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SUMMARY

New findings about the deep origin of the geothermal fields and volcanic centres of the North Evian Gulf
area, Central Greece, were arisen by combining a three-dimensional traveltime inversion study of a
microseismic dataset recorded of 37 portable stations together with a Curie depth point analysis based on
aeromagnetic data.

A possible magma chamber can be presumed by the detection of a low seismic velocity volume with high
Poisson ratio values at depths below 8 km and the Curie point depth estimation at about 7-8 km depth as
well.

Besides, the analysis gave information about how the main large tectonic structures (NW-SE) and other
important NE-SW faults can facilitate the hydrothermal flux of the local geothermal field.
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Introduction

Along the coast of the North Evian Gulf, Central Greece, there are significant geothermal sites and
thermal springs as Aedipsos, Yaltra, Lichades, llia, Kamena Vourla, Thermopylae etc. (Figure 1) but
also volcanoes of the Quaternary - Pleistocene age as Lichades and VVromolimni. Since for these local
volcanoes and geothermal fields, their deep origin and their relation with the ones of the wider region
(Thessaly or Central Evia, see Figure 1) have not been clarified yet in detail, we attempted a deep
structure investigation by conducting a 3D local earthquake tomography study in combination with
Curie Depth analysis of aeromagnetic data. The study area is shown in the map of Figure 1.

A combined onshore - offshore network of 23 stand alone stations and 7 Ocean Bottom Seismographs
(OBS’s) was deployed to record the microseismic activity for a 4-month period, in the summer of
2003. The locations of the land seismographs and OBSs as well as the epicentres of the 2000 recorded
events, as these were initially located by Papoulia et al. (2006), are presented in Figure 2a.
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Figure 1 Map of the Central-East Greece presenting the volcanic centres and the sites of the most
important thermal springs. The dashed line box indicates the study area.

Methodology and Data processing
a. Traveltime inversion of microseismicity data

To build the 3D seismic velocity structure we implemented the algorithm SIMULPS14 (Thurber,
1983; Eberhart-Phillips, 1990; Haslinger and Kissling, 2001). The code performs simultaneous
inversion of the model parameters Vp, Vp/Vs and hypocenter locations. It uses a linearised damped
least-square inversion to solve the non-linear problem of the hypocentral location and velocity model.
The parameterisation of the velocity model is accomplished by the considering a 3D grid of velocity
nodes (Vp and Vp/Vs) with linear interpolation of the velocity values in the intermediate space.

Due to the non-linear nature of the problem, the initial velocity model and hypocenter locations in the
inversion procedure must be chosen as close as possible to their true values. A good approximation
can be derived by adopting the “1-D minimum velocity model” resulting from the VELEST algorithm
(Kissling et al., 1994). In order to build a reliable minimum 1D velocity model we used only the most
reliable events depending on the number of phases. We set a minimum of 8 records per event and
azimuthal gap (GAP) be lower than 180° (GAP< 180°) and selected 481 events. The initial Vp/Vs
values were chosen close to 1.78 based on previous studies in the wider region. The VELEST
algorithm simultaneously inverted the hypocentral parameters and the velocity model to obtain the
optimum solutions (1D minimum model). The initial and final model of the 1D inversion is presented
in Figure 2b with the black and red line respectively. For the design of the input model for VELEST
we took into account the results of a past seismic survey (Makris et . al, 2001). The 3D linearised
tomography code SIMULPS14 was afterwards applied to determine the 3D velocity structure of the P
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and S waves. The initially recorded seismicity (Papoulia et al., 2006) was then relocated using the
final 3D velocity model.
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Figure 2 Location map of the seismograph stations and the initial epicentres (Papoulia et al. 2006)
(left). The input (VELESTIn) and final (VELESTout) 1D model of Velest algorithm. The input model
was based on geophysical results (Makris et al. 2001). The input model for the 3-D inversion
(SIMULPS14) was based on the VELEST output (right).

