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ABSTRACT 
 

 

An identification of the responsible faults for the destructive earthquakes of 1894 in the Atalanti
region was carried out by employing a novel application of 3D finite-difference wavefield 
modeling. Several faults proposed in the literature were tested in detailed 3D simulations, by also 
utilizing a detailed local 3D velocity model, as well as the local topography. The assessment of
the most probable sources for these events was based on the correlation of reported damages with
the distribution of the simulated peak ground acceleration. Furthermore, the distribution of the
spectral amplitudes at higher frequencies that are related to the resonant frequencies of the local
buildings on that time period was also used as an indicator. The general effect of the local 3D 
subsurface structure on the propagation of the wavefield and the spatial distribution of the ground
motion was also investigated. The Malessina fault was identified as a probable source for the main
event of 20/4/1894 based on the results of the 3D modeling, whereas the 3D effect was found to
be a highly contributing factor to the distribution of the simulated ground motion.  

ARTICLE INFO 
 

Article history:  

Received 27 June 2021 
Accepted 2 November 2021 
Available online 16 November 2021 
 
 

 

Keywords: 

3D velocity model  
Numerical modeling  
Wavefield simulation  
Euboean Gulf Atalanti

INTRODUCTION 

Active tectonics usually form structures and 
geomorphological features such as basins and grabens 
that have a significant effect on a propagating seismic 
wavefield, causing complex wave phenomena such as 
multiple reflections or the creation of highly 
destructive surface waves (e.g. Rayleigh waves). The 
effect of the earth’s three-dimensional structure in the 
ground motion has been extensively documented in 
the literature (Bard and Bouchon, 1980; Joyner et al., 
1981; Bard and Gariel, 1986; Yilmaz et al., 2006; 
Karastathis et al., 2010; Novikova et al., 2017) with 
some prominent examples including the M8.0 
earthquake in Mexico in 1985 (Chavez-Garcia and 
Bard, 1994) and the M6.9 earthquake in Kobe, Japan 
in 1995 (Pitarka et al., 1998). In such cases, the 
seismic motion can be amplified by several times due 
to the effect of the complex sedimentary basin, on top 
of the amplification caused by the soil layering (e.g. 
Semblat, 2011). Likewise, the impact of the 
topography is also of high importance in regions with 
complex topographical relief, as proven by several 
studies in the past (e.g. Frankel, 1993; Pitarka et al., 
1998; Hestholm et al., 2006).  

The calculation of the 3D effect can be made by 
using 3D modeling techniques in time or frequency 

domain, such as the Finite difference (e.g. Virieux, 
1984; Levander, 1988; Graves, 1996; Zhang et al., 
2012; Rubio et al., 2014), the Finite element (e.g. 
Zienkiewicz, 1977; Padovani et al. 1994; Liu et al., 
2014a), the spectral element (e.g. Faccioli et al., 1996; 
Komatitsch and Vilotte, 1998; Kaneko et al., 2008), 
the boundary element (e.g. Chen and Zhou, 1992; 
Álvarez-Rubio et al., 2004) and the discontinuous 
Galerkin method (e.g. de la Puente et al., 2009; Pelties 
et al., 2012; Tago et al., 2012). Using the 
methodologies above, subsurface structure of various 
levels of 3D heterogeneity can be incorporated in the 
simulation of the propagation of the seismic energy. 
The downside of these methods, however, is the 
relatively high computational cost that limits their use, 
since large scale computer systems need to be 
employed in order to carry out large scale simulations: 
e.g. the TeraShake simulation (Minster et al., 2004), 
the Tangshan earthquake simulations by Fu et al. 
(2017), etc. Furthermore, each of these methods has an 
intrinsic disadvantage such as numerical dispersion in 
the finite element method (Bonilla, 2002) or the 
limitation to models with weak heterogeneities in 
the boundary element method (Semblat, 2011). The 
continuous improvement of home and professional 
computers, as well as the discovery of various 
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computational techniques, aimed at reducing the 
computational requirements for processing very large 
amounts of data, has greatly contributed to making 
these techniques more applicable. 

