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Seismic and electrical anisotropy in the Mornos delta, 
Gulf of Corinth, Greece, and its relationship with 
GPS strain measurements 

2 A Tzanis 1 G. Chouliaras, , P. Bernard, . 

G. Stavrakakis, 2 and K. Makropoulos 3 
1 M.-P. Bouin, 1 J Tellez, 4 3 p. Briole, . 

Abstract. Shear-wave splitting studies on seismo- 
grams from local earthquakes at the site of the Mornos 
delta (Gulf of Corinth, Greece) has revealed a clear 
seismic anisotropy, with a fast S polarization striking 
N55 + 25 ø. Magneto-telluric soundings in the frequency 
range 0.01 to 100 Hz on the delta showed a clear electric 
anisotropy, with a N55 ø + 10 ø direction for the high- 
est frequency. This anisotropy spans through the whole 
layer of sediments, about 1 km thick. Comparison of the 
1966-1972 triangulations and the 1991-1995 GPS posi- 
tions of geodetic points in and around the delta showed 
rapid extension strain (2x10-S/year) in the direction 
N340ø + 30 ø, perpendicular to the fast S and the high- 
est conductivity directions, suggestive of a causal rela- 
tionship between these observations. We thus propose 
that this strain controls the two reported anisotropies, 
by the formation and maintaining of fluid filled, steeply 
dipping antithetic faults and fractures, and fluid filled 
vertical cracks, all striking N55 ø 4- 20 ø. The source of 
strain is likely to be active normal faulting near and un- 
der the delta, as independently evidenced by the recent 
discovery of nearby offshore faults, striking about N60 ø, 
significantly different from the dominant E-W strike of 
the major faults of the Gulf. 

Introduction 

A number of recent studies have revealed seismic 
anisotropy in the upper crust, mostly based on the 
analysis of shear wave splitting from local earthquakes. 
Crampin (1978) suggested that it is related to fluid filled 
•r•cks aligned in the stress field, propo.qing the EDA 
model (Extensive Dilatancy Anisotropy). Several field 
studies have supported this model, showing that the 
fast S direction was close to the regional compressive 
stress deduced from seismotectonic studies (e.g., Booth 
et al., 1985; Bouin et al., 1995). However, this model 
fails in some cases, and alternative models with layer- 
ing of rocks in sediments, foliation in the rock fabric, 
or crystal preferential orientation have been proposed 
(e.g., Aster and Shearer, 1992). 
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In contrast to these numerous studies, very few at- 
tempts to detect electrical anisotropy in the upper crust 
and correlate it with seismic anisotropy have been re- 
ported (Evans et al.., 1987; Tzanis et al., 1995), a ma- 
jor reason being the strong sensitivity of the electrical 
methods to large-scale lateral heterogeneities, masking 
the anisotropy effect. We however believe that under 
favourable conditions, the electrical approach may bring 
very valuable, complementary information to the seis- 
mic anisotropy, due to its depth resolution with period 
and to the large range of resistivies of rocks, in partic- 
ular due to fluid inclusions in cracks. 

In the present study, we report and compare seismic 
and electrical anisotropy of the shallow crust at a site 
where we do not expect strong lateral heterogeneties, 
and where we could constrain the strain by GPS mea- 
surements. We selected the delta of the Mornos river, 
on the northern coast of the Gulf of Corinth (Greece), 
where a temporary experiment in 1991 has revealed 
a clear shear-wave splitting, interpreted as a crack- 
induced anisotropy in the sediments in relationship with 
the extensional strain of the area (Bouin et al., 1996). 

Tectonic setting of the Mornos delta 
The delta of the Mornos river is located on the north- 

ern coast of the Gulf of Corinth, near its western end 
(Figure 1). The gulf is an asymmetric rift, and one of 
the most active continental, tectonic structure in the 
Euro-Mediterranean area (Armijo et al., 1996). It con- 
sists of major active normal faults outcropping along 
its southern coast, dipping to the north, and secondary 
antithetic faults outcropping on its northern side. GPS 
observations indicate 1.5-t-0.3 cm/year of extension of 
the western part of the rift in the direction N10 ø, con- 
fined to a narrow zone centered on the gulf axis (Briole 
et al., 1996). This direction is in good agreement with 
the NNE-SSW mean direction of the T axis from the fo- 

cal mechanisms (Rigo et al., 1996), and with the orien- 
tation and mechanism of the major normal faults. This 
high strain rate is accompanied by a strong microseismic 
activity, and numerous moderate to large earthquakes. 

