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Abstract

The three-dimensional attenuation structure beneath the Acgean sea and the surrounding regions was deter-
mined by inversion of seismic intensity data. A large number of seismic intensity data have been accumulated
in a uniform scale in the Aegean region, where the seismic activity is much higher than that of the other
Mediterranean regions. Nearly 11000 seismic intensity data from 47 earthquakes that have occurred in these
regions were used to determine the seismic attenuation structure. The resulting structure reveals a remarkable
contrast of attenuation. In the top layer (depth 0-20 km), low Q is dominant in the central Aegean sea, while
high Q is dominant in the surrounding land areas, except for Southwestern Turkey. The low-Q regions corre-
spond to areas of Neogene-Quaternary grabens where the high seismicity of shallow earthquakes appears. In
the lower layer (20-40 km) low-Q areas are located in the southeastern part of the Hellenic arc. Some low-Q
spots corresponding to the distribution of volcanoes exist along the volcanic arc. The low-Q spots might corre-
spond to diapirs causing subduction volcanism.

Key words iomography — 3D — structure —  tivity, the highest in Europe. Most of the seis-
Greece micity is associated with the Hellenic arc,
zones of Western Anatolia, and Greece (Pa-

1. Introduction pazachos, 1973).
The Hellenic arc shows remarkable features
The region of the Aegean sea and the sur- of island arcs such as the existence of interme-

rounding areas in the Eastern Mediterranean lie diate depth earthquakes, and volcanic activity.
on a boundary zone between the Eurasian and The African plate is moving northeastward rel-
the African plates (e.g. McKenzie, 1970). The ative to the Aegean plate (McKenzie, 1970;
region is a zone of widespread deformation Papazachos, 1973), and is subducting under the

within which complex relationships exist be-  Western Hellenic arc with a dip angle of 30°-
tween extensional, compressional, and strike- 40° (e.g. Papazachos and Comninakis, 1971;
slip deformations (e.g. McKenzie, 1978; Papazachos, 1973). These features are summa-
Dewey and Sengor, 1979; Le Pichon and An-  rized in fig. 1.

gelier, 1979). As expected in an area of exten- Other geophysical observations also show
sive deformation, this reveals high seismic ac-  that the Aegean region is in an anomalous tec-

tonic setting. Heat flow data indicate high heat

flow with a mean value of 2.1 HFU in the

Maili ddress: Dr. George N. Stavrakakis, National Northern and Central Aegean sea (Jongsma,
Observazgfyaof Atl&ens,' Institite (.)f Geodynarx’u'cs, P.O. 1974). A.C.()mpﬂatl.o n of grav1ty. data shows a
Box 20048, 118-10 Athens, Greece; e-mail: g.stavr@ large positive gravity anomaly in the Aegean
egelados.gein.noa.gr sea, while negative anomalies are observed in
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Fig. 1. A simplified summary of Aegean tectonics, following Dewey and Sengor (1979). The heavy lines
with and without open triangles indicate the subduction zone and faults, respectively. The broken lines show
poorly defined faults. The stippled areas show Neogene-Quaternary grabens. Volcanoes are shown by the solid
triangles (Ninkovitch and Hays, 1972; Fytikas et al., 1976).

Turkey and in the Greek mainland (Makris,
1976).

Crustal structure in the Aegean region was
studied by Makris (1978). He found that the
crustal thickness under Peloponnesos is 46 km
but under the Central Aegean sea the crustal
thickness decreases to 26 km. He also found a
low P, velocity of 7.7 km s™! in the region. Pa-
pazachos and Comninakis (1978) proposed a
mean crustal thickness of about 22 km in the
Eastern Mediterranean, based on seismic re-
fraction, seismic reflection, surface wave dis-
persion, and gravity data.

Lateral variation of the velocity structures in
the Aegean region has also been investigated
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in terms of its tectonics. Gregersen (1977) in-
vestigated the shape of the dipping plate from
travel time residuals. Jacoby et al. (1978)
found a high-velocity slab and a low-velocity
upper mantle above the dipping slab from the
analysis of travel time residuals. Delibasis
(1982) discussed seismic wave attenuation in
the upper mantle due to the inhomogeneous
velocity structure beneath the Aegean region.
Recently, Spakman (1985) estimated the three-
dimensional velocity structure by tomographic
inversion of travel times.

In this paper, we attempt to estimate a
three-dimensional seismic attenuation structure
beneath the Aegean sea and the surrounding
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regions. The attenuation structure is estimated
by an inversion technique of seismic intensity
data. The tectonic implication of the results
will be discussed.

