was performed along
the same AA’ track as for Plate 2.

with the study of Papazachos and Nolet [1997]. Though the
study 1tself does not give a precise idea of the shape of the
slab below 200 km depth, one can argue from the synthetic
test presented in section 4.5 that the slab should continue be-
low 200 km depth. This is in agreement with the results of
Spakman et al. [1988], who follow this structure down to at
least 600 km depth. The intermediate seismicity (Plate 1)
seems to be concentrated on the lower part of the slab im-
age. However, this can be the effect of two artefacts. The
first one comes from the projection of the hypocenter on the
cross sectton. As the slab presents a curved shape along the
Hellenic Arc and as the width of projection is 150 km, the
seismicity may have been projected lower than it really is.
Second, Plate 4 shows that the image of the slab is slightly
shifted upward and that the initial limits of the slab are lo-
cated lower than what the velocity structure suggests. For
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Plate 4. Tomographic cross section along the AA’ track ob-
tained from the synthetic model of a slab (P velocity pertur-
bation in percent). The black lines outline the initial high-
velocity body (+5%), which continues down to 300 km.

these reasons, we think that the intermediate seismicity is
most likely located inside the slab structure, rather than at its
lower boundary.

The velocity contrast obtained for the African slab is a lit-
tle higher than that found by Bijwaard et al. [1998]. With
both methods, ACH and Weiland et al. [1995], velocity per-
turbations of about +5% and +7% are obtained for the slab
(without considering the lowest layers), whereas Bijwaard
et al. [1998] report about +3% for the same cross section.
In general, subducting slabs show velocity perturbations be-
tween +2% and +5%, so taking into account the enhance-
ment of amplitude by the deeper part of the slab (below
200 km), one might explain part of this high amplitude but
not all of 1t. The velocity contrast produced by the African
subducted lithosphere could be enhanced by anisotropic ef-
fects or waves guided in the slab, resulting in the strong
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Figure 6. Cross section for synthetic tests with (left) a surface anomaly (+10%) in the three first layers
only and (right) a surface anomaly (+10%) with a slab structure (+5%) down to 300 km depth. The limits
of the synthetic structures introduced in the model are outlined by white lines.
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amplitude observed in our velocity model (more than +6%
in Plate 3, for instance). As the main part of the residu-
als comes from the N-NW azimuth, they correspond to rays
coming from the same direction as the dipping plane of the
subducted plate, and they could thus be guided in this struc-
ture, as proposed by van der Hilst and Snieder [ 1996] for the
Kermadec region.

5.2. Gulf of Corinth and Gulf of Evvia

Although the presence of the subducted African litho-
sphere prevents us from obtaining a well-defined lithospheric
structure for the Corinth and Evvia region, we are able to
distinguish some important features, especially in the first
40 km. These main features are (1) a low-velocity zone at
the southwest extremity of the array and (2) a high-velocity
perturbation north of the Gulf of Corinth, in the Beotian
area. The synthetic test presented in Plate 4 shows that these
anomalies are not due to artefacts but that they are most
likely caused by real structures. These structures can be of
several origins, and we will discuss three main possibilities:
crustal thickening, inherited geological nappe structures, and
crustal thinning. It is unlikely that only one of these struc-
tures is real and the other a consequence of the ACH method,
which tends to average perturbation close to zero within each
layer. From synthetic tests we argue that the positive veloc-
ity anomaly north of the Gulf of Corinth is not high enough
to create - 10% of velocity contrast in the SW part of the net-
work. In addition, artefacts coming from negative velocity
perturbations n this SW part of the area cannot satisfacto-
rily explain the small lateral extension of the high-velocity
anomaly north of Corinth.

5.2.1. Crustal thickening. In this region, the crust is
made of a successive stack of nappes of highly heteroge-
neous materials trending in a general NW-SE direction [Bon-
neau, 1982]. This stack of nappes in the southwestern part
of Greece and Peloponnissos resulted in building the Hel-
lenides mountains and in crustal thickening. This 1s clearly
seen in the southwestern part of the region (Peloponnis-
sos), where low-velocity anomalies appear (Plate 1, layers 2
and 3). Although the resolution is poor, it corresponds to
the location of a very likely crustal thickening, which should
be linked to the presence of the Hellenides mountains. As
one goes northeastward (toward the Aegean Sea), the crust
is thinning. Consequently, the velocity contrast observed
between the low-velocity anomaly in the SW and the fast
anomaly located north of the Gulf of Corinth could be ex-
plained by this change in crustal thickness. However, this
alone cannot be the explanation because of the restricted area
of the fast anomaly between Corinth and Evvia. If one only
considers the change from a thick crust under Peloponnis-
sos to a thinner crust under the Aegean Sea, the fast velocity
anomaly should continue under Evvia and not be limited to
a short strip (about 15 km), as in our case (Plate 1).

