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The use of Mohr circles into magnetotelluric (MT) intepretation was introduced by Lilley (Lilley, 1976). By
plotting Z,-rotated versus Z,,-rotated (real and imaginary parts) important information on the conductivity structure
is obtained. In this paper Mohr circles are employed to reveal the directions of polarisation of the electric field.
Furthermore, the following procedure for Mohr circle analysis is suggested: plotting Z,-rotated versus Z,,-rotated
(instead of Z,,-rotated) the principal axes system i.e., the strike angle, of the regional 2D structure can be resolved
in some cases. The latter analysis is implemented to MT data from Ioannina area, in NW Greece. Results from other
intepretation techniques applied to the same dataset, such as decomposition methods, tipper and induction arrows
analysis, provide support for the validity of the conclusions reached.

1. Introduction

During the last two decades an extensive experimental
study in Greece (Varotsos ef al., 1996a) showed that earth-
quakes are preceded by transient electric signals called pre-
Seismic Electric Signals (SES). One of the main results of
this research indicates that SES are detected only at certain
sites (sensitive points) of the Earth’s surface. Recent theo-
retical studies (Varotsos ef al., 1998) suggest that the SES
sensitivity of a site should be connected to the geoelectric
structure. In an effort to investigate whether such a connec-
tion actually exists, we performed a detailed magnetotelluric
study of an area near to Ioannina city which, after a long
experimentation, has been found to be SES sensitive. It is
far from the scope of this paper to review the results of this
detailed MT analysis but only to report on a new approach
for the determination of characteristic directions of the geo-
electric structure using Mohr circles. The paper is organised
as follows: Section 2 reviews the magnetotelluric represen-
tation when Mohr circles are employed. Section 3 we first
present such an analysis of the MT data of loannina area,
and then proceed to the suggestion of a new form of the
magnetotelluric representation of Mohr circles. Finally, in
Section 4 conclusions are drawn by comparing the results
obtained from different ways of analysis.

2. Magnetotellurics and Mohr Circles

Mohr circles are widely used for analysing stress variation
and finite strain in bodies (Nye, 1957). The technique was
introduced to magnetotellurics by Lilley (Lilley, 1976). In
magnetotellurics, Mohr circles illustrate the variation of real
or imaginary part of element Z,, of the impedance tensor
versus the real or imaginary part of element Z,,, as the hor-
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izontal axes of the measuring coordinate system are rotated
clockwise through an angle 6, (0° < 6 < 180°). This pre-
sentation enables the display of important information from
the impedance tensor concerning the dimensionality of the
geoelectric structure and the decomposition model parame-
ters.

Let us consider the measured impedance tensor, Zy,. A
clockwise rotation of the measuring coordinate system (x, y)
through an angle 6, produces a new measuring coordinate
system (x’, y"). Atthissystem, the elements Z ; ; of therotated

impedance tensor Z;n () are determined from the expansion
of the equation:

Z'(0) = RO)ZaR" (9) ey

where R(0), is the rotational operator for an angle 6.
The analytical expressions obtained by virtue of (1) are
the following:
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By taking the real parts of the complex quantities Z;;, the
combination of Egs. (2) and (3) leads to:
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Fig. 1. Mohr circles at various periods, by taking (a) the real and (b) the imaginary parts of the Z}, vs Z,, impedance tensor elements (circles to the left of
the diagrams (a) and (b)) and of the Z/.. vs Z/,, impedance tensor elements (circles to the right of the diagrams (a) and (b)), determined from MT data
from the site A of Ioannina region (cf. for each circle, a line connects the center with the respective first point, which corresponds to a rotation angle
equal to 0°. Note that the two points which correspond to the rotation angles 179° and 180° respectively, are intentionally omitted in order to depict the

counterclockwise way of circle construction).

where the rotationally invariant quantities Z;, and Z,, are
defined by:

Lyy — Loy
7, = G = L) )
2
Lo +72
Z, = ('7;Wr)7 (7

respectively. Equation (5) indicates that a circle results when
plotting Z;x (6) versus Z; ,,(6) upon varying the rotational
angle 6. This circle is characterised by the following param-
eters:

Center coordinates: Zy,, Z»,,

1/2

Radius: R = § [(Zsy, + Zye)* + (Zss, — Zyy,)?]

If a point A(Z,y,, Zxx,) of the circle refers to the mea-
suring system, then a clockwise rotation of the measuring
system through an angle 6 reflects to a counterclockwise an-
gular displacement 26 of the point A on the circumference
of the circle. Thus the new coordinates of A are given by
(Z.,Z..).

In the case of 1D-symmetry of the geoelectric structure
the Mohr circle degenerates to a point which lies on the Z;y’_
axis, while in the case of 2D-symmetry the Mohr circle center
also lies on the Z ;ryr axis but has a certain radius. In the case
of 3D-symmetry the center of Mohr circle does not lie on the
horizontal axis. When near surface local inhomogeneities
are present over an 1D or 2D regional structure (Lilley, 1993)
the symmetry of the impedance tensor is lost and the circle
exhibits an angular offset that may be regarded as a skew
angle.

In this paper we suggest the study of a “conjugate” form of

these circles by substituting the element Z;y (6) with the el-
ement Z'yx (0) to the construction of the relevant Mohr circle
(Makris, 1997; Makris et al., 1997). Such a representation,
as will be shown below, allows, in some cases, the determina-
tion of an additional important information of the geoelectric
structure (i.e., the regional strike angle).

3. Data Collection and Analysis

The analysis of Mohr circles is applied to the data of an
area which, after a long experimentation, was found to be
sensitive for the detection of Seismic Electric Signals (SES)
that are detected prior to earthquakes. This area lies in NW
Greece near to loannina city. MT data from three sites called
A, B and C (Varotsos et al., 1996a,b) were used. Figures
1-3 depict the Mohr circles, Z, (6) vs Z.,,(6), (solid line
circle groups) constructed separately for the real and imagi-
nary parts. An inspection of these figures shows that, for the
frequency band under consideration (i.e., 10-1000 s), all the
circles pass approximately through the origin (Z,,,, Z, ),
where k& = r, i denote the real and imaginary parts respec-
tively. This peculiarity indicates that if we rotate clockwise
the measuring system (i.e., x-axis — NS, y-axis — EW) by
an angle 6, i.e., (x(;l, yé,l), the elements of the first row of the
(rotated) impedance tensor Z/(6)) = R(6)ZnR" (6) become
both approximately zero:

Ey =Z @)H; +Z,0)H,; =0

which physically means that irrespective of the polarisation
of the incident magnetic field, the electric field is linearly
polarised in the direction of yél-axis. These rotation angles
were also calculated analytically from the representations
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Fig. 2. Mohr circles at various periods, by taking (a) the real and (b) the imaginary parts of the Z),,. vs Z/,, impedace tensor elements (circles to the left of
the diagrams (a) and (b)) and of the Z}, vs Z ;X impedance tensor elements (circles to the right of the diagrams (a) and (b)) determined from MT data

from the site B of loannina region (see also the clarification of Fig. 1).
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Fig. 3. Mohr circles at various periods, by taking (a) the real and (b) the imaginary parts of the Z),,. vs Z )’Cy impedace tensor elements (circles to the left of
the diagrams (a) and (b)) and of the Z}, vs Z ;X impedance tensor elements (circles to the right of the diagrams (a) and (b)) determined from MT data

from the site C of loannina region (see also the clarification of Fig. 1).

(for the real and imaginary parts) of the Mohr circles for
each of the sites A, B and C by minimising the quantity:

JIZOP +1Z,007 |

=6

and are plotted versus the period in Fig. 4. This figure in-
dicates that the local electric field must be strongly linearly
polarised in the directions ~N80°E, ~N60°E, ~N90°E at the
sites A, B and C respectively; this results from the fact that

these angles (taking either the real or the imaginary parts)
were found to be ;' ~ 170°, 6f ~ 150° and 6] ~ 180°
for the sites A, B and C respectively. An independent veri-
fication comes from the electric field polarisation diagrams
(Fig. 5) which are constructed by using the raw data; they
show that the electric field, at all the sites A, B and C, ex-
hibits strong linear polarisation but in different directions,
i.e., ~N86°E, ~N62°E and ~N87°E respectively, which
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Fig. 4. The polarisation angle of the electric field 6; and the regional strike angle 6, versus the period for the sites A, B and C of the loannina region

obtained from the Mohr circles that have been constructed using either the real or the imaginary parts of Z/ vs Z

agrees with the values mentioned above. Note that approxi-
mately, the same angles have been independently determined
(as local channelling directions, i.e., ~N81°E, ~N62°E and
~NO90°E respectively), when Groom-Bailey decomposition
methodology (Groom and Bailey, 1989) is implemented on
the experimental data (Makris, 1997; Makris et al., 1997).
Moreover, further results from our analysis suggest the exis-
tence of local channelling for the geoelectric structure, as it
will be discussed below.

We now turn to the “conjugate” form of the magnetotel-

and Z),, vs Z/, respectively.

luric representation of Mohr circles, which has been used by
Varotsos et al. (1999) to disclose more clearly the geoelec-
tric structure at loannina along with the determination of the
extent of the SES sensitive site. The axes of the measuring
coordinate system (x — NS, y — EW) are rotated clock-
wise by the angle 6 (where 0° < 6 < 180°) and the variation
of the real (respectively imaginary) part of the impedance
tensor element Z;x (0) is plotted versus the element Z;,x )
(instead of representing the variation of the real (imaginary)
part of element Z;x (0) versus the element Z;y (0)). Fig-
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Fig. 5. Experimental polarisation diagrams of the electric field measured at the sites A, B and C of loannina region. The local polarisation angle (clockwise
from NS direction) of the electric field is depicted. For the sake of comparison, the same diagram, for the magnetic field is also given.

ures 1-3 depict the relevant Mohr circles (dashed-line circle
groups), taking the real and the imaginary parts separately,
for the same periods and for each one of the sites A, B and
C. These circles exhibit the same peculiarity, i.e., they all
pass through the origin of the axes (Z:VX, Z. ), irrespective
of the measuring site, the period and the consideration of
either the real or imaginary parts. This behaviour is ex-
pected, since taking Egs. (2) and (4) instead of (2) and (3) it
is clear that the “conjugate” Mohr circle is just exactly a mir-
ror image of the standard circle with respect to the vertical
coordinate axis. This characteristic implies that, if we rotate
clockwise the measuring system (x;]_, y;’_) by an angle 6,,
the elements of the first column of the (rotated) impedance
tensor Z'(6;) = R(6:)ZmR"(6)), ie., Z,,(6,) and Z,(6,),
both become approximately zero. By recalling that: -

Es =Z,0)H, +Z,0)H, .
3 O 7 O

Ey(;r = Zyx (ei')th;’_ + Zyy (QV)H ;r k]
we may reach the following physical explanation: the in-
cidence of a magnetic field linearly polarised in the direc-
tion xér does not practically induce electric field; this result

refers to the H-polarisation mode of a highly anisotropical
2D regional structure (e.g., a vertical conductivity boundary),
where the measuring site lies on the conductive medium but
close to the resistivity contrast (d’Erceville and Kunetz, 1962;
Swift, 1971; Fischer et al., 1992). In this case the magnetic
field polarisation direction indicates the 2D regional strike
axis direction. The significance of the aforementioned state-
ment depends on the stability of the rotation angle 6, upon
changing the measuring site, the period and the considera-
tion of either the real or the imaginary parts. The rotation
angle 0, versus the period, calculated separately for the real
and imaginary parts, for each of the sites A, B and C is
also depicted in Fig. 4. It is evident that the angle 6, has
(for all the measuring sites and for all the periods) approx-
imately the same value 6, >~ 125° + 5°, thus implying a
stable direction striking ~N55°W. This is further strength-
ened from the following facts: (i) this direction is close to
one of the principal axes of the intrinsic coordinate system
of the 2D regional geoelectric structure independently de-
termined by the tensor decomposition analyses introduced
by Bahr (Bahr, 1988) and Groom-Bailey, i.e., ~N40°W; (ii)
this direction is consistent to the strike direction determined
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Fig. A.1. Solutions of angle 6 derived from the model suggested in this paper for