The first systematic study on the attenuation
of intensities with distance for shallow earth-
quakes in the area of Greece was done by
Drakopoulos (1978). He concluded, by inspec-
tion of some isoseismal lines, that the seismic
energy of intermediate shocks is strongly atten-
uated in the inner part of the Aegean arc. Pa-
pazachos and Comninakis (1971) noted that
the feature of the isoseismals of all intermedi-
ate shocks shows an elongation along the Hel-
lenic arc. They explained the phenomena by
the existence of a highly absorptive region in
the upper mantle beneath the inner part of the
arc. Thus, our study is a natural extension of
their studies, since we estimate the inhomo-
geneity of absorption quantitatively.

2. Method

Hashida and Shimazaki (1984) developed a
technique for estimating three-dimensional Q
structure by a damped least-squares inversion
of macroseismic data. Details of the method
are given by them, so we only briefly outline
the basic concepts of the inversion.

The seismic intensity data which measure
the degree of ground shaking contain informa-
tion on the «size» of earthquake source and at-
tenuation along the path from the focus to the
stations. By using the formula of Gutenberg
and Richter (1942, 1956), the intensity / given
in the Modified Mercalli (MM) scale is con-
verted to the acceleration « (Gal) of S-wave, as
follows:

o = 107303 2.1
By taking spatially heterogeneous attenuation
of intensity into account, the acceleration ¢ at
a station can be formulated as follows:

o= SGgexp(—Z D, Tk), 2.2)
k

where S is the acceleration at the seismic
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source; G is the geometrical spreading factor; g
is the amplifying effect at the Earth’s surface;
Dy is the attenuation coefficient (s™') in the k-th
block region and 7} is the travel time (s) in the
k-th block region.

S is assumed to be radiated at the seismic
source isotropically. Summation 2 is made

k

over block regions where the seismic ray pene-
trates.

The attenuation coefficient D, for S-waves
is related to the quality factor Q, as follows:

Dy = rf1Q;

where f'is a representative frequency related to
seismic intensity. Generally the representative
frequency is considered to be around 1 Hz,
varying from event to event and/or station to
station. Because of limited information on the
frequency from intensity data, we use attenua-
tion coefficient D instead of Q value in this
study. Weak attenuation corresponds to high Q,
and vice versa.

First we assume a horizontally layered at-
tenuation structure as the starting model, in
which the attenuation coefficient Dy, is given.
We can then calculate the initial acceleration S,
at the source from the observed acceleration
a®™ as follows:

So = T\II—Z o™/ G, g; - exp (_ZDOk T, f)
s i u
24

(2.3)

where N; means number of stations and sum-
mation z is made over stations reporting in-

1

tensities. Actually the effect of ground amplifi-
cation g; is fixed to be 2.0 for all stations by
only taking the free-surface effect into account.
Now we can get a calculated acceleration at
the i-th station, o§* from eq. (2.2) based on the
initial structure Dy, and the initial acceleration
at source §,.

By taking the difference between the natural
logarithms of the observed and calculated accel-
erations, which is denoted by O—C hereafter, we
get the following observational equation:

In aObS_ In acal =0S5— 2 5Dk . Tk +e (25)
k
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where 8D, = D;—Dy,; and 8S = In (S/S).

We assume the same geometrical spreading
factor G for the observed and calculated accel-
erations, which implies that the variation in
S-wave velocity is much smaller than the vari-
ation in attenuation. Thus, the error e includes
not only observational error mainly due to con-
version of intensity to acceleration by using eq.
(2.1) but also parametric error due to simpli-
fied formulation of the problem.

Perturbations S for each event and 6D, for
the k-th block are determined by solving a set
of observational equations given by eq. (2.5)
for many pairs of event and station. We can es-
timate perturbations 85 and 8D together by the
damped least-squares inversion which simulta-

neously minimizes the squared sum of e and
that of perturbations. More detailed description
on the inversion is given in Hashida and Shi-
mazaki (1984) and Aki and Lee (1976).

3. Data and inversion procedure

Data consist of seismic intensities corre-
sponding to 47 earthquakes which occurred in
Greece and surrounding areas, as shown in
fig. 2. Table I summarizes their parameters.
The intensity data are taken from the monthly
bulletins of the Institute of Geodynamics of the
National Observatory of Athens (NOA). The
intensities for the earthquakes investigated are

1l£_Lq 24.0 29.0
39.0 39.0
Depth(km)
o < 20
o 20 «<and< 40
a 40 <
[] m=80
[] =70
] M=s0
0 M=5.0
0 200
km
34.0 34.0
19.0 24.0 29.0
Epicentre Distribution 47 Events
Scale 1: 9000000

Fig. 2. The earthquakes used in this study are shown.
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Table I. Earthquake parameters.