5.2.2. Inherited geological nappe. To explain the zone
of fast crustal velocity north of Corinth, we also exam-
ined the hypothesis of the presence of a faster geological
nappe with a NW-SE direction. However, none of the struc-
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tures reported on geological maps correspond to the well-
defined lateral limits obtained by the tomographic inversion
[Mouyiaris et al., 1989]. Some ophiolites and metamorphic
material can be found at the surface [Bonneau, 1982], but
they are strongly localized in areas of few square kilome-
ters and are apparently very surficial features. It is unlikely
that they will affect the tomograms down to 40-50 km depth.
The presence of a large ophiolitic body in this area is also
unlikely. The ophiolites are generally organized in lenticu-
lar shape zone, unable to produce a +4% velocity anomaly
along a |15-km large strip across the whole array. Moreover,
some ophiolites are located on Evvia island, and they do
not correspond to fast-velocity contrast on the tomograms
(Plate 1).

5.2.3. Crustal thinning. The fact that this fast anomaly
is consistent with the direction of extension during Miocene
suggests a possible cause for this anomaly. The extension
could have created a localized crustal thinning where fast
upper mantle material could rise. This intrusion of man-
tle material could provide such a fast-velocity anomaly: a
+3% velocity anomaly in the layer 2 and +2% in layer 3,
as observed, applied to our initial velocity model could be
explained by a mantle upwelling of ~5 km in layer 3. It is
obviously not a unique model because in this case, ampli-
tude and thickness of the perturbed layers are linked. How-
ever, the next question that rises is whether this crustal thin-
ning can be related to the present location of the rift system
(Corinth and Evvia). Indeed, as much as 5 km of crustal thin-
ning seems unrealistic if related to the 1 Myr old extension
of Corinth and Evvia rifts alone. In addition, no particular
velocity anomaly can be related to the presence of the Evvia
Graben, but preexisting structures (Miocene) could explain
part of this crustal thinning, as well as the direction of this
structure.

As proposed by Armijo et al. [1996], during the Miocene,
extension could have produced periodic lithospheric insta-
bilities (necking). Those structures could have been created
by boudinage [Martinod and Davy, 1992]. This boudinage
could have produced a primary crustal thinning of few kilo-
meters in the Beotian region, and thus made the initiation
of the Corinth rift in this region easier. The rift may have
started where the crust was first weakened by these litho-
spheric instabilities, that is, at the eastern edge of the gulf
(Plate 1, layers 2 and 3), where crustal thinning seems to
take place. Then, | Myr ago, the structures of Corinth and
Evvia were reactivated, possibly by the propagation of the
North Anatolian Fault [Armijo et al., 1996], but instead of
following the direction of the original crustal thinning, the
rift is propagating now at the surface in a more westward
direction quite rapidly [Clarke et al., 1998], which results
in an offset between the crustal thinning and the location of
the rift at the surface (Figure 7). Two possibilitites could
be put forward to explain this offset: preexisting crustal het-
erogeneities and/or a change in the boundary conditions. In
fact, the subduction of the African plate stops north of the
Kefalinia Island, and a continental collision occurs, locking
the western border of northern Greece (see Figure 1). This is
clearly seen on the GPS results from the area [Kahle et al.,
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Figure 7. (a) Location of the crustal thinning linked to the Corinth rift structure. This crustal thinning was
first created at Miocene time by lithospheric instabilities due to the gravitational collapse of the Hellenides
mountains. It could have favored the initiation of the rupture of the Corinth rift, and the propagation of
the North Anatolian Fault could have reactivated the extension of the rift. (b) Sketch of crustal structure
across the eastern (transect A) and western (transect B) part of the gulf. The offset between the crustal
thinning and the Gulf of Corinth is consistent with the hypothesis of a low-angle normal fault at 12 km
depth below the western part of the Corinth rift and a ductile lower crust.

1993]. Anyway, the surface expression of the Corinth rift
is offset from the imaged crustal thinning. Although at the
eastern part of the rift the crustal thinning seems to be more
or less at the vertical of the rift itself, the shift between the
structures is maximum at the western part of the rift (Fig-
ure 7) and reaches some 20 km. This difference between
the eastern and western parts of the Corinth rift could be
consistent with the structural differences observed in fault
geometry and with the differences in focal mechanisms. In
the eastern part of the Corinth rift, fault plane solutions indi-
cate about 45° dipping nodal planes, whereas in the western
part, slip on low-angle planes (< 30°) has been documented
[Rietbrock et al., 1996; Bernard et al., 1997].

In the early 1980s, Wernicke [1985] first proposed a con-
tinental rifting model involving lithospheric low-angle nor-
mal faults known as the simple shear model, as opposed to
the pure shear model of McKenzie [1978b). Lister and Davis
[1989] combined both models to propose an asymmetric rift-
ing process accommodated by a crustal low-angle normal
fault. Such rifting processes involve an asymmetry of the
structures, which is obvious for the Gulf of Corinth (Fig-
ure 2), and an offset between the maximum crustal thinning
and the maximum deformation inside the rift. For Corinth
this offset increases as one goes westward because the di-
rection of present rupture propagation is different from that
of the Miocene crustal thinning. The rift might accommo-
date this offset by concentrating part of its deformation on a
crustal low-angle normal fault, at ~12 km depth (Figure 7).