In the present study we employ the 3D staggered-
grid finite-difference modeling technique in Greece 
and more specifically in the North Euboean Gulf 
(Fig. 1), a tectonic graben formed by a series of 
parallel NNW-SSE trending normal faults. Greece is 
one of the most seismically active regions in Europe 
and is characterized by a complex geology, dominated 
by a variety of 3D structures, including many grabens. 
Some well-known cases include the Gulf of Corinth, 
the Western Gulf of Patras, the North and South 
Euboea Gulf, etc. (e.g., Ferentinos et al., 1985; Leeder 
and Jackson, 1993). The region of the North Euboean 
Gulf is characterized by a relatively high seismicity, 
having been struck by various strong earthquakes in 
the past. The oldest catastrophic event occurred in 
426 BC (Papazachos and Papazachou, 2003; 
Ambraseys, 2009; Kanellopoulos et al., 2020) which, 
according to the historical sources, submerged part of 

the Lichades volcanic island complex and the narrow 
isthmus linking the mainland with the Atalanti islet 
were, making the latter a permanent island, and dried 
up the hot springs of Aedipsos, where, three days later, 
new hot springs appeared in new locations. The most 
recent and most notable events are the two successive 
strong earthquakes that struck the region in 1894, with 
estimated magnitudes between M6.4-6.7 for the first 
(Karnik, 1971; Ambraseys and Jackson, 1990; 
Papazachos and Papazachou, 2003) and M7.0 
(Ambraseys and Jackson, 1990; Makropoulos and 
Kouskouna, 1994; Novikova et al., 2017) for the 
second that caused widespread damage in the region. 
Besides the primary ground deformation phenomena 
(coseismic ground ruptures), the sequence caused 
several secondary ones, such as liquefaction, 
landslides, rockfalls, tsunami and hot-springs 
anomalies (Papazachos and Papazachou, 2003; 
Ambraseys and Jackson, 1990; Ambraseys, 2009; 
Kanellopoulos et al., 2020 and references therein). 

The above 3D modeling methodology was used 
in order to simulate the ground motion caused by the 

Fig. 1 The region of the North Euboean Gulf. The proposed epicentres for the two strong events of 1984, as proposed by 
different authors in the literature, the active faults in red lines (see text for references), and the main geological 
formations (modified after IGME, 1983), are shown on the map. The fault sources that were used for the simulations 
in the present manuscript are also presented with thick, dashed, black lines. 
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 historic and catastrophic event of 20/4/1984 in 
Malessina peninsula, which caused widespread 
damage in the broader study area (Fig. 1). The actual 
source of this event has been a subject of investigation 
by several authors in the past (e.g. Ganas et al., 1998; 
Pantosti et al., 2001; Albini and Pantosti, 2004). The 
aim of our work is to provide further insight into the 
possible fault related to this event by evaluating 
the catastrophic results of the earthquake, taking 
advantage of the intrinsic capabilities of 3D numerical 
modeling to simulate the complex 3D effect and thus 
provide a link between the observed localized 
damages and the maximum simulated amplitudes of 
the ground motion. We carried out simulations using 
sources proposed in bibliography and more 
specifically a) the Atalanti segment of the Atalanti 
fault zone (Ganas, 1997; Pantosti et al., 2001; Pavlides 
et al., 2004; Karastathis et al., 2007), b) the faults 
proposed by Albini and Pantosti (2004), based on 
macroseismic observations and c) the Malessina fault 
(Pantosti et al., 2001; Gerolymatos and Stefouli, 
2020). The above tested sources are shown in Figure 
1. By simulating the ground motion from these 
sources, our aim is to examine the effect of the 3D 
subsurface structure and investigate the correlation of 
the reported damages with the calculated ground 
motion in the area. Furthermore, our goal is to assess 
the most suitable source for the events that can justify 
the reported intensities and results. For this purpose, 
we utilized a detailed 3D velocity model for the region 
available by Karastathis et al. (2011), in combination 
with the local topography. 