In the central part of the gulf, the sea reaches 800 
m in depth, due to the regular subsidence of the nor- 
mal fault hanging wall since the Pleistocene. However, 
more to the west, the depth as well as the width of the 
gulf are smaller, owing to the more recent activation of 
the faults. At the western end of the gulf, the delta 
sediments brought. by the Mornos river locally decrease 
the water depths to less than 100 m. The Mornos delta, 
possibly about 1 km thick, is a nearly flat surface, about 
5 km in diameter, gently dipping towards the south. It 
reaches the height of 10 m above sea level at about 2 
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Figure 1. Location of the magnetotelluric and seis- 
mic stations on and near the Mornos delta. The black 
arrows are the directions of extension of the Corinth rift 

(see text). Faults are from Armijo et al. (1996). 

km from the shore line. To the southwest of the delta, 
the water depths increases slowly; in contrast, to the 
southeast, the sea floor is 150 m deep at i km offshore. 

Seismic anisotropy 
A microseismic survey has been conducted in July 

and August 1991 around the western part of the Gulf 
of Corinth (Rigo et al., 1996). Shear-wave splitting 
from local earthquakes was observed at several sites, 
with a fast S axis mostly in the WNW-ESE (Bouin et 
al., 1906). Station malœ, located on the sediments of 
the delta (Figure 1 and Table 1), showed the strongest 
shear-wave splitting, with a typical 0.1 s delay, and a 
fast S polarization at N66 ø + 25 ø. A typical example is 
given in Bouin et al. (1996). The delays do not show 
any clear dependence on distance. 

Two other sites on the sediments of the delta (reals 
and mal• and one on the bedrock at its norteastern 
edge (efpa) were installed during a short seismic experi- 
ment in 1994 conducted by NOA and IPGP (Figure 1). 
About 30 local earthquakes were recorded at less than 
10 km of hypocentral distance (estimated with S-P de- 
lays), but none could be located. The few records at 
maid presenting first shear waves impulsive enough for 
allowing a proper analysis of their polarization provided 
a similar result as for malœ: a fast S wave polarized in 
the N40 ø direction, and 0.05 s to 0.1 s delay (see Figure 
2). No records could be used for reals in terms of shear- 
wave splitting. On the limestone bedrock (½fpa), the S 
waveforms were systematically perturbed by the arrival 
of an energetic phase with a significant vertical compo- 

Table 1. Site locations and anisotropy directions 

site long.(ø) l•t.(ø) strike (ø) 

mal2 21.904 38.380 66 
mal3 21.877 38.376 no data 
mal4 21.881 38.389 40 

efpa 21.927 38.414 105 
111 21.881 38.38 55 
222 21.88 38.39 25 
333 21.921 38.423 55 

444 21.906 38.384 55 

nent, just before or just after the first S onset, which 
is likely to result from a strong conversion or scatter of 
the incident S wave on a shallow, local heterogeneity. 
For the seismograms with a late arrival of this phase, 
the supposedly unperturbed first S polarization showed 
a N 105 ø polarization direction, in agreement with other 
sites more to the east (Bouin et al., 1996). 

The fast S direction on the delta sites is thus signifi- 
cantly different from the WNW-ESE regional compres- 
sive axis. Crack-induced anisotropy controlled by the 
mean regional stress thus does not provide an accept- 
able model, which implies either a local rotation of the 
stress direction within or below the sediments of the 

delta, or a structural anisotropy different from EDA. 

