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Abstract

The aim of the present study is to present results on the P and S velocity structure of the crust and uppermost mantle in the
broader Northern Aegean area with a special emphasis on the results concerning mainly the central and southern part of
the Rhodope massif. The velocity structure is derived from the inversion of travel times of local events. An appropriate
preconditioning of the final linearized system is used in order to reduce ray density effects on the results. An attempt is
made to interpret the features and details of the crustal structure, which can be recognized in the final tomographic
images, in terms of the geotectonic setting of the area. The crustal thickness shows strong variations. In contrary to the
Serbomacedonian massif, the Rhodope massif does not show a typical thick crust. The crustal thinning of the Northern
Aegean Trough (=25-27 km) extends into the Rhodope massif. In general, the Lower Pangaio Unit of the Rhodope
massif exhibits a thinner crust than the Upper Unit or the Serbomacedonian massif, indicating that this is due to the same
extensional field which was responsible for its larger uplift. according to recent detachment models (Kilias & Mountrakis,
1998). Moreover, the Rhodope massif is separated from the Serbomacedonian massif by the Strymon river-Orfanou gulf
basin, which shows a significant crustal thinning (=25-28 km) as a result of the same extensional process incident which
generated this basin. Crustal thinning rates estimated from the tomographic results agree with denudation rates predicted

from the current geological models.

1. Introduction

The Aegean sea (Fig. 1) is one of the seismically most
active regions worldwide. In the southern part of the area,
the main feature is the subduction of the eastern Mediter-
ranean lithosphere under the Aegean (Papazachos & Comn-
inakis, 1969; McKenzie, 1970, 1978; Le Pichon & Ange-
lier, 1979). The tectonic pattern of the area is fairly typical
for a subduction system with shallow events, thrust in the
outer arc and normal in the back-arc area (Comninakis,
1975; McKenzie, 1978). On the other hand, a shallow dip-
ping Benioff zone is delineated by the intermediate depth
seismicity (Papazachos & Comninakis, 1969. 1971) and a
well defined volcanic arc is formed by a number of volca-
noes, which coincides with the 150 km isodepth of this
Benioff zone. This complicating geotectonic setting as well
as the complex evolution of the area has left a strong sig-
" nature on the geological structure of the area which is re-
flected in the velocity structure. Refraction experiments
(Makris, 1976), travel time studies (Panagiotopoulos &
L Papazachos, 1985; Papazachos & Nolet, 1997a). and grav-
ity studies (Makris, 1973; Chailas et al., 1992; Papaza-
chos, 1994) show significant variations throughout the
whole Aegean lithosphere. The main crustal variations can
be explained within the context of the active subduction:
The Hellenic Alps which also represent the Hellenic Arc
accretionary prism (Fig.1) show a crustal thickenning
which locally reaches 45 km. On the other hand, the back-
arc area exhibits a much thinner crust of the order of 25-
30 km.
Although the eastern Mediterranean subduction explains
most of the geological and geophysical features of the
southern Aegean. this is not valid for the northern Aegean

area. The area is characterized by the presence of Rhodope
and the Serbomacedonian metamorphic massives (Merci-
er, 1968; Kockel et al., 1971) which comprise a mountain-
ous and structurally complex domain of mainly metamor-
phic rocks and igneous bodies. The two massifs are sepa-
rated by the Strymon basin which consists of continental
sediments with a maximum thickness of the order of 3-4
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Fig. 1 — General features of the Aegean area. The area under
study is delineated by a solid line.
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km (Mountrakis, 1985). This basin continues to the south-
east into the Orfanou gulf. Further to the south both mas-
sives are bordered by the North Aegean Trough which rep-
resents the continuation of the North Anatolian Fault in
the North Aegean.