Previous seismological studies [Rietbrock et al., 1996; Rigo
et al., 1996] suggested the existence of an active low-angle
north dipping normal fault, 10-12 km beneath the western
part of the Gulf of Corinth that could accommodate deforma-
tion in this region. This would be consistent with the model
of Lister and Davis [1989]. Such a rift geometry could ex-
plain not only the offset of the structures but also the concen-
tration of the deformation inside the gulf itself. Moreover,
Pham et al. [1996] found a highly conductive layer between
10 and 15 km depth, probably corresponding to the location
of a ductile zone, which seems consistent with a decoupling
at this depth. This would favor a deformation model similar
to that proposed by Lister and Davis [1989], which needs a
crustal detachement horizon between the upper crust and up-
per mantle, located at the end of the low-angle normal fault.

6. Conclusions

Teleseismic travel time data provide a rather detailed im-
age of the crust and upper mantle beneath the Corinth rift.
The observed tomograms reveal that the velocity contrast
is in the range of about -7% to +8% for this region. The
main striking feature in the upper mantle is a NW-SE high-
velocity body (+5%) dipping northeastward and interpreted
as the African subducting lithosphere. The shallow part of
this slab is not resolved by the inversion because 1t is almost
horizontal. Starting at ~70 km depth, the slab has a dip
angle of ~50°-60° with a quite regular shape (Plate 3). Al-
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though the recorded seismicity seems to stop below 200 km
depth, the slab should continue below this depth to explain
the increase in amplitude in the deepest layers (up to +8%
for ACH method), in agreement with previous studies [e.g.,
Spakman et al., 1988; Piromallo and Morelli, 1997]. Syn-
thetic tests using the observed ray distribution characteris-
tics show low-velocity artefacts around the edges of the slab,
similar to those observed in the inverted model. Vertical
smearing does happen, although it does not cause the ob-
served crustal anomalies.

In addition to 1maging the African slab we also demon-
strated that some important structures in the crust can be re-
solved. In particular, the major crustal anomalies are (1) a
high-velocity body (+4%) located beneath the northern edge
of the Gulf of Corinth and (2} a low-velocity anomaly lo-
cated at the southwestern part of the array. The first anomaly
may correspond to crustal thinning related to Miocene ex-
tension, which would have been created by necking instabil-
ities, as first proposed by Armijo et al. [1996]. The second
feature is related to crustal thickening at the SW, associated
with the Hellenides structure. Both structures (crustal thin-
ning and crustal thickening) could counterbalance the arte-
facts of the dipping slab in the crustal layers. The effect of
a geological nappe cannot be ruled out. However, such a
nappe has no surface expression, and it would have to corre-
spond to a very strong velocity contrast in order to explain

the observed anomaly.
Our results suggest that the present geometry of the Corin-

th rift comes from the superposition of two different events
(Figure 7). Crustal thinning was first initiated by lithospheric
boudinage at Miocene time and could have favored the initi-
ation of rupture at the surface. Then the Corinth area would
have been reactivated 1 Myr ago, possibly by the North
Anatolian Fault propagation, as proposed by Armijo et al.
[1996]. Changes in boundary conditions or preexisting het-
erogeneities could favor a westward rift propagation, differ-
ent from the initial crustal thinning location. The resulting
offset, with the maximum 1n the west, could now be ac-
commodated by a low-angle north dipping normal fault at
10-12 km depth, delimeating a possible detachement hori-
zon. As the rupturc propagates westward in the Corinth rift
[Armijo et al., 1996], the offset between the gulf itself and
the crustal thinning will increase westward (Figure 7), and
one can wonder how such an offset will be accommodated,
even with a low-angle normal fault. Unfortunately, no rel-
evant information is yet available in the extreme western
part of the gulf. Crustal thinning may be ~5 km, although
this cannot be determined accurately by teleseismic tomog-
raphy, and extends over a width of 10-15 km. The proposed
amount of crustal thinning was roughly calculated without
taking into account the influence of the Hellenides struc-
ture that surely enhances the amplitude of the fast-velocity
anomaly. Further studies on the crustal structure are cur-
rently being carried out, namely, receiver function and grav-
ity modeling, in order to better constrain these structures.
No clear velocity anomaly can be related to the Evviarift
in this region. However, our study area is too limited re-
garding the Evvia structure, and a crustal thinning beneath
Evvia or shifted away from it may have been missed or only
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badly resolved with our array geometry. As it is difficult to
deploy a wider array north of Evvia, other geophysical stud-
ies, independent of this one, should be done in order to bring
additional constraints for this region.
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