Origin Lat. Long. Depth

Date time N) B (kll:a) M,
1972 May. 8 09 20 510 41.80 23.50 10 55
1972 Sep. 13 04 13 230 37.80 22.40 40 5.9
1974 Jul. 9 2 32 90 36.30 28.90 69 55
1974 Nov. 14 15 29 440 38.50 23.00 20 53
1975 Mar. 27 05 15 60 40.40 26.10 15 6.2
1975 Apr. 4 05 16 180 38.10 22.10 56 5.6
1976 Feb. 22 12 02 5.0 39.40 2220 15 5.1
1977 Feb. 24 20 47 140 38.30 28.10 25 55
1977 Sep. 11 2319 220 35.00 23.10 30 6.4
1977 Nov. 28 2 59 110 36.00 27.50 79 5.7
1978 Jan. 29 10 23 420 34.90 25.70 35 59
1978 Apr. 27 08 33 270 39.00 21.90 39 5.0
1978 Jun. 20 20 03 210 40.80 2330 15 65
1979 Feb. 16 04 28 180 36.70 25.90 40 55
1979 Apr. 15 06 19 42,0 42.00 19.00 15 73
1979 Jun. 15 11 34 130 34.80 24.10 40 56
1979 Jul. 23 11 41 510 35.50 26.50 50 5.6
1980 Jul. 9 02 11 540 39.20 23.00 10 6.5
1981 Feb. 24 20 53 360 38.14 23.00 15 6.8
1981 Mar. 10 15 16 180 39.30 20.80 35 538
1981 Dec. 19 14 10 490 39.20 25.30 17 6.8
1982 Jun. 22 03 04 283 36.88 20.93 40 6.3
1982 Nov. 16 23 41 276 40.54 19.80 41 58
1983 Jan. 17 12 41 309 37.97 20.25 20 6.7
1983 Mar. 16 20 19 391 38.79 20.81 43 55
1983 Mar. 19 21 41 492 35.35 25.30 28 5.7
1983 Jul. 5 12 01 307 40.27 27.13 s 6.4
1983 Aug. 6 15 43 533 40.08 2481 22 7.1
1984 Jun, 21 10 43 462 35.36 2331 46 6.4
1984 Oct. 25 14 38 255 40.49 2132 20 5.6
1985 Apr. 30 18 14 128 39.24 22.89 79 538
1985 Nov. 9 2330 456 4111 24.05 23 5.6
1986 Mar. 25 0l 41 368 38.38 25.13 16 5.7
1986 Sep. 13 17 24 338 37.10 22.19 13 6.0
1986 Dec. 17 21 18 331 39.76 19.90 26 5.6
1987 May. 29 18 40 332 37.53 21.60 29 55
1988 May. 18 05 17 427 38.35 20.47 20 538
1989 Mar. 19 05 37 2 39.29 23.57 13 538
1989 Sep. 19 07 57 76 30.48 21.36 36 5.0
1990 Dec. 21 06 57 433 40.95 2243 15 59
1992 Nov. 6 19 08 84 38.09 27.19 39 6.2
1992 Nov. 18 21 10 431 38.07 2233 23 5.7
1992 Nov. 21 05 07 190 35.51 2238 78 63
1993 Aug. 26 10 03 537 36.66 28.42 17 5.7
1994 Apr. 16 23 09 364 37.43 20.58 30 538
1994 May. 23 06 46 163 35.40 2473 79 6.1
1995 May. 13 08 47 000 40.16 21.60 16 6.6
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Fig. 3. The intensity data used in this study are shown. Small points are the location of intensity data taken
from the monthly bulletins of Institute of Geodynamics of NOA. The two block configurations used in this

study are also shown.

given in MM (Modified Mercalli) scale. In this
way, 10482 intensity data were obtained and
are plotted in fig. 3.

The crust was divided into two layers; the
thickness of each layer is 20 km. Each layer
was divided into 10 x 10 blocks. The block
sizes are 90 km and 80 km in the E-W and N-S
directions, respectively. The block configura-
tion is shown in fig. 3. The initial values of the
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attenuation coefficient are 7.85 x 1073 and 3.14
x 107 S~ for the upper and the lower layers,
respectively.

By assuming that the frequency of S waves
related to the seismic intensity is 1 Hz, initial
values are converted to Q = 400 and Q = 100,
respectively, for the upper and lower layers.
These Q values are almost equal to those of the
standard Earth model SL8 determined by An-
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derson and Hart (1978), who estimated a
global Q structure using longer period seismic
data. As we assume that the variations of the
S-wave velocity V; is much smaller than that of
the S-wave attenuation D(5V,/V, < 6D/ D),
the S-wave velocities are fixed to be 3.8 km s~!
and 4.3 km s™! for the upper and lower layers,
respectively.