 
GEOLOGICAL-TECTONIC AND GEODYNAMIC 
SETTING 

The study area lies between two major active 
tectonic regimes: i) the westward prolongation of the 
transcurrent North Anatolian Fault, i.e. the North 
Aegean Trough and Basin (e.g. Lybéris, 1984; Sboras 
et al., 2017), and ii) the extensional structure of the 
Gulf of Corinth (e.g. Ori, 1989; Nixon et al., 2016). 
The N-S-trending crustal stretching (e.g. Hatzfeld et 
al., 1999) has produced WNW-ESE- to NW-SE-
striking extensional faulting which has thinned the 
crust to 20 km below northern Evoikos Gulf (Makris 
et al., 2001), also directly affecting the landscape 
(Poulimenos and Doutsos, 1997; Goldsworthy and 
Jackson, 2001). The Gulf represents a ca. 100 km-long 
(half-) graben/rift (Roberts and Jackson, 1991), 
bordered by large fault zones of discontinuous faults 
which cause vertical movements (Stiros and 
Rondogianni, 1985; Poulimenos and Doutsos, 1997; 
Papanastassiou et al., 2014) as also suggested by 
shoreline changes along the Euboean and Phthiotis 
(Stiros et al., 1992; Evelpidou et al., 2011). On the 
mainland (Phthiotis region), parallel to the 
southwestern coastline of the gulf, roughly NE-
dipping normal faults have significantly affected the 
topographic relief by forming elongated mountain 
ranges on their footwall (e.g. Mts. Kallidromo and 
Knimis), and the drainage evolution (e.g. Kranis et al., 

2001; Palyvos et al., 2006). Among these faults, the 
seismic Atalanti Fault stands out for possibly 
producing the 1894 M7.0 homonymous earthquake 
(e.g., Ganas et al., 1998; Pantosti et al., 2001; 
information about the local geological conditions see 
Kanellopoulos et al. (2015) and references therein), 
whereas an impressive 40 m-high, striations and 
corrugations-bearing fault surface, named ‘Arkitsa 
fault’, has been exposed after the excavation of the 
covering colluvial deposits (e.g. Jackson and 
McKenzie, 1999; Resor and Meer, 2009). Less 
investigated, northern Euboea also demonstrates ca. 
WNW-ESE-striking neotectonic structures revealing 
NNW-SSE-oriented, Quaternary extension (Mettos et 
al., 1991). Crosswise to the above faults, in 
ENE- WSW to NE-SW general direction, active faults 
have been detected on land, both in Phthiotis region 
and North Euboea (Kranis et al., 2001; Palyvos et al., 
2006). Focal mechanisms also confirm the offshore 
occurrence of such faulting orientation (Benetatos et 
al., 2004). The occurrence of the Lichades-Kammena 
Vourla volcanic centre (Kanellopoulos et al., 2019) 
and the hot-springs on both coasts of the gulf 
(Kanellopoulos et al., 2018, 2020) are related to this 
tectonic setting. 

 
DATA AND METHODOLOGY 

The methodology that was used in order to carry 
out all simulations is the 3D finite-difference 
technique, using the staggered grid scheme. With the 
above method, the three velocity components (Vx, Vy 
and Vz) and the 6 stress components (txx, tyy, tzz, txy, 
txz and tyz) are calculated in a successive manner. 
More specifically, at each time step the spatial and 
time derivatives of the stress components are used to 
update the velocity values, followed by the calculation 
of the spatial and time derivatives of the updated 
velocity values that are then used in turn to calculate 
the new stress values. In our case we used the 4th order 
scheme (with the coefficients provided by Levander 
(1988)) for the calculation of the spatial derivatives, as 
it provides more accurate and stable results compared 
to the 2nd order scheme, while retaining computational 
efficiency (Levander, 1988; Hustedt et al., 2004) and 
the 2nd order scheme for the time derivatives. 

