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Abstract. During recent years, efforts at better understand-1 Introduction

ing the physical properties of precursory ultra-low frequency

pre-seismic electric signals (SES) have been intensified. ExThe observation of pre-seismic electric signals (SES) re-
periments show that SES cannot be observed at all pointGealed the so-called selectivity effect (e.g. Varotsos and
of the Earth’s surface but only at certain so-called sensitivel azaridou, 1991; Varotsos et al., 1993, 1996), in which (i)
sites. Moreover, a sensitive site is capable of collecting SESSES are observed only at particular sites of the Earth’s sur-
from only a restricted number of seismic areas (selectivityface (sensitive sites) and (ii) each sensitive site can only
effect). Therefore the installation of a permanent station aprecord SES from certain focal areas (e.g. see Uyeda, 1996).
proprigte for SES collection should necessarily be prgceded The concept of selectivity and its origin has widely been
by a pilot study over a broad area and for a long duration. Ingiscyssed by several authors: Lazarus (1993) requires the
short, a number of tempora_ry _s'gatmns are installed and, afteéignal to propagate preferentially through regions of high di-
the occurrence of several significant earthquakes (EQS) fromectric constant (e.g. pure water), linking preferred epicen-
a given seismic area, the most appropriate (if any) of thesgg g anq sensitive regions; Utada (1993) favors the existence
temporary stations, in the sense that they happen to collect¢ nianar conductive electric field guides linking the earth-
SES, can be selected as permanent. Such a long expenmegﬁake epicenter with the observer; Hadjicontis and Mavro-

constitutes a serious disadvantage in identifying a site as SEg|5tqy, (1996) explain selectivity in terms of particular cir-

sensitive. However, the SES sensitivity of a site should beiis petween the source and the observer, involving conduc-

related to the geoelectric structure of the area that hosts thg,, and displacement currents.
site as well as the regional geoelectric structure between the

. LS The following model for the explanation of the selectivity
station and the seismic focal area. Thus, knowledge of the lo- .
. ; . effect has been suggested (Varotsos and Alexopoulos, 1986;
cal and regional geoelectric structure can dramatically reduc

L S s : . Sarotsos et al., 1993): the earthquake (EQ) preparation zone
the time mvol\_/ed n |den_t|fy|ng SES sites. In this paper th_e lies in the vicinity of a fault, which may provide a conductive
magnetotelluric method is used to investigate the conductiv- ath whose conductivitys,, is order(s) of magnitude larger
ity structure of an area where a permanent SES station is iRn P

. . than that of the surrounding mediursy,s; (Ritter et al.,
operation. Although general conclusions cannot be drawnzoos_ Bedrosian et al.. 2004). When the SES is emitted, elec-
the area surrounding an SES site near loannina, Greece 5 ' N : '

; ) . . Co : ric current follows the most conductive channel, in this case

characterized by: (1) major faults in the vicinity; (2) highly . - .
resistive structure flanked by abrupt conductivity contrastsa fault Thus,_ If the emitting purrent dlpolg source (Varo.tsos
t al., 1998) lies close to a highly conductive path (terminat-

gssomated V\.”.th Igrge-scale_ geologlc contacts, and (3) Ioca:f]g below the Earth’s surface) and the measuring station lies
inhomogeneities in conductivity structure. The above results

: . g . at a location close to the upper end of the conductive channel
are consistent with the fact that electric field amplitudes from . L X
. : nd preferably close to a high resistivity anomaly, the electric
remotely-generated signals should be appreciably stronger . . .
i . : : leld measured is appreciably stronger than in the case of a
such sites when compared to neighboring sites.

homogeneous or horizontally layered Earth.

Correspondence td3. Balasis On the other hand, the aforementioned ideas and mod-
(gbalasis@gfz-potsdam.de) els on selectivity have been strongly contested (Kagan and
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Jackson, 1996; Pham et al., 1998) and it was also suggestdte stationary transfer function relating the horizontal com-
that they are in many cases geologically unreasonable (Tzgsonents of the magnetic to the corresponding components of
nis et al., 2000; Tzanis and Vallianatos, 2001). We framethe electric or telluric field.