Initial values for source acceleration were
calculated from the observed macroseismic
data and the initial attenuation model. Then,
the data were inverted to obtain the 3D attenu-
ation structure. Although a flat-layer was used

instead of a spherical-layer structure, the cor-
rections are small and are ignored. This is be-
cause the horizontal extent of each block is
much smaller than the radius of the Earth and
the error induced by ignoring the correction is
much smaller than the observation error, which
is mainly due to the conversion of intensity
into acceleration.

Then, the ray paths from events to observa-
tion points and the corresponding travel times
in the blocks were calculated. Figure 4ab
shows the ray paths for each layer. Despite the
small number of events used, ray coverage is
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Fig. da. The ray path coverage of the region is shown for the upper layer.
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Fig. 4b. The ray path coverage of the region is shown for the lower layer.

very good for both layers. This is because the
macroseismic intensity is easily measured at
many points on land; therefore there is a large
amount of observational data for a single
event.

In order to resolve the lateral variation of
the attenuation structure after inverting the in-
tensities, the initial (1st) block configuration
shown in fig. 3, was shifted by half a block
size in northwest direction; we obtained an-
other set of solutions for the 2nd block config-
uration.
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4. Discussion and conclusions

The results of the inversion for the attenua-
tion structure are shown in figs. 5 and 6. Nega-
tive values correspond to high Q, thus to low
attenuation, and positive values correspond to
low Q, thus to high attenuation. The standard
errors obtained were less than 1.0 x 1072 s~
for all the blocks.

The stability and the reliability of the solu-
tion depend on the values of the diagonal ele-
ments of the resolution matrix. Figure 7a,b
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Fig. 5. The results of the inversion are shown for the attenuation structure in the first layer (0-20 km), Negative
values correspond (o high Q (low altenuation) and positive values correspond Lo low @ (high attenuation),
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Fig. 6. The results of the inversion are shown for the attenuation structure in the second layer (20-40 km).
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Fig. 7a,b. The resolution matrix is shown for the upper (a) and lower (b) layers, respectively.
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shows the resolution matrix. According to nu-
merical experiments (Hashida and Shimazaki,
1984) solutions with a resolution higher than
0.35 are considered reliable. So, it can be
shown that the resolution is rather high. Only
in the peripheral blocks is the resolution poor
as was expected, due to the lack of crossing
rays penetrating these blocks. Therefore, the
solutions in the peripheral areas should be dis-
cussed with great care.

Visible contrasts appear in the attenuation
structure. In the upper layer (fig. 5), low Q is
dominant in the Aegean sea, while high Q is
dominant in continental Greece and adjacent
areas. The lowest Q region was found in the
Central Aegean sea. The highest Q region cor-
responds to Central continental Greece. As re-
gards the second layer (20-40 km), low-Q
zones were obtained in the southeastern part of
the Hellenic arc, and in Central Greece as well
(fig. 6). The same picture of the attenuation
structure was also found by Hashida er al.
(1988) using different earthquake data.

It should be noted that the low-Q regions in
the first and second layers almost correspond
to the distribution of Neogene-Quaternary
grabens. The critical point of the attenuation
structure obtained is the upper layer, because
the macroseismic intensity differs from point
to point even in a small area when the ground
conditions change locally. On the other hand,
we assumed a uniform amplifying effect of the
ground by only taking into account the effect
of the free surface. This problem is overcome
by taking relatively large blocks in order to in-
clude several observation points. Therefore, the
results for these blocks will be relatively free
from local site conditions because of averaging
the effects of local conditions at several sta-
tions in the same block.

The correspondence of the low-Q regions
with the Neogene-Quaternary grabens suggests
that these graben areas consist of fractured ma-
terials with relatively high temperature. Heat
flow data support this suggestion (Jongsma,
1974). Low-Q regions in the first layer include
also the volcanic arc (see figs. 1 and 5). How-
ever, in the second layer, low-Q regions were
not obtained. Similar features were also found
in the Japanese island arc (Hashida, 1989).
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Another interesting feature in the attenua-
tion structure is a low-Q area (20-40 km),
found from Eastern Crete to Rhodes and Kos
islands. Such a low-Q area is not expected to
be due to subducting processes taking place
there (McKenzie, 1972; Le Pichon and Ange-
lier, 1979). Thus, it might be an artefact, since
few ray paths penetrate the block there.

The comparison of our results with those
obtained by other researchers (Ligdas et al.,
1990; Drakatos and Drakopoulos, 1991;
Hashida et al., 1988) shows that the obtained
O structure correlates well with the velocity
and Q pattern of the region.
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