The three-dimensional inversion required as basic inputs the initial velocity model, the travetime P-
wave and S-wave phases of the recorded microseismicity and the stations characteristics. The number
of the events increased in this procedure to 540 with the selection of the ones with minimum number
of P-wave phases equal to 6. In the selection criteria was also the azimuthal gap (GAP) to be lower
than 180°. The values of the damping factors were chosen with the aid of the trade-off curve between
the model variance and data variance. Two horizontal slices of the 3D P-wave velocity model and the
respective ones of the Poisson ratio are given in Figure 3(a, b, ¢, d). The dashed lines in Figures 3
imply the reliability limit that we finally considered based on the comparison between the graphical
representations of the diagonal elements of the resolution matrix (RDE) and the recovery ability of
“checkerboard” models (Figures 3e, 3f).

b. Curie Point Depth estimation by aeromagnetic data

To estimate the Curie Depth Point we followed the centroid procedures described in Stampolidis et
al., (2005). The filtered residual dataset of the area was subdivided in 5 square sub-regions, C1 to C5,
sized 100x100 km? with a 70% overlap. In each sub-region the radially averaged power spectra were
computed using the Philips (1997) software. The slope of the longest wavelength part for each sub-
region yielded the centroid depth, z,, of the deepest layer of magnetic sources, while the slope of the
second longest wavelength spectral segment yielded the depth to the top, z;, for the same layer (an
example, the C1 square area, is reported in Figure 4). Using the formula z, = 2z, — z; (Okubo et al.
1985) the Curie Depth estimation was derived for each sub-region C an assigned at its centre. The
estimated depths are reported in km below sea level (Figure 4).

Interpretation of the results

The most important structural feature detected by the three-dimensional local earthquake tomography
was a low velocity anomaly (relative to the initial 1D reference model) below the region of North
Evian gulf at depths of 8-12 km and deeper. The negative velocity anomaly is obvious in both
sections of 8 and 12 km depth (Figure 3). The resolution at the 16 km depth slice does not allow us to
have a clear picture on how this anomaly continues deeper. However, the good resolution part of the
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section shows that such a continuation is possible. The anomaly zone also presents high values of
Poisson ratio, in the order of 0.28 or higher to 0.32 (eg. Aedipsos-Ilia at 8 km, VVromolimni at 12 km).
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Figure 3 Horizontal slice of the P-wave velocity for the depths of 12 km (a) and 8 km (b) and the
respective slices of Poisson ratio (¢) and (d).The detected anomaly is correlated also with the position
of the local volcanic and geothermal centres, namely K: Kamena Vourla V: Vromolimni L: Lichades
G: Agios Georgios Port of Lichades Y: Yaltra A: Aedipsos I: llia C: Chronia. At the bottom figures
the checkerboard test is presented; the model used to produce the synthetic data (e) and the resulted
model after the inversion procedure with 1D starting model.

Since high temperature magmatic chambers are characterized by low seismic velocities, high Poisson
ratios and elevated Curie surfaces, we could identify that a possible magmatic chamber is located in
an approximate depth of 8 to 12 km and possibly deeper. Present day hydrothermal activity is
supporting this assumption.

The existence of the higher velocity material at 8 km below Lichades and Vromolimni implies a
possible presence of crystallized magma.

The seismic slices of 4 km depth showed that the thermal springs follow existing active faults.
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Figure 4 Example of CDP estimated depths for Cell 1 over band-pass filtered (10-50 km) data set
(left). Aeromagnetic map of the wider region. The estimated CDP depths have been also depicted in
their positions (right)

Conclusions

The joint study of seismic velocity tomography from local earthquake observations and the Curie
Depth Point analysis from aeromagnetic data provided a reliable approximation of the depth and
thermal properties of intruded high temperature sources below North Evoikos gulf geothermal field.
Depth of these sources was deduced from low velocity P and S values and high Poisson ratios at about
8 — 12 km depth and deeper. Since the Curie Depth Point analysis estimated the demagnetization of
the material due to high temperatures at the top of this volume, we concluded that this volume is
related with the existence of a magma chamber. Below the Quaternary volcanoes of Lichades,
Vromolimni and Agios loannis there is a local increase of the seismic velocity over the low velocity
anomaly. This was attributed to a crystallized magma volume below the volcanoes. The coincidence
of the spatial distribution of surface geothermal sites and volcanoes with the deep low velocity
anomaly supports our consideration of magma presence.
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