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Abstract

Three-dimensional P-velocity structure of the upper crust was determined by inversion of P-
"wave travel times in the Athens broader area (Greece), where a destructive earthquake of
5.9 Ms magnitude occurred on September 7, 1999. The investigated area is located at the
eastern part of Greek mainland and was previously considered as a region of low seismicity.
To investigate the 3-D crustal structure of the region a two-step tomography procedure has
been applied. The selected data set consists of 240 located earthquakes, recorded by at least
eight stations of a portable ten station network, which was installed in the area by the
Institute of Geodynamics, immediately after the main event. In order to improve the initial
velocity model, before the inversion of the travel times, the “minimum 1-D” initial velocity
model was obtained. The results show that at shallow depths low velocities are
predominant in the investigated region, without any sharp horizontal velocity variation.
The low velocities at this depth seem to be typical for sedimentary basins, like those of the
investigated region. The most predominant feature is a low velocity layer at a depth of 6-8
km. At the same depth, few aftershocks have been recorded by the local network. At
deeper layers, higher velocities cover the central part of Attiki region, almost coinciding
with the transition zone between the Pelagonian and Attico-Cycladic massifs.

1. Iptroduction

The Athens broader region s Jocated at the Attiki Prefecture, at the eastern part of the
Greek mainland Figure 1(a) and has been considered as an area of low seismicity. Few
strong earthquakes have been reported in the adjacent area surrounding Athens [1, 2, 3, 4, 5,
6,] in historical times (1705, 1805 and 1889). The largest of them occurred in 1705
(38.2°N, 23 8°F) with estimated magnitude about M=6 [7]." Ambraseys [3} after a detailed
investigation concludes, that “The historical seismicity record for Athens appears to have
been almost free of destructive earthquakes”,
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Nevertheless, on 7 September 1999 the most catastrophic earthquake of the last
century in Greece occurred. In fact, it 1s the first moderate-to- strong shock (Ms = 5.9,
11:56:50.5 GMT) ever reported to have occurred at such a small epicentral distance (D = 18
km) from the historical center of the city. Moreover, it 1s the first shock in the long history
of Athens to cause casualties within its urban area [7]. Using P-wave polarities from the
permanent network of the Institute of Geodynamics and those provided by other networks,
the focal mechanism solution was determined. The solution indicates that the main shock
rupture 1s associated with normal faulting. The nodal planes have parameters NP1
(strike/dip/rake): (293/51/-90); NP2 (srike/dip/rake): (113/39/-90) [8], while the determined
seismic moment and fault radius are My = 7.13 x 10** dyn.cm and R= 9.39 km, respectively
{9].

Immediately after the 7° September carthquake, the Institute of Geodynamics
(National Observatory of Athens), installed an array of 10 portable analog stations in the
vicinity of the main shock in order to monitor the aftershock activity. The network operated
for two months and more than 1500 aftershocks have been recorded. A first attempt to
estimate the spatial and temporal characteristics of the aftershock sequence was made by
several investigators {6, 9, 11,12, 13].

The lack of local networks in Aftiki region did not allow up to day the investigation of
the three-dimensional crustal structure of Athens urban area. Only few information exist
from tomography studies of regional scale [14, 15, 16, 17, 18, 26]). In the present study,
based on the data of the local network, the 3-D crustal velocity structure of the area is
investigated and therefore, the first accurate velocity model for the region 1s derived.

2. Geological and Seismotectonic Regime

The study region 1s located on the western margin of the Attico-Cycladic massif. Afttiki has
a complex geological structure. Its northern part consists of the non-metamorphic
formations of the Pelagomian geotectonic zone, while its southern part belongs to the Attico-
Cycladic massif. The dominant tectonic feature is the overthrust between these two units,
trending NE — SW, composed of three successive thrust faults [19]. The basement rocks in
the active region are Paleozoic shales and sandstones in altered phylites and quartz
conglomerates, Triassic-Jurassic crystalline limestones, dolomites and a few outcorps of
Cretaceous limestones and possibly Paleocene flysch of the Pelagonian zone. Neogene
formations overlie uncomfortably the basement formation, while Quaternary deposits are
unconsolidated sandy-clayed soils, talus cones and scree.