Although the Serbomacedonian massif and the North
Aegean Trough exhibit a high seismicity (e.g. Scordilis,
1985), this is not true for the Rhodope massif. The general
earthquake pattern corresponds to mainly dextral strike-
slip and normal faults with occasional dextral strike-slip
component (e.g. Papazachos, 1990), as a result of the strike-
slip deformation along the North Aegean Trough and the
NNW-SSE back-arc extension, respectively (Papazachos
et al.. 1993). However, this last recent extensional field is
not as evident as the older NE-SW extensional field which
has a dominant signature throughout the whole Rhodope
massif. Recent studies suggest that this field might be dat-
ed back to Cretaceous-Early Tertiary times (Kilias et al.,
1995).The result of this field and the associated detach-
ment system responsible for the creation of the NW-SE
trending basins of the area (Axios basin, Strymon basin,
Drama basin, etc.) has been recently discussed to a large
extent by various reasearchers (Dinter & Royden, 1993;
Sokoutis et al., 1993; Dinter et al., 1995; Kilias & Moun-
trakis, 1998).

In the present paper. the detailed characteristics of the
velocity structure of the broader northernmost Aegean
region is studied. with an emphasis in the Rhodope area.
The Serbomacedonian massif has been extensively stud-
ied in a previous study (Papazachos. 1998). The main
modification to the standard tomographic approach is the
use of a modified inversion technique (Papazachos & No-
let, 1997b) which incorporates 3-D ray tracing. S waves
are also included in the present study. We mainly focus on
the Rhodope massif, its contacts with the Serbomacedonian
massif and the North Aegean Trough. A large data set of
more than 60,000 P and S travel times is employed from
4352 local events for the time period 1981-1995. An ap-
propriate preconditioning of the final linear system, using
a crude estimate of the a posteriori covariance matrix is
applied, in order to correct for ray density effects on our
results. New information concerning the structure of the
area can be recognized in the final results. An attempt is
made to interpret the tomographic results in terms of the
geotectonic structure of the area.

2. Travel time data

The area under study is delineated with the thick solid line
in figure (1). The main source of travel-time data is the
annual and monthly bulletins of the Geophysical Labora-
tory of the University of Thessaloniki (GLUT) for the time
period 1981-1995. An additional section of the data set
came from the monthly bulletins of seismological obser-
vatories of Greece and neighbouring countries. All events
are relocated by the GLUT using an appropriate local model
for the Serbomacedonian massif (Scordilis, 1985) extend-
ed to the Rhodope by the results of a larger scale tomo-
graphic study (Papazachos et al., 1995). During the relo-

cation process, travel times were checked for outliers.

Moreover, we included data collected from a local seis-
micity monitoring network located in the Nestos river area.

A typical problem in local studies is the «contamina-
tion» of the results due to the presence of mislocated earth-
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quakes. Therefore, certain criteria were established for the
data selection based on the results of a previous analysis
of earthquake locations for Greece (Karakostas, 1988).
Hence, only events with at least 9 P and 1 S phases were
used. Moreover, phases reported as impulsive were as-
signed a higher weight (typically a factor of 2). The final
data set consists of =38,500 P and 21,000 S arrivals, re-
corded at 35 permanent and 5 temporary stations, The fi-
nal epicenters, of the events for which data were used, and
the station locations are depicted in figure 2, where the
area under study is delineated by a thick solid Line.
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Fig. 2 — Map of the epicenters (denoted with circles) of the events
for which data were used in the present study. Permanent and
temporary stations are depicted by solid triangles.

3. Travel time inversion

The target of the travel-time of local earthquakes is to si-
multaneously determine the velocity structure and relo-
cate the earthquakes in the new 3-D velocity medium (AKi
& Lee, 1976). The travel time residual is expressed as a
function of the perturbations of the event’s hypocentral
parameters and the velocity model, which is linearized
using an initial approximate solution (e.g. derived from I-
D ray theory). Finally, a system of equations of the fol-
lowing form can be defined:

d=Bh+Cv+c (1)

where d contains the travel time residuals, B and C are the
hypocentral and velocity derivative matrices, h and v are
the hypocentral and velocity corrections vectors. A station
correction vector, ¢, is also included in order to account
for anything that can not be explained by the retrieved
velocity structure (e.g. local structure beneath a station,
systematic time shifts at a station, etc.). Clearly. equation
(1) can be concatenated into:

d=Ax (2)

where A and x simply combine matrices B, C and I(identity
matrix) and vectors h, v and ¢, respectively. In the present



study a trilinear interpolation function was chosen for the
maodel representation (Thurber, 1983). This choice impos-
es that the problem must be treated as a mixed-determined
problem. Hence, a «least-structure» solution (Franklin,
1970; Tarantola & Nercessian, 1984; Constable et al., 1987)
is constructed by considering additional constraints and
minimizing the model or the model second derivative
norms. In the present study equation (2) is modified (Pa-
pazachos & Nolet, 1997a), as follows:

C;“A C”SHz=C;"d
(3)
rlz=10

where C, is the data covariance matrix, C, is the a priori
estimate of the model covariance matrix (usually diago-
nal), S is an appropriate smoothing matrix (e.g.Spakman
& Nolet, 1988) and A is a constant which regulates the
strength of our additional minimum norm (damping) con-
straints. Here, an additional diagonal scaling matrix of the
form H=diag{h "} is included. where h is a measure of
the jth column length of the matrix A'='C,?A C}*8. In
this approach, x"C! x is minimized, instead of the usual
x'C_x., where (CF )" = C!?S H is our preliminary esti-
mate of the square root of the a posteriori model covari-
ance matrix, in an attempt to reduce relative errors in the
final solution. Therefore, we partly anneal the correlation
that is observed between areas of high ray density (large
column length of matrix A*) and strong velocity perturba-
tions (Papazachos & Nolet, 1997a)

Our velocity model consists of a rectangular grid of
nodes where the slowness is defined. At every point the
slowness is calculated by trilinear interpolation of the 8
neighbouring nodes’ velocity values. In our case, the grid
consisted of 17850 P and S velocity nodes with a horizon-
tal and vertical grid spacing which was set to 20 km and 3
km, respectively. This specific selection of grid spacing
was imposed by the amount of available data and corre-
sponds to the maximum resolution that could be achieved
due to the poor ray coverage of some areas. The initial
velocity values were determined using a typical Herglotz-
Wiechert 1-D inversion. A cut-off residual of 2.5 sec was
adopted from previous studies (e.g Papazachos, 1998) in
order to eliminate the effect of outliers. Moreover. based
on previous results (e.g. Scordilis, 1985; Karakostas, 1988;
Ligdas & Lees, 1993) appropriate values were determined
for the variance of the P and S slowness perturbation norms
as well as for the hypocentral station corrections.

A large set of values were tried for the damping coeffi-
cients, &, and the value of L =1.5 was Gnally adopled which
is larger than the theoretical vwlve (e.g Franklin, 1970
The necessity of o larger valoe i oor case is shown in
figure (1) where the P and S residual distribution, before
and ufter the inversion are shown, respectively, It is clear
that the residug] distrbotion is not completely Goussian,
even after the inversion, Therefore, o higher damping val-
U is necessary in arder to obtitn a robust solution which
will be relatively upaffected o the Larger number of outli-
ers in the renl residusl distribution. Equation (2) was solved
with LSQR (Paige & Saunders, 1982) which has been
shovwvn to have superior converging properties. After each
LSOR iteration A wius recomputed using a tevised 3-D
bending ray tracing algornithm (Moser et al., 1992) and the
new linear system wis solved again with LSQR. Tlus pro-
cedure was repeated 3 nmes until no significant misfit
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Fig. 3 — Plot of the P and S residual distribution, before (right)
and after (left) inversion. Although. the residuals distribution is
significantly improved in the final results. it is quite different
from Gaussian.

change was observed using LSQR, without an extreme
model norm increase. Between succesive iterations a mis-
fit increase was observed, due to the non-linearity of the
problem (e.g. Tarantola, 1987), in accordance with recent
tomographic studies and synthetic tests (Sambridge. 1990;
Papazachos & Nolet, 1997b). The initial and final weight-
ed combined (P and S) rms misfit for the inversion corre-
spond to 0.81s to 0.63s, respectively.