Electric anisotropy 

The magnetotelluric (MT) data was acquired in the 
fall of 1994 at four locations near the seismometer sites 

(Figure i and Table 1) by the University of Athens 
and NOA. Fairly standard data acquisition and tensor 
estimation procedures were applied to the five carte- 
sian components of the natural electromagnetic (EM) 
field over the nominal frequency bandwidth 100-0.01 
Hz. The analysis of Groom and Bailey (1989) indi- 
cates the absence of galvanic distortion, thus also rul- 
ing out the possibility of strong influence from current 
channelling in the gulf of Corinth. A typical example 
(site 111) is shown in Figure 3. The very low value of 
skew (< 0.1) and ellipticity (< 0.5) indicate a geoelec- 
tric structure with a geometry not higher than 2-D and 
weak to moderate effects on the propagation of the EM 
field. The structure is overall conductive and the ap- 
parent resistivity anisotropy (the ratio of maximum to 
minimum apparent resistivities) changes from about 2 
at 0.01 s (depth of 80 m approx.) to about 5 at 0.3 s 
(depth of 600 m approx.). At depths greater than 600 
m, there is a change to a more resistive structure, which 
may correspond either to a transition to more compact, 
less hydrous delta sediments, or to the upper part of 

Table 2. 1969-1993 displacements 

site long. E l•t. N alt. E•st North 

I 21.903 38.444 523 241 492 

J 21.849 38.339 6 273 307 
K 21.889 38.257 1050 209 101 

I26 21.919 38.392 0 292 466 
I8 21.766 38.328 8 507 431 

I509 21.740 38.394 509 178 676 

N730 21.937 38.301 730 198 137 

Source: Briole et al., in preparation, 1997 
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Figure 3. Magnetotelluric results at site 111' (top 
left) apparent resistivity in the two principal directions 
versus period. (bottom left) phase versus period. (top 
right) ellipticity and skew. (bottom right) strike (from 
north) of the minor axis (maximal conductivity). 

saline water filling the pore spaces. The conductive 
structure under site 111 leads to a 10-20 % longitu- 
dinal and to a 6-10 % transverse porosity. Their differ- 
ence indicates that under the assumption of a crack- 
induced anisotropy, the corresponding effective crack 
volume parallel to N55 ø is considerably higher than 
the isotropic pore space. At site 444, the anisotropy 
is smaller (6-10 % longitudinal and less than 6 % trans- 
verse porosity). At site 222, the anisotropy is very small 
and the porosity is 6-8 %. The possibility of higher re- 
sistivities with the mixing of fresh water may lead to 
higher porosity and anisotropy values. 

Strain revealed by GP$ measurements 

The geodetic studies by BriDle et al. (1996; 1997, in 
preparation) in the Corinth rift have provided precise 
measurements for 8 geodetic points within 10 km of the 
delta,, by the comparison of triangulation (1966-1972) 
with GPS positions (1991-1995) (Table 2 and Figure 
4). The estimated uncertainties in the relative displace- 
ments are 12 cm. We applied a uniform shift to the 
original displacements found between the two epochs in 
order to have point N730 fixed, in addition to a rotation 
centered on point N730, 14.5x10 -6 radians anticlock- 

-- wise: points K and J then become almost fixed. This 
the limestone bedrock, associated with a rotation of procedure introduces no distorsion of the data. 
the principal geoelectric direction, as evidenced by the The corrected displacement vectors show a clear open- 
impedance tensor azimuth. Such a geoelectric structure 
can be quantitatively interpreted with 1-D tools, to a 
very fair approximation. 

At higher frequencies (1-10 Hz), one observes a N145 ø 
direction of the real induction vector and a N55 ø + 10 ø 

direction of the maximum electric field, orthogonal at 
all sites but 222 (Figure 4). Such observations would ap- 
pear to indicate electric a field propagation in the trans- 
verse electric (TE) mode over the relatively conductive 
part of a laterally inhomogeneous structure with N55 ø 
geoelectric strike. The somewhat different behaviour 
of the electric field at site 222 should probably be at- 
tributed to the response of a local, small scale structure. 
Such properties of the MT field can be observed at pe- 
riods up to 3 s, which is believed to correspond to the 
thickness of the delta sediments and the upper, frac- 
tured, permeable limestone bedrock. 