The Attiki region displays moderate neotectonic activity [19, 20). The epicentral
region is located between two important graben structures, the Corinthian Gulf to the west
and Euboikos Gulf to the northeast (Figure 1(b)), which both are characterized by high
seismic activity. Two main basins exist in the region. The Thriassio basin to the west and
the Athens basin, which is developed between the mountains of Penteli, Parnitha and
Aegaleo and is filled with neogene and Quaternary deposits (Figure 1(b)). The recent
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seismic history of the area, does not indicate any previous significant seismic activity in the
specific area, where the main shock was located.

3. Method

In order to investigate the three-dimensional crustal velocity structure of the region, the
two-step tomography procedure proposed by Kissling er a/. [21] has been applied.

As a first step, the travel time data are jointly inverted to obtain a 1-D velocity model,
together with revised hypocenter coordinates and station corrections. This model is calied
the “minimum 1-D model” [22].

As a second step, the 3-D tomographic inversion is determined using the minimum 1-
D model (Figure 2) as the starting model. In this step, the tomographic technique initially
introduced by Thurber [23] and later improved by Eberhart-Phillips [24, 25] was applied.
The method performs an iterative simultaneous inversion for 3-D velocity structure and
hypocenter parameters using travel time residuals from local earthquakes.

The velocity of the medium is parameterized by assigning velocity values at the
intersections (grid points) of a non-uniform, three-dimensional grid. The spacing within the
grid is defined by trying to have enough ray paths near each grid point so that its velocity
may be well resolved. The spacing need not be uniform throughout the study area. The
velocity for a point along a ray path and the velocity partial derivatives are computed by
linearly interpolating between the surrounding grid points. Thus, the solution will show
gradual velocity variations rather than the sharp discontinuities shown in typical refraction
models or block-type parameterizations. As a ray tracing technique, the approximate ray
tracing proposed by Thurber [23] is used. This technique selects the ray paths as the arc
with the fastest travel time out of a suite of circular arcs connecting the source and receiver.
This is a very useful technique that performs very well for station to source distances less
than 100 km [23, 24, 25], and is therefore the most suitable to be applied in the case of
Athens broad.region.
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Figure . The location map of the investigated region (a) is shown, as well as a simplified geological and tectonic
map of Attiki region (afier Drakatos ¢! a/ [27]). All symbols are explained in the attached legend.
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Figure 2. The mimmum 1-D model used in this study is shown.

4. Tomography Data and Results

The resolution and the reliability of the tomographi¢ results strongly depend upon the
degree of intersection of crossing rays. This presumes a dense station network with good
distribution all over the investigated area. In order to overcome this difficulty, a “quality
sensitive” spatial filtering technique was applied, following Drakatos et @/ [26]. For this
purpose the list of all events located at the study area is sorted in decreasing order of
number of phases, time and depth. The first event in the list is considered to be the center
of a cube with specific dimensions. The list of events is processed sequentially and all the
events lying within the cube are removed. When this step is completed. the second event in
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the list is considered as the center of a new cube and the whole procedure 1s repeated o the
last event.

So, from an initial data set consisting of more than 1500 local earthquakes, the final
data set consists of the arrival times of 240 very well located earthquakes (Figure 3) each
one of them recorded by at least 8 stations of the network.
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Figure 3. The map of the investigaied region is shown.
1) the star indicates the epicenter of the main shock
ii) the open circles represent the aftershocks used in this study
iii) the broken lines indicate the grid of nodes, where velocity is calculated
iv) solid lines represent the cross-sections, in N-S and E-W directions.
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For the implementation of the method, a set of nodes has been considered, in the area
between 37.8°N — 38.5°N and 23.2°E-24.0°E, distributed in seven horizontal layers at a
depth of 2, 4, 6, 8, 10, 12 and 15 km. Each grid consists of 12 nodes in the E-W and 9
nodes in the N-S direction, respectively. The distance between two consequent nodes is
3km in both EW and NS direction. The 1nitial velocity values assigned at each horizontal
plane of nodes are 4, 4.7, 5.1, 5.5, 5.9, 6.1 and 6.4 km s”', respectively. The velocity model
used 1s the “minimum 1-D model”, which has been obtained following the procedure
proposed by Kissling e al. [21]. The damping factor assigned to the velocity during the
inversion procedure was set to be 15%.