4. Tomographic results

Figures 4 and 5 show the final P and S velocity distribu-
tion for different depths which focus at the upper crustal
(6-10km) and lower crustal-upper mantle (26-38km) lay-
ers. In both figures, results are not shown for the areas
which are poorly sampled by the data. An impressive con-
trast is observed in the shallow layers for both the Pand S
velocities: although the Serbomacedonian massif is delin-
eated as a NW-SE trending zone of strong negative veloc-
ity perturbations, the Rhodope area shows a completely
different behaviour, with significantly higher velocines.
Therelore, although the two massives were exposed 10
extensive deformation, the metsmorphic basement seems
to be deforming significantly fuster for the Rhodope mas-
sif A probable explanation js that, gt least the central-south-
western part {see the velocity distribution at 10km] of the
Rlistlope mpssif, won originsted from lower crustal aresy
than the Serbomacedonian massit. This observation is ex-
pecied since this area is dominated by the Lower Rhodope
Unit which is a relatively lower crustal formation than the
Serbomaecedonion massil, as it is also indicoted by the re-
cently proposed detaclimient between e WO missives
{Dimter & Royden, 1993; Sokoutis etal.. 1993),

The siteation 15 similar for the decper part of the crust
and the uppermost mantle for the southern central par of
the Rhodope massif, with high velocities clearly indica
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Fig. 5 — Same as figure 4 for the S velocities.
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tive of the crustal thinning of the area. On the contrary, the
northern part of Rhodope gradually develops lower veloc-
ities. A well known W-SW to E-NE zone of positive anom-
alies (crustal thinning) is cbserved along the North Ae-
gean Trough, in agreement with earlier tomographic (Pa-
pazachos et al., 1995, Papazachos, 1998), travel time (Pa-
nagiotopoulos & Papazachos, 1985) and gravity studies
(Brooks & Kiriakidis, 1986). This zone seems to extend
towards the Thassos island and the Lower Pangaio Unit.
At the same time, the two massives are separated by a NW-
SE trending zone of positive velocity perturbations, which
corresponds to the Strymon basin, clearly seen at the depths
of 26 and 30 km. These perturbations can be attributed to
a crustal thinning in these area. The S velocities exhibit a
quite good consistency with the corresponding P results,
although the resolution is relatively poorer.

5. Discussion and conclusions

In figure 6 the P velocity distribution is plotted along three
cross-sections of the area. Since in the present study only
direct and transmitted (head) waves were used, it is diffi-
cult to infer accurate information about the Moho depth.
Therefore, the velocity scale is separated in two areas which
represent crustal and upper mantle velocities, in such a
way that the Moho discontinuity is approximately delin-
eated. The first profile is perpendicular to the main axis of
the Serbomacedonian massif. The massif is clearly recog-
nized as a bulk of low velocities which is thickening in the
center of the belt (up to 36-37 km) and thinning towards
its edges. Under the Strymon basin the crust is thinning to
less than 30 km and high velocities are observed in the
overlying crustal layers. This pattern is probably a result
of the same extensional field which is responsible for the
creation of this basin. As we move towards the NW
Rhodope (Sidironero-Upper Unit) the crust is thickening
and obtains typical but not thick crust (32-34 km).

The second profile shows similar strong crustal thick-
ness variations. As we move to the north from the typical
crust of NW Asia Minor (=33 km), we have a strong thin-
ning under the North Aegean Trough which remains con-
stant and possibly increases under the Thassos island and
the Pangaio area (Lower Unit), with a crustal thickness
which is locally less than 25 km. Further north the crust
again obtains normal values. The last profile runs accross
the examined area. Again we observe the crustal thinning
to the west of the Serbomacedonian massif, towards the
Orfanou gulf-Prinos basin-Thassos island, reaching a min-
imum crustal thickness around 25 km. As we enter the
mainland further to the E-NE, towards the southern part
of Upper Rhodope Unit, we abruptly find a thicker crust
(=35 km).