This procedure was applied for the simulation of 
propagating wavefields in region of the North 
Euboean Gulf that covers an area of 54x78 km. The 
subsurface structure of this region has been studied by 
Karastathis et al. (2011), who provide a detailed 3D VP 
and VS velocity model for the region that covers 
depths up to 20 km. The VP velocity model and the 
VP/VS ratio that were used as input are presented in 
Figure 2. Additionally, a topographic and bathymetric 
model with 100m resolution was implemented. In 
order to generate results at higher frequency bands, it 
is required to discretize the volume in a dense grid of 
nodes. Consequently, in order to ensure numerical 
stability, it is crucial to use a small time step. In our 
case we applied linear interpolation to the 3D velocity 
model of Karastathis et al. (2011), which initially had 
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Fig. 2 Depth slices of the VP velocity perturbations (top panels) and the VP/VS ratio that was used as input for 
the simulations in this study (by Karastathis et al., 2011). 

a variable node spacing between 9 to 13 km in the 
horizontal and 3 to 4 km in the vertical plane, resulting 
in a node spacing of 100 m. After following a trial and 
error approach, it was determined that a sampling rate 
of 0.005s was necessary in order to achieve stable 
results. Therefore, a 40s simulation required 8000 time 
steps for a 780x540x220 grid (92.664x106 nodes). 

The topography of the region is implemented on 
the computational grid on the basis of the 
methodology described by Ohminato and Chouet 
(1997). The initial 2D topographic grid is initially 
resampled with respect to the resolution of the 
computational grid (100 m), representing a staircase 
structure in the 3D space. Shear stresses are set to zero 
when they lie on vertical or horizontal surfaces or 
edges (depending on the specific stress component). 
Setting these values to zero is done by creating a series 
of grid “masks”. These are 3D grids with each node 
having a value of zero or one and are used in order to 
multiply the separate stress 3D grids at each time step. 
In a same manner, normal stresses were set to zero on 
nodes that are over the topographic grid and at the 
same time the stress gradient at the free surface was 
multiplied by 2 (Ohminato and Chouet, 1997). The 
model 3D grid, including the 3D velocity structure and 
the topography is presented in Figure 3. 

In order to eliminate artificial reflections in the 
side and bottom boundaries of the input computation 
grid, we implemented a combined absorbing and non-

reflecting boundary condition, based on the 
methodology proposed by Liu and Sen (2009). More 
specifically, the absorbing boundary condition that we 
used is based on the 1st Higdon one way wave equation 
(Higdon, 1991). The numerical formulas of this 
equation are applied on a strip of velocity nodes in the 
grid edges. The calculated velocity values in this 
region of the grid result from a weighted summation 
of the actual numerical formula provided by Graves 
(1996) and the one-way equation of Higdon (1991). In 
our case, a strip of 10 nodes on each boundary was 
sufficient in order to eliminate artificial reflections 
almost perfectly. 

In our simulations, the source is represented by 
a finite surface, representing a fault. This surface has 
the geometrical characteristics of the fault (length, 
width, strike, dip). All grid points within this surface 
were treated as point sources, scaled with respect to 
their total number and are activated with a time delay, 
relative to the rupture speed. In our case we used 
a rupture velocity of 0.8VS (e.g. Boatwright, 1980; 
Atkinson and Silva, 1997; Beresnev and Atkinson, 
1998) and as an initial source we used the location of 
the hypocenter, which was the center of the fault plane 
for each tested fault. We also tested other possible 
hypocentral locations within the fault, but the resulting 
synthetics were highly similar. Each point source 
represents a double couple focal mechanism which is 
modeled on the velocity nodes, according to the 
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Fig. 3 The 3D simulation domain shown as a set of cubic cells with dl=100 m up to the depth of 5 km for the 
Northern Euboean Gulf. The vertical axis is exaggerated by a factor of 2. 

technique proposed by Graves (1996). A Ricker 
wavelet with a frequency of 2 Hz was used as an initial 
pulse. To increase the computational efficiency for our 
simulations, we employed GPU processing (using 
a single 8 Gb GPU unit), instead of parallel processing 
(on our 16 cores CPU), which in our workstation 
resulted in a reduction of the simulation time by 
a factor of 30.  