MT data alone cannot distinguish a horizontal con- 
ductivity anisotropy from near field, lateral inhomo- 
geneities. However, the latter produce a vertical mag- 
netic field, while the former does not. Thus, the signifi- 
cant vertical magnetic field in the bandwidth 0.01-0.3 s 
(50% of the total horizontal field) would indicate either 
lateral inhomogeneity, or/and dipping anisotropy. The 
weakly 2-D characteristics of the data also implies that 
in both cases the geoelectric strike should be the same 
(N55ø), otherwise significant 3-D effects would have ap- 
peared. Assuming that the delta sediments have an ap- 
proximately horizontal layering, the MT data provide 
good evidence for the existence of highly conductive, 
fluid filled macro- and/or micro-structures, either faults 
or cracks, striking in the N55 ø direction. 

For the upper I km of the sediments, where the devi- 
ation from a one-dimensional structure remains small, 
the quantitative interpretation of the MT data provides 
longitudinal and transversal conductances (conductiv- 
ity x depth), which in turn may be considered in terms 
of longitudinal (N55 ø) and transverse (N145 ø) porosi- 
ties by applying Archie's law, under the assumption of 

ing of this part of the Gulf in the direction NNW-SSW, 
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Figure 4. Anisotropy directions and geodetic mea- 
surements. Major axis of ellipses give the direction 
of maximal conductivity. Segments are the fast-S di- 
rections. Geodetic displacements are with point N370 
fixed). Onshore faults from Armijo et a1.(1996). Off- 
shore faults from Papanikolaou et a1.(1996). Thick ar- 
rows are the local direction of extension deduced from 

the geodesy. Dotted line is the limit of the delta sedi- 
ments. All data are consistent with a N340 ø extension. 
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with large displacements of points I (37 cm), 1509 (33 
cm), and I26 (31 cm) (Figure 4). The relatively inaccu- 
rate scaling of the triangulation data of the first epoch 
introduces an uncertainty in the isotropic component of 
the strain, but this unknown perturbation has no effect 
on the deviatoric strain. The latter is of the order of 

2.x10-6/year (over 24 years), and the maximal exten- 
sion direction in the vicinity of the delta is N340ø+ 30 ø. 

Discussion 

All these observations present a very consistent pat- 
tern, strongly suggestive of a physical link between them 
(Figure 4). The electrical and seismic anisotropy is 
very likely to result from the same anisotropic structure 
within the soft sediments, which in turn is most prob- 
ably induced by the reported local strain. We propose 
that this structure consists of conjugate sets of fractures 
or faults with steep dip angles, possibly combined with 
vertical fluid-filled cracks (EDA model), all striking per- 
pendicular to the N340 ø extension. The porosity esti- 
mated above can significantly contribute to the seismic 
anisotropy under the EDA assumption; however, more 
refined studies are needed for quantifying the relative 
importance of the dipping faults and the vertical cracks 
for generating each of the two measured anisotropies. 
The cause of this strain and of the related anisotropy is 
most probably due to the activity of the offshore nor- 
mal faults recently discovered in the vicimty of the delta 
(Papanikolaou et al., 1996), and striking N60 ø, as was 
first suggested by Bouin et al. (1996). 

These results provide strong evidence for a significant 
rotation of the crustal stress direction in the western end 

of the rift, probably related to the stress perturbation 
to be expected in the relay zone with the more recently 
activated Patras gulf to the southwest of the Corinth 
rift. 

From a methodological point of view, we showed that 
seismic and electrical anisotropy can provide comple- 
mentary information on the micro- or macro-structure 
of the shallow crustal rocks. The electrical method 

seems superior, in several ways, to the seismic one for 
detecting anisotropy in a horizontally layered media in 
terms of depth resolution, as shear-wave splitting data 
usually do not resolve depth, in terms of sensitivity, as 
electrical anisotropy can be much larger than seismic 
anisotropy (about 50 times larger in our study), and, 
finally, in terms of practicality of the measurement, as 
local earthquakes are rare or nonexistant in many ar- 
eas. However, these advantages are expected to disap- 
pear in more heterogeneous environments, where seis- 
mic anisotropy is more robust. Attempts for imaging 
and monitoring crustal strain with anisotropy studies 
under the EDA assumption would therefore strongly 
benefit from the use of both methods in parallel. 
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