this study as a means to test one of the main theories (i.e. Special symmetries of Earth conductivity structure (i.e.
a highly conductive path channel with upper end close t0 as=¢(z) or o=0(y,z)) lead to special forms of the
resistive anomaly). The result does not imply that this mechimpedance tensor, i.e. to the one-dimensional (1-D) or two-
anism is correct, but simply shows that it is consistent or in-dimensional (2-D) case, respectively. In the 2-D case, with
consistent with the theory. This source model, i.e. a dipoleno structural variation in the x-direction, Maxwell’s equa-
source lying in the vicinity of a horizontal conductive path- tions decouple into two modes. The first is the TE mode
way of limited depth extent, is of extremely simple geometry. (transverse electric) and describes the field compongpts
In the real Earth, structure is often more complex (Sarlis etH, and H, observed when the electric currents are flowing
al., 1999) and the preferential current pathway may consist ohlong (parallel to) structural boundaries. The second is the
a complicated sequence of indirectly connected (elongatedIM mode (transverse magnetic) and relates the field compo-
conductive bodies. The above model emphasizes the impoientsH,, E, and E. when currents are crossing (perpendic-
tance in determining the geoelectrical structure beneath (andlar to) structural boundaries. The axis along which resistiv-
around) possible candidate SES sites. ity does not vary (the x-axis in this example) is the axis of
The magnetotelluric (MT) method is used for investigat- =

ing the cf[lond\tjctlv]l;y lsgt)rg;:tureG of the Eatfth’; cr:JhstSand d‘%P' spect to rotatior® detects vertical conductivity boundaries,
per mantle (Vozo . )'. eomagnetic Dep ounding,nereas its variation with frequenay due to the skin-depth
(GDS) surveys provide an independent picture of the subsur-

- ) effect, is sensitive to horizontal boundaries. From the ele-
face conductivity structure. Over a period of 4 years, MT and

. ents of the impedance tensor we obtain the following scalar
GDS measurements (period range 0.01-1000s) were c:of]1 L N
lected from 42 sites in an area of 8380 kn? in the loannina quantities: the apparent resistivigy,i;, and the phase of the

. . ) : impedanceg,;, where(i, j=x, y). Finally, appropriate in-
region of NW Greece (Balas_ls, 2001; Balasis et _al., 2002'version schemes are applied to the apparent resistivities and
Eftaxias et al., 2002). In this area an SES station (PER)phases to derive Earth conductivity models

has been operating for almost 2 decades. The area of the 0 fth t challenai bl . totelluri
field experiment, the location of the sites with respect to the, ne of the most challenging problems In magnetoteliurcs
the effects that local near-surface conductivity inhomo-

nearby lonian Sea and a close-up of the site array are given i " . ;

Fig. 1la—c, respectively. As mentioned, the target of this surgeneities have on the MT impedance estimates. The presence

vey was to understand the geoelectric conditions which charpf these anoma“es can produce effects that in turn can seri-
usly modify the measured impedance tensor (Jones, 1983;

acterize an area sensitive to the detection of electric signal K 1985). Itis theref A derstand the stati
from a current emitting, embedded, dipole source. Galvanic arx, - ) IS theretore necessary fo understand the static
istortions in determinining the appropriate strike angle, i.e.

and magnetic distortion analysis technigques were applied téj - . . :
the full gataset in order to dgfine dimenqsionality anSZtrike.determmmg the coordinate fra_me into which to rotate the
The estimated electromagnetic (EM) induction transfer func-oIata for subsequen.t 2D modlellng. )

tions from a subset of the sites were then inverted using a 2-D Advances are being made in understanding the effects that
inversion algorithm along a SW-NE oriented, 35 km profile near-surface inhomogeneities have on MT responses. To ad-

crossing the loannina area, and a resistivity model was opdress this problem approximate parameterization techniques
tained for the area under investigation. have been developed which deal with local features as if their

EM fields are at the galvanic (DC) limit. The only observable
effect in the data due to such inhomogeneities is the result of
2 Galvanic distortion analysis of the loannina MT  electric charges bound to the surfaces of them.
impedance estimates The effect of distortion on the electric field is frequency-
independent, causing amplitude shifts and rotation of the MT
In the magnetotelluric method the relationship between thédmpedances (Ritter, 1996). In its simplest form, for data from
horizontal components of the EM field is expressed througheither 1-D or 2-D (rotated into the strike direction) Earth

uniformity, or strike direction. The variation & with re-

a pair of linear equations, models, this problem manifests itself as a shift of the ap-
parent resistivities by a frequency-independent multiplicative
Ey =Z H, + ZyyH, constant without affecting the phases, and is termed a static
Ey = Zy Hy + ZyyHy. shift (Jones, 1988).
In its more general form, static distortions have been ad-
In matrix notation this condenses to: dressed by modeling the effects of three-dimensional (3-
- D) galvanic bodies within a 2-D regional Earth. A num-
E=ZH, (1) ber of methods have been developed to recover the 2-D