The observed crustal structure is especially interesting
in connection with the geotectonic setting of the area. The
Rhodope massif shows very different characteristics than
its neighbouring Serbomacedonian massif. This study, in
accordance with previous results (Papazachos, 1998),
shows that the Serbomacedonian massif behaves as a NW-
SE trending uniform thick block (maximum Moho depth
=38km), bounded by similarly trending basins which are
underlied by a thin crust. Is has been established that both
the Strymon and the Axios basins have assumed there
present NW-SE dominant elongation due to the Miocene-
Pliocene NE-SW extensional field (Mountrakis, 1985).
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Fig. 6 — P velocity distribution along the three cross-sections in the studied area. The position of the various geologic units has been
noted on the profiles. Notice the strong crustal thinning in the Strymon basin-Pangaio-Thasos area shown in all cross-sections.

Recent datings for the Strymon basin place the initiation
of the main face of this extension in early Miocene (Dinter

et al., 1995), although there are indications that this field
" is present since Cretaceous (Kilias et al., 1995).

On the other hand, the Rhodope massif does not exhibit
this uniform pattern, but seems to be «broken» by the same
. extensional field which is responsible for the high degree
metamorphism (isotherm raising, high heat flow), migma-
tization and magmatism observed throughout the whole
Rhodope (e.g. Kilias & Mountrakis, 1998). The same field
is responsible for the crustal thinning of the area, as well
as the generation of the various Rhodope basins (Strymon,
Drama, Nestos, etc.). The Upper Rhodope Unit (Sidiron-
ero) seems to have a typical crustal thickness (=33-35 km).
However, the Pangaio formation (Lower Unit) as well as
the Thasos island area seem to have a much thinner crust,
reaching locally values smaller than 25 km. This observa-
tion indicates stronger extention, crustal thinning and up-
lift of the area, hence a deeper crustal origin for this Unit.

This is in agreement with recent models (Kilias & Moun-
trakis, 1998) that the broader Pangaio Unit has been up-
lifted since Miocene to its present position between the
Serbomacedonian and Upper Rhodope (Sidironero) Unit.

It is difficult to associate this thinning with the similar
situation which holds in the North Aegean Trough, espe-
cially since there are still controversial results about the
age of the dextral motion along the Trough which range
from Oligocene (Kilias & Mountrakis, 1998) to Miocene
(e.g. Lyberis, 1984) and up to late Pliocene (Dinter & Roy-
den, 1993). In any case, Rhodope does not exhibit the typ-
ical characteristics of a thick-crust metamorphic block. The
extensional field since Oligocene has resulted in a signif-
icant overall thinning of the area, clearly indicated in the
tomographic results. It must be noted that the results pre-
sented in the present work are probably a smooth version
of the true crustal thickness variations due to the damping
which is incorporated in the inversion of the travel-time
data (equation 3). Hence, the observed crustal thickness
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contrast of =10 km between e.g. the Serbomacedonian
massif and the Pangaio Unit is probably a low limit of the
true contrast. The assumption that this thinning was creat-
ed by a constant extensive deformation from late Oli-
gocene-uppermost Miocene up to late Pliocene, results in
a vertical strain rate, £ . of the order of 1-1.5%10%/yr, which
corresponds to apprommately a crustal thinning of the or-
der 0.35-0.5 mm/yr. This thinning followed the mltlal thin-
ning of the region after the Eocene collisional tectonics in
the area until early Miocene (Kilias & Mountrakis, 1998).
If we accept a typical value of 43-45 km, observed today
in the accretionary prism (e.g. Papazachos & Nolet, 1997a)
for the starting thickness of the area, we find a slightly
smaller thinning rate of the order of 0.25-0.3 mm/yr for
the Serbomacedonian massif, until Early Miocene. Based
on depth-pressure results, Kilias et al. (1995) deduced a
similar value for the denudation rate of the Serbomace-
donian massif for the time interval up to Early Miocene.
It is interesting to notice that present day deformation
rates, mainly for the North Aegean Trough, are signifi-
cantly larger (€ =6-25*10"*/yr, Papazachos & Kuatz1
1996). Allhouoh this indicates that the crustal thickness
contrasts nught have been underestimated, it is more prob-
able to assume that the deformation rate has not been con-
stant during the Miocene-Pliocene deformation period, or
even earlier. Therefore, unless a severe change of the de-
formation regime has occured at late Pliocene, the exten-
tion must have taken place in small time intervals, when
the deformation was much more intense than its average
backround value.
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