The total number of observations used is 2348. Some of the events are located outside
the modeled area. The inclusion of earthquakes and (or) stations outside the modeled area
(tomography box) is necessary to improve the ray path distribution within the modeled area.
If only events and stations within the modeled area were included, the quality of hypocenter
location and resolution of velocity would be significantly reduced. However, it must be
remembered in interpreting the results that the peripheral velocity grid-points include ray
paths from the surrounding area.

Before the inversion procedure, the relocation of events has been made. In order to
achieve the best depth determination, we included in the relocation step except the P-wave
armival times and the S-wave arrivals too. The data set has been inverted five times to get a
stable solution.

In order to detect any slight lateral variation of the velocity, after the first inversion the
whole grid configuration was shified to the NE by 3 km. The inversion procedure was
performed again. Therefore, in Figures 4 and S the results of the inversion are shown, in
terms of velocity perturbation at each node, after superposition of the two grids and only for
the well resolved layers. To check the reliability and the stability of the solution, the
number of hits at each node is calculated. The resolution and hence the reliability and the
stability of the solution strongly depend upon the degree of intersection of crossing rays.
This presumes a dense station network with good distribution all over the investigated area.
Despite the relatively low number of stations, the number of hits is high, due to the fine
distribution of the selected events and the small area of the investigated region. As a result,
a large number of crossing rays passes from the grid points where the velocity values are
calculated. The results are shown in Figure 6.

5. Discussion—Conclusions

The 3-D P-wave velocity structure of the upper crust of the Athens broader region is
determined by inversion of the P-armival times of local earthquakes. For the first time, a
reliable 3-D velocity model is determined for the Attiki region. Due to the smatl extent of
the investigated region, no sharp velocity variations were expected.
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Figure 4. The 3-D P-wave velocity is shown, for the three well-resolved layers.
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Figure 5a. The velocity distribution is shown, along the cross-sections of Figure 3, to the S-N directions.
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Figure 5b. The velocity distribution is shown, along the cross-sections of Figure 3, to the W-E directions.
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At the depth of 2 km, an extended low velocity area covers the most the epicentral
region. The velocity ranges from 3.88 to 4.12 kms™. The low velocities at this depth seem
to be typical for the sedimentary basins like those of the investigated region. At the depth
of 4 ki, the velocity distribution seems to be rather homogeneous in the whole region. The
velocity ranges from 4.56 to 4.82 kms™'. In general at shallow depths (less than 4 km) a
gradual vertical increase of the velocity is observed, without any sharp variation. On the
contrary, the lateral variation of the velocity seems to be affected from the geological
regime of the region. Low velocities are predominant beneath the sedimentary basins of
Thriassio and Athens, while higher velocities are detected beneath the mountains of Parnes
and Penteli (Figure 5).

The situation changes at the depth of 6 km. The velocity ranges from 4.96 to 5.22
kms™ and both vertical and lateral velocity variations are sharply pronounced. Relatively
low velocities (about 5.00 kms-1) cover the most part of the aftershock area. At the depth
of 8 km, the velocity ranges from 5.36 to 5.62 kms™. Like in the previous layer, two spots
of low velocity zone are predominant in the aftershock area (Figure 5). The same situation
exists at the depth of 10 km. Relatively low velocities cover the epicentral part of the
investigated region, while a higher velocity zone is determined in the central part of Attiki,
almost coinciding with the transition between the Pelagonian and Attico-Cycladic massifs
(Figures 4 and $)

The velocity distribution as determined at the two other layers (at the depths of 12
and 15 km) should be examined carefully. The results seem to be unstable and disputable
due to the lack of deeper events and therefore the small number of seismic rays penetrating
at these layers.

In general, the results are in good agreement with those of other investigators [10,
27]), which investigated the tomographic structure of the region, using micro-earthquake
data from other networks installed in the region.
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Figure 6. The pumber of hits at each layer of the region is shown.
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