- strike direction in such a case, and to decompose the ob-
whereZ is the MT impedance tensor. The magnetotelluric served MT tensor into component tensors that separately
technique is based on the study of the impedance tensor, i.@escribe the distortions and the regional 2-D conductivity
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Fig. 1. Map of Greece where the area of the measurements (rectangle) is ind@ateatation of the sites in relation to the nearby coastline
(b). Map with names of the sites; the SES station (PER) is denoted by a star; the loannina lake is also ifo)idéte@) triangles denote
stations in which Mohr circles of the impedance tensors, as we see later, do not pass through the origin.)

distribution (Bahr, 1988; Groom and Bailey, 1989). The to derive appropriate strike angle and distortion parameters
Groom-Bailey decomposition gives the parameters requiredWei et al., 2001; Ritter et al., 2003).

(principal impedances, strike angle, twist and shear) as well

as the confidence with which to believe the estimates, and

their approach is used routinely by many researchers in order
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Fig. 2. Groom-Bailey decomposition parameters (regional strike: circles, local strike: triangles, shear: squares and twist values: crosses) of
the impedance tensor for the SES station (PER). Swift's (1967) skew parameter is also depicted.

The Mobhr circle technique is an elegant graphical methodZ,, vs. Z/) a circle is formed. A circle that is centered on
widely used in structural geology for analyzing stress varia-the Z/, -axis and has zero radius corresponds to a 1-D con-
tion in bodies (Ramsay and Huber, 1987). It is also applica-ductivity distribution, whereas a circle that is centered on the
ble to the analysis of finite strain. The application of Mohr same axis but has a non-zero radius corresponds to a 2-D
circles in MT interpretation was introduced by Lilley (1976). structure. In Mohr circle analysis separate regional strikes
Nowadays, this simple technique is used to display the di-are determined for both the real and imaginary (quadrature)
mensionality of a structure and to infer the regional strike parts of the impedance tensor, while in the Groom-Bailey de-
angle (Lilley, 1993, 1998a, b; Makris et al., 1999; Ingham composition, a unique regional strike is calculated from the
et al., 2001). By simply rotating and then plotting specific complex impedance tensor.
rotated components of the measured impedance tensor (e.g.



G. Balasis et al.: Sensitivity to seismoelectric signals 935

Groom-Bailey regional strike angles (T=50s) Groom-Bailey regional strike angles (T=550s)
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Fig. 3. Groom-Bailey decomposition regional strike angles at all sites, that the distortion model is valit=5, 550's, respectively

(@)~(b).

2.1 Groom-Bailey decomposition VS Z;y, were constructed separately for the real and imagi-
nary parts (circle groups with solid-line radii in Fig. 4a). An

A careful examination of our observations suggest a need tgnhspection of these circles shows that, for the frequency band

treat the loannina dataset for galvanic distortion. The ini-under consideration (3-820's), both the real and quadrature

tial check was carried out in terms of estimation of the rmscircles pass approximately through the origin at 35 sites. This

error (misfit) of the data to a 2-D model as well as to a 3- grientation indicates that if we rotate the measuring system

D (local)/2-D (regional) model (Groom-Bailey decomposi- clockwise by an anglé; (i.e. the local strike angle), the el-

tion), and subsequent comparison of the two, for all 42 sitesements of the first row of the (rotated) impedance tensor be-

The distortion model was found to be compatible with the come both approximately zer@’ (gl)zz;y(gl)zo, which

MT data of 39 sites, however many of the sites where thephysically means that irrespective of the polarization of the

decomposition model fit well exhibited shear angles close toincident magnetic field, the electric field is linearly polarized
45° (31 sites), which is evidence of strong distortion. The jn the direction ofy’ (9;)-axis.

calculation of a unique regional strike angle for the loan- h ) ¢  th uri
nina area proved impossible as the values of the calculated Ve NOW turn to the conjugate form of the magnetotelluric
regional strike angles vary spatially across the survey ared€Presentation of Mohr circlesz,, vs Zy, (circle groups

and with period (see Fig. 3a—b). In most cases, the derivatiot1th dashe.d—line. radi_i in Fig. 4a). These circles ?X,hibit the
of a regional strike is difficult even for a single site, as there S3Me configuration, i.e. they pass through the origin for the
are significant deviations with period (Fig. 2). same 35 sites regardless of the period or whether one con-

siders the real or imaginary parts. This behavior, however,
2.2  Mohr circles is expected, since the conjugate Mohr circles is just the ex-
act mirror image of the traditional circle with respect to the
We can also examine dimensionality using Mohr circles tovertical coordinate axis. This characteristic implies that, if
represent the MT responses. Makris et al. (1999), proposewe rotate clockwise the measuring system by an afigle
the study of a conjugate form of the Mohr circle by replacing the elements of the first column of the (rotated) impedance,
Z,, with Z{ . in construction of the relevant circle. Such a i.e. Z;,(6,) and Z}, (6,), both become approximately zero.
representation allows, in some cases, for a more stable deteGonsequently, we reach the following physical explanation:
mination of the regional strike angle. the incidence of a magnetic field linearly polarized in the
In this paper Mohr circle analysis is applied to all 42 sites direction x'(6,) does not induce an electric field; this re-
of the loannina dataset. First, the standard Mohr cir@és,  sult corresponds to the TM mode of a 2-D regional structure
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(@)
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Fig. 4. Mohr circles at various period¥'&3-8205s), by takinga) the real andb) the quadrature parts of the/, vs. Z,’Cy impedance

tensor elements (circle groups with solid-line radii) and of #{g vs. Z;x impedance tensor elements (circle groups with dashed-line
radii), determined from MT data from sites PER and KRY, respectively. (The impedance values for these sites have been normalized by
multiplication by+/7’; thus apparent resistivities are depicted instead of impedances in the corresponding Mohr circles.)

with highly anisotropic responses (e.g. a vertical conductiv-method are depicted for the sites where circles pass through
ity boundary, where the measuring site lies on the conducthe origin for both the real and imaginary impedances at pe-
tive medium but close to the resistivity contrast). In this riods of 50 and 550 s, respectively. The regional strike angles
case the magnetic field polarization direction indicates thederived independently from both the real and imaginary parts
2-D regional strike direction. The significance of the afore- of the impedance tensor agree well and provide consistent re-
mentioned statement depends on the stability of the rotatiorsults. From these plots we resolve a regional strike direction
angled, upon changing the measuring site, the period, andof approximately N35W for these 35 sites within the loan-
the consideration of either the real or the imaginary parts.nina area.

In Fig. 5a—b the regional strike angles calculated from the



G. Balasis et al.: Sensitivity to seismoelectric signals 937

Conjugate Mohr circle regional strike angles (T=50s) Conjugate Mok circle regional strike angles (T=550s)
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Fig. 5. Mohr circles regional strike angles at all sites, that circles pass through the origifi=f0, 550 s, respectivelfa)-(b) (bold lines
stand for regional strike inferred from the real part whereas thin lines from the quadrature parts).

For the loannina dataset, Groom-Bailey decompositionas regional strike, we often experience difficulty in defining a
fails to derive a regional strike, while the Mohr circle tech- unique azimuth for our structure. There are other techniques
nigue provides a clear estimation of the regional strike. Thethat examine the regional behavior of the electromagnetic re-
validity of the result is strengthened by the agreement besponse. GDS surveys, with their 2-D spatial coverage, are
tween independent regional strike directions inferred froma valuable means of detecting sharp conductivity boundaries
the real and imaginary parts of the impedance tensor, as wethrough the charges built up on them and the resulting elec-
as the high spatial uniformity of the strike direction. This is tric current distortions they create. As such, GDS data pro-
probably due to the fact that standard decomposition methvide an independent picture of the geometry of regional con-
ods are more focused on the characteristics of the local galductors. In the GDS method, the relationship between the
vanic scatterers whereas the Mohr circle technique emphavertical and the horizontal components of the magnetic field

sizes properties of the regional structure. is given by
The sites of the loannina dataset where Mohr circles do
not pass through the origin exhibit a different behavior (e.g.f= = (A, B)H, = AH, + BHj, (2

Fig. 4b), tend to be located along the edges of the survey , . . .
region, and likely reflect changes in the regional conductivityWhere(A' B) |s_the vertical magn.enc response funct.lon.
structure outside of the central loannina platform (see points 1 N€ Magnetic response functions are typically viewed as
without regional strike calculation in Fig. 5a—b and triangles INduction arrows, which are a projection of the magnetic field
in Fig. 1c). onto thexy-plane (Schmucker, 1970). They are typically

presented as real and imaginary arrows and their directions
provide information about the subsurface conductivity struc-
3 Magnetic distortion analysis of the loannina magnetic ~ ture. They in general point perpendicular to the direction of
response functions current flow, i.e. a conductivity boundary, and their lengths
can be interpreted as a measure of the lateral conductivity
A basic limitation of techniques such as Groom-Bailey de- gradient.
composition and Mohr circle analysis is that they are based On the assumption that galvanic distortion is caused by
upon single-station impedance tensor measurements. Whesmall-scale near-surface inhomogeneities, e.g. a 100 m ra-
we attempt to extract conclusions from an MT survey suchdius conductive hemisphere located at the surface (Groom
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and Bailey, 1991), magnetic distortion is observed only atupper- and mid-crustal structures with an extent of 10 km
high frequencies#>100 Hz) and can be neglected at lower or more are smaller than the skin-depth of the impinging
frequencies (Ritter, 1996). At longer periods, however, electromagnetic waves and the major influence in this period
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range may take the form of magnetic distortion rather than 100
induction (Chave and Smith, 1994; Ritter, 1996; Ritter and e Q(
Banks, 1998). l | AL
In the frequency range where distortion dominates, the 050 [
length and direction of induction arrows may be controlled A\ T PRV
by the anomalous magnetic field due to locally-deflected re- " [ FRUIEE S sase (VA ;
gional currents (Ritter, 1996). As a consequence, induc- ;f;ooo N 4 e
tion arrows may indicate neither the local strike, nor the re- & %:‘*;ﬁﬁ s ﬁﬂ;"‘
gional one, but rather a mixture of the two (Gurk, 1999). 025 1 i 7
As opposed to induction arrows and galvanic distortion tech- 050 \ 7
niques, Hypothetical Event Analysis (HEA) of the magnetic TN
response functions treats the dataset as a whole, thus en- o7 N
abling us to define the dimensionality of the structure and "

to correct for such distortion phenomena, leading to a more on 01 1 o) 10 100 1000
. . . . S
robust determination of regional strike.

. Fig. 7. Magnetic distortion test for the real part of tHecomponent
3.1 Induction arrows of the magnetic response function at all sites.

We note that the area of measurements is located approx-

imately 50km from the lonian Sea (Fig. 1b). It is there- jndicates anomalous fields resulting from magnetic distor-

fore expected that the influence of the coastline, a largetjgn.

scale conductivity contrast, will be observed in the magnetic |4 grder to identify the period range over which current

field within a certain period range (coast effect, Schmucker gjsiortion is the cause of anomalous vertical magnetic fields,

1970). As this survey is located along an active continen-ye examine the variation of the magnetic response function

tal margin, large-scale subparallel structural features, such aSomponents of all sites (Ritter, 1996). The curves for the

the Pindus Range, may also influence the induction VeCtor%omponentAi(T) (i is the site andr is the period), for

at long periods. example, will have different shapes in the period range of
The induction arrows at relatively short periods (Wiese inquction (4;(7)=.A4%(T)), whereas they run parallel over

convention, Wiese, 1962) for the loannina dataset are showghe periods where éalvanic distortion is the dominant pro-

in Fig. 6a. At this period there is no evidence of the coast ef-cegs (1, (1)~ A(T)). This is because the ratio will be, for

fect in the magnetic field data, which largely reflect conduc-q different sites and; (Ritter and Banks, 1998),

tivity structure within the survey area. However, as we pro-

ceed to longer periods the influence of regional conductivity Af/(T) Déy(fi)

structure, together with the coast effect is increasingly evi-AZ/ T =D )

dent in the data, with induction vectors pointing away from “*J (1) ard

the coastline. In Fig. 6b—d &=140, 550 and 833 s both real

and imaginary induction vectors exhibit very consistent di-

rections and magnitudes which indicate a strike direction of

N45° W. This regional structure direction matches both the . S S : S
sponse functions in Fig. 7 that magnetic distortion primarily

coastline and geological structures which follow the coast. . .
. . . occurs forT>30s. For this reason, our analysis is focused
In the absence of detailed modeling of the continental mar-

gin, it is not possible to assess how much of the observe(:ﬁn this period range.

; . . . The HEA method calculates the predicted vertical mag-
induction arrows behavior is due to the coastline as opposed .. . p ) : )

. : netic field, H; , at all stations that would be associated with
to regional geologic structure.

a hypothetical event which has a uniform external horizon-
tal field, H; of specified polarization. Since the hypothetical
external field is uniform, any variations iH, from station

The distorted magnetic response function is given by (Ritter’to station must be of internal Origin, the result of local chan-

4

which is a real number. The prime denotes regional coordi-
nates,D’, is a real magnetic distortion coefficient angd;
are the vectors of position. It is clear from the magnetic re-

3.2 Hypothetical event analysis

1996) neling or induction (Bailey et al., 1974). As a multi-station
method, HEA performs an overall analysis of the dataset and
(A, B) = [(A°, B%) + (A, BY], (3)  is well-suited to identifying characteristics of the regional

— ) ¢ ot structure. In practice, a predicted vertical magnetic figfd
where (A", B7) express the regional andl", B°) the local 5 estimated from the observed magnetic response function

magnetic response functions. _ _ by assuming a horizontal magnetic field of unit amplitude
Let us consider the case of the TM mode, in which the 54 polarizationy*

horizontal magnetic field is directed parallel to the coastline.
The vertical magnetic field transfer function is expected to [1 . Cosﬁ*}

®)

P _ * __
vanish for this mode, and thus a non-zero transfer functionH~ = (A, BH), = (A, B) 1-sing*
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Fig. 8. Argand diagrams oHZp at T=>50, 140, 550 and 833(s)(d) for polarization angle®*=0°, 3(°, 45°, 60° and 90 (left column)
and perpendicular to these (right column). (The periods of analysis are the same as in Fig. 6a—d). Argand dig0rs &) but with
polarization angleg *=30°, 35°, 40°, 45> and 50 (left column) and perpendicular to these (right column).

In the case of purely 2-D Earth structure, the distribution tion it is proven that, in the case of the TM mode (Ritter and
of values of the predicted vertical magnetic field in an Ar- Banks, 1998)
gand diagram is highly dependent on the azimuth of polar-,«  ,, . N :
ization (Ritter, 1996). There should exist, however, an angleﬁ =6 H =DeZrysinG —6,). ©)
where the values of! (9*) and H (9*+m/2) collapse on WhereD;’x is a real number expressing magnetic distortion
a distinct phase line. If the phase line is shifted away fromin local coordinates.
the origin, we must assume that a regional vertical magnetic From the Argand diagrams of Fig. 8b—d we observe that
component is present in the data. Upon varying the polar-at longer periodsZ>100s) there is a consistent, regional 2-
ization azimuth, the shift can be eliminated; it vanishes if D inductive response corresponding to a strike direction of
the hypothetical horizontal field is polarized parallel to the N45° W (H? is clustering around zero fa?*=13%, as is
regional strike direction. HEA is therefore able to remove expected from Eg. (6), and the maximum response (largest
the anomalous vertical magnetic component and the gradianomalous field) is observed fdor*=45°; these angles are
ent of this line indicates the phase of one of the regionalmeasured with respect to the trigonometric circle). We sus-
impedancesZ4ry, i.e. the TM mode impedance). Indeed, pect that distortion/scattering effects are also present at the
when the polarization angle equals the regional strike direclonger periods, but are small compared with the inductive re-

sponse of the large-scale structure, and show up as scatter in
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Fig. 8. Continued.

the response on the Argand diagrams. This result is in goodre thus able to evaluate the regional strike angle for periods
agreement with induction arrows interpretation (Fig. 6b—d). 7>50 s, in contrast to induction arrows which only define
We now apply HEA atf'=50s which is a characteristic pe- the regional strike for period6>140s.

riod of distortion. In Fig. 8a we observe that foF¥=135

the experimental points form a line that passes through the We can furthermore generate maps of the real and imag-
origin. In order to determine the regional strike more pre-inary parts of H at T=50s corresponding t®*=135
cisely we apply HEA af"'=50s for polarization azimuths in  (Fig. 9a—b, respectively). The choice &f eliminates the

a narrower angular interval (Fig. 8e). Within the error limi- regional structure allowing us to see the effects of scatter-
tations of the method we conclude for the polarization angle€rs more clearly (R. Banks, personal communication, 2000).
a mean value¥*=135; this Corresponds to a strike ang|e Figure 9a—b indicate the existence of a number of magnetic
of N45° W. The latter implies that when current flows per- anomalies, in terms of strong gradients of the magnetic field
pendicular to the regional strike there is local scattering by(extreme values of real and imaginaH’); the strongest
structures which must have components in the direction offnomalies are observed at sites LOG and MAZ near loan-
the current flow, i.e. perpendicular to the regional strike. Ad-hina lake, M99-VOU to the west of the lake and at PER to the
ditionally, the phase of the TM mode should be roughl§,45 north of the lake. These anomalies are observed in both the
while the phase of the TE modei€0° — quite differentand ~ real and imaginary hypothetical event maps. It is notewor-

presumably dominated by the regional induction process. Wéhy that the loannina SES station (PER) lies above a strong
gradient of the magnetic field.
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Pred. Re(H,) nT] Pred. Re(H,) n1] TE and TM mode pseudosections of apparent resistivities
050 -0.25 0.00 025 050 -0.50 -0.25 0.00 0.25 0.50 and phase along a SW-NE oriented profile crossing the loan-
050 050 nina platform (see Fig. 9) are presented in Fig. 10a—d. The
_ T=50 b =30 =508 g-120] profile is 35 km long and consists of a subset of 14 sites. At
E 0 0.2 E short periods, apparent resistivities are generally high along
Egi 0.00 % ﬁ" 0.00 % the central part of the profile, decreasing toward the ends.
T oom B 8o ops B A rise irj phase arounq 10sis observed.at mps@ ;ites aI(_)ng
e r=072 He-0.01 & the profile, corresponding to a decrease in resistivity at mid-
-0.50 -0.50 crustal depths.
IR - IR I T B Upon inverting the data using the nonlinear conjugate-
T oz o2s T gradientinversion algorithm of Rodi and Mackie (2001), the
g 000 ﬁ 000 % 2-D model in Fig. 11 is obtained. The model fits the TE
S ﬁv oo S and TM apparent resistivity and phase data to an r.m.s. mis-
£ 0 8 on ool 025 £ fit of 2.29, given errors of 10% (5%) in apparent resistivity
-0.50 : : -0.50 (phase). The regularization parameter, tau, was set at 3 based
050 o ool e il 0.50 on a series of trial inversions in which tau was varied from
Z 025 025 £ 1-100. In general, the model is quite resistiveb002m),
= ° =  with more conductive regions confined to the edge of the
E 0% g o‘;& ®% E  model. This first order picture is in agreement with surface
E ooz : 025 2 geology and regional tectonics, as discussed in more detail in
050 r=08 i E Bedrosian and Balasis (2065)In the resistivity model pre-
0.50 0.50 sented here, we image three zones of extremely high resistiv-
T e I % ., & ity with average resistivities of 7000, 2500 and 10 €b#,
> K = fromwestto east, respectively. These resistive units may cor-
E o000 % bg@* 0% E  respond to evaporitic diapirs within the surrounding loannina
E ooz -0.25 E carbonate platform. Evaporitic diapirs are found throughout
r=0.8] =002 the region (Valaj, 2001), and the Delvinaki diapir, exposed
323 328 ~25 kmto the NW was imaged by Karageorgi et al. (2002) as
5 oss =50, p=501 =508 8=140] s E an extensive zone of high resistivity (2000-10 @b8). The
~S . “ = shallow conductive zones to the west and east of the loan-
£ o000 o o0 £ nina platform are attributed to the Pindus Flysch within the
T oms % ° o B Botzara Syncline and Zagoria Basin, respectively. The loan-
* r=08 =003 ®  nina SES station (PER) lies above the most resistive of the
-0.50 -0-50 inferred evaporate bodies and it is surrounded by conductive
-0.50 -0.25 0.00 0.25 0.50 -0.50 -0.25 0.00 0.25 0.50 bodies on a range of scales.
(e) Pred. Re(H,) [nT] Pred. Re(H,) [nT]

Fig. 8. Continued. 5 Conclusions

The analysis scheme followed in this paper is summarized
in Fig. 12. Groom-Bailey decomposition of the 42 sites
in the loannina dataset indicates the existence of a 2-D

The MT impedance data, upon rotation to N48, are pre- regional conductlwt){ strgcturg coupled Wlth localized 3-D
near-surface galvanic distortion. 31 sites were found to

sented in the form of pseudosections of apparent resistivity L . .
: ._suffer from strong galvanic distortion. Mohr circle analy-

and phase plotted against the log of the frequency, which.. . = . .
. 4 sSis likewise supports a 2-D regional conductivity structure,

serves as a measure of the relative depth of penetration of the., " - . : 4
e with highly anisotropic responses found for 35 sites. It fur-
electromagnetic field (Banks et al., 1996). The apparent re- . X : .
L . X . : thermore determines a regional strike of R88, applicable
sistivity sections can be affected by static shifts which scale .- . . ) .
oo : - “within most of the central survey area. This last resultis quite

the apparent resistivity values up or down at a site relative ) .
: : : I . important, as the boundary of this region may mark the area
to its neighbours, depending on lateral variations in the CON< tare an electric sianal from an embedded. current-emittin
ductivity of the near-surface layers (Banks et al., 1996). The g ' g

ipole source could be observed.
phase data, however, are unaffected and reveal more clearly ; : .
: Two lines of evidence support the conclusion that the
the laterally persistent features of the deeper structure. In_ . - ; ) .
i i regional conductivity structure is 2-D. First, the dataset is
quasi-layered portions of the structure, phase values exceeﬁi

ing 45 identify regions where the resistivity is decreasing argely characterized as 2-D based on consistency among the

with depth, while low values<€45°) correspond to regions 1Bedrosian, P. and Balasis, G.: Magnetotelluric investigation of
where it is increasing (Banks et al., 1996). the loannina plateau, Tectonophysics, in preparation, 2005.

4 2-D inversion of the MT data
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Fig. 9. Hypothetical event maps 6fH? (a) and3HY (b) at T=50s fory*=135". The line indicates a 2-D inversion profile.

majority of sites. Second, in Mohr circle analysis no a priori of certain types of 3-D data is reasonable (e.g. a 3-D con-

assumption has been made regarding the dimensionality aducting body of limited extent striking at 430 a regional

the structure: circles were simply constructed by rotation of2-D dipping structure). In fact, although the data were 3-D

the elements of the MT impedance tensor. Then, the classithe first-order structures were obtained by 2-D interpretation

fication for each site is made by comparison of the resultingtechniques: the 2-D inversion models resembled the main

circles with the forms described by Lilley (1993) for different characteristics of the true 3-D model.

dimensionality cases. Finally, we would also like to note the

difficulties/limitations of doing a 3-D interpretation (e.g. site  Induction arrows and Hypothetical Event Analysis both re-

layout and computational difficulties). Most importantly, as veal a consistent, regional 2-D inductive response at long

pointed out by Ledo et al. (2002) a careful 2-D interpretationperiods {>140s) and a corresponding strike direction of
N45° W, in agreement with the trend of the nearby coastline
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Fig. 10. Pseudosections of the TB){(b) and TM modgc)}{d) apparent resistivities and phases along a 35 km profile crossing the loannina
area and consisting of 14 sites.

10000 suitable for collecting SES (see also Introduction): when a
remote source is operating, the electric field amplitudes may

1000 be appreciably stronger near this location than at neighbor-
ing sites. The imaged conductivity structure is in accordance

100 with the SES sensitivity of the loannina station that was pre-
viously found (Varotsos and Lazaridou, 1991; Varotsos et al.,

10 1993) and consistent with the model suggested by Varotsos
and Alexopoulos (1986).

on
Kar
o
doe

Depth (km)

N
o
Resistivity (Ohm-m)

15

20 30
Distance (km) We would also like to compare the findings from loannina
case study with the results from another SES experiment and
MT survey around a station in Zante island, within the lo-
nian Sea, western Greece. SES have been recorded simulta-
neously at loannina (PER) and Zante station. However, the
amplitude of the SES recorded at the loannina station is sig-
nificantly larger, although the distance from the focal area of
. . - . several large earthquakes, that occurred during the period of
glrztgigﬁisc.)f t'ﬁ:?:;;;isﬁéfnon (PER) lies above a stronqhe experiment, was smaller to Zanj[e. than loannina station
X ) o . (Kopanas et al., 1994). The conductivity structure surround-
In this region, the coastline is sub-parallel to the majoring the Zante station was found to be 2-D local/1-D regional

structural trends (including the Pindus chain) and the Uni-ih 3 very conductive regional background (Eftaxias et al.,

fc’m? .and anti-parallel induction arrows likely refiect asuper- 2000) in contrast to the geoelectrical structure around loan-
position of these large-scale structures and the coastline. nina SES station (PER)

The resistivity model inferred from 2-D inversions of a
subset of the initial data reveals that loannina SES station
PER is located above the most resistivel 0 0002m) of the
thr_ee high resistiviFy units yvithin the'loannina pIatform. Ad- AcknowledgementsG. Balasis acknowledges support from the
dlthnally, C_onductl\{e bodies were imaged surrounding theGreek State Scholarship Foundation (IKY) and DFG Priority
station. It is plausible that these conductors may be CONprogram SPP 1097. P. A. Bedrosian acknowledges support from
nected to a regional crustal conductor, as may be associatefle Alexander von Humboldt Foundation.
with mapped faults to the west and east of the survey area.

The abovementioned findings suggest that the regional anédited by: P. F. Biagi
local conductivity structure under loannina station (PER) isReviewed by: A. Siniscalchi and A. Tzanis

Fig. 11.2-D inversion resistivity model of the loannina profile.

and the geological setting of loannina region. At intermedi-
ate periods (5087 <140s) HEA recovers a strike angle of
N45° W, in addition to revealing a number of local magnetic
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Interpretation of Electromagnetic Response Data'
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Fig. 12. Block diagram of the methodology utilized for the galvanic and magnetic distortion analysis.
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