 
RESULTS 

The resulting normalized peak ground 
acceleration after the simulation for the three fault 
scenarios simulations can be seen in Figure 4a. It can 
be easily noticed that in the case of the Atalanti fault 
segment simulations, the highest modeled acceleration 
values were limited within the borders of the Atalanti 
basin, over the central part of the fault trace. As 
expected, the PGA distribution follows the strike of 
the fault trace; however at the northern and southern 
parts of the fault, these PGA values appear to be 
significantly lower. This can be justified by the fact 
that the topographic relief is characterized by abrupt 
rises, forming a small basin which acts as a trap for the 
seismic energy. Another contributing factor is the fact 
that the VP and VS velocities in that region are lower, 
compared to the southeastern part of the fault region, 
corresponding to the basin formations. A similar 
picture can be observed by examining the distribution 
of the spectral amplitudes, as seen in Figures 5a-6a. 
Also in this case, the maximum amplitudes for all 
simulated frequencies are contained within the 
Atalanti basin. The above observations are in contrast 
to the fact that the highest macroseismic intensities 

(X on the EMS98 scale, according to the intensity 
estimations of Albini and Pantosti (2004), which were 
in turn based on several contemporary and later 
sources) for the main event were observed towards the 
southeast, in the area of the Malessina peninsula near 
the southeastern edge of the tested fault (Fig. 4a). The 
PGA distribution appears to be better correlated with 
the reported damages of the second event of 27/4/1984 
(Fig. 7a), however it should be noted that the extensive 
damage after the first event caused bias in the reports 
on the damages of the second event, due to the 
accumulation of damage and thus macroseismic data 
for the southern region is less accurate in this case 
(Albini and Pantosti, 2004).  

Carrying out the simulation using the fault 
proposed by Albini and Pantosti (2004), resulted in the 
highest acceleration amplitudes being observed closer 
to the northern part of the Malessina peninsula and the 
region of Tragana. Once again the PGA distribution is 
directly related to the location and orientation of the 
tested fault and thus, the shift of the maximum PGA 
values towards the southeast can be explained. In this 
case also however, there appears to be a significant 
reduction of the PGA values (Fig. 4b), as well as the 
spectral amplitudes (Figs. 5b-6b) towards the 
southeast, indicating the strong contribution of the 3D 
velocity model and the morphology to the simulated 
results. The largest acceleration values that were 
modelled for this fault case are now closer to the sites 
with the largest reported macroseismic intensities of 
the main event, compared to the previously tested 
fault. 
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Fig. 4 The normalized simulated peak ground acceleration for the simulation cases of: a) the Atalanti fault 
segment, b) the fault proposed by Albini and Pantosti (2004) and c) the Malessina fault. The sites with 
reported macroseismic intensities for the event of 20/4/1894 of X are market with red symbols, the ones 
with intensity IX with green and the ones with intensity VIII-IX with blue (by Albini and Pantosti, 2004). 
The surface trace of the fault that was used as a source for each case is also marked with red line. 

Fig. 5 a) The simulated spectral amplitudes for a frequency of 3 Hz for the three fault cases. Macroseismic 
intensities and the fault traces for each simulation case are shown as in Figure 4. 
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Fig. 6  a) The simulated spectral amplitudes for a frequency of 4 Hz for the three fault cases. Macroseismic 
intensities and the fault traces for each simulation case are shown as in Figure 4. 

Figure 4c shows the results from carrying out the 
simulation for the Malessina fault. As seen in this case 
the PGA distribution follows an E-W trend, similar to 
the fault trace. Since the fault is further to the south of 
the Atalanti basin, the resulting PGA does not appear 
to be highly affected by this structure, and therefore 
the largest PGA values are now found over the central 
part of the Malessina peninsula, in total agreement 
with the largest reported macroseismic intensities of 
the main event. Concerning the spectral amplitudes, it 
can be seen that the largest values at frequencies >2 Hz 
appear to be concentrated slightly to the eastern part of 
the fault area (Figs. 5c-6c). indicating the pronounced 
effect of the 3D structure on the simulated results. 
Furthermore, compared to the other two fault cases, 
some relatively larger PGA values, as well as spectral 
amplitudes at lower frequencies can be observed on 
the western coast of Euboea. It should be noted that 
the achieved bandwidth of the simulated results was 
between 0.2 and 4 Hz. 

Of the previously mentioned simulations, the one 
with the fault proposed by Albini and Pantosti (2004) 
(source 2) and the one with the Malessina fault 
(source 3) seem to produce PGA distributions that are 
better aligned with the largest macroseismic intensities 
that were recorded for the main event of 20/4/1987. 
For these two cases, we present in Figures 7-8 several 
snapshots of the simulated wavefields. It can be seen 
in Figure 7 that for the proposed fault used in the 
second simulation, a larger portion of the seismic 

energy appears to have travelled towards the 
southeast, crossing the Malessina peninsula. In 
contrast, the seismic energy diminishes much more 
rapidly as it travels northwards. This observation 
seems to indicate this fault as a possible source for this 
event. In Figure 8 snapshots of the simulated 
wavefield using the Malessina fault as a source are 
presented. As, expected, since the fault directly 
intersects the Malessina peninsula, a large portion of 
the seismic energy has crossed that region. At the same 
time, a significant portion of the seismic energy 
appears to have struck the northwestern region of 
Euboea, and in particular the region around the village 
of Limni (shown in Fig. 1). This observation is in line 
with the large reported macroseismic intensity value 
of VIII for the village of Limni; therefore, using this 
fault as a source for the main event appears to better 
explain the macroseismic observations compared to 
the previous test cases.   

CONCLUSIONS AND DISCUSSION 

In the present study we demonstrated a novel 
application of 3D numerical modeling for identifying 
the possible source of a historical event and attributing 
reported damages to the distribution of strong ground 
motion. By carrying out simulations for the two large 
historical earthquakes of 1894 in the region of 
Atalanti, using this 3D methodology in conjunction 
with a detailed 3D tomographic model, as well as the 
surface relief of the region, it was possible to 
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Fig. 7  Snapshots of the simulated velocity for a simulation with the fault proposed by Albini and Pantosti (2004) 
as a source. 

Fig. 8  Snapshots of the simulated velocity for a simulation with the Malessina fault as a source. 

investigate the possible relation of the 3D structure 
with the reported damages for this event. Furthermore, 
using several proposed faults as possible sources, we 
further investigated which fault is the most probable 
source for these events based again on the reported 

distribution of macroseismic intensities. We should 
point out, however, that one of the most important 
factors with regards to the damage that may be caused 
by a strong earthquake is the local soil conditions. 
A detailed distribution of the shallow soil profile for 



FAULT IDENTIFICATION FOR THE CATASTROPHIC 1894 ATALANTI EARTHQUAKE USING 3D … 
. 

 

533

 

 

such a wide region was not available in our case and 
therefore, this information was not contained in our 
simulations. Furthermore, even if this information was 
available, the input grid would have to be discretized 
in a resolution of only a few meters, which would 
result in an excessively large grid for such a large area 
and therefore it would not be possible to carry out the 
aforementioned simulations using the previously 
described methodology. Even without the inclusion 
however, the resulting simulated ground motion 
appears to be heavily influenced by the input 3D 
structure; therefore, a partial link between the 
localization of the damages and the resulting PGA 
distribution can be given. 

It should also be pointed out that the present 
study was based on an old historical event, and 
therefore the information regarding the macroseismic 
intensities cannot be considered as perfectly accurate. 
Still, however, since the regional building 
environment could be considered homogeneous 
within this region, the reported distribution of the 
intensities cannot be far from the truth. In light of the 
above facts, the results of our simulations clearly point 
out towards the fault proposed by Albini and Pantosti 
(2004) and the Malessina fault as being the most 
probable sources for the 20/4/1894 event. Between the 
two cases the Malessina fault shows an even stronger 
correlation to the reported damages, based on the 
distribution of the PGA and therefore it should at least 
be considered as a possible candidate for this event. 
This particular fault has also been suggested by 
Gerolymatos and Stefouli (2020) as the source of this 
event. It should be further noted that for this fault case, 
the simulated spectral amplitudes at frequencies >3 Hz 
show a very good correlation with the largest reported 
macroseismic intensities. Since the local building 
environment at that time included mostly small 
masonry buildings (Albini and Pantosti, 2004), which 
have resonant frequencies generally >3 Hz (e.g. 
NTSC-2008, 2008; ASCE 07-16, 2017) it is expected 
that the ground motion at higher frequencies would be 
responsible for their total collapse. This further 
validates the Malessina fault as a probable source for 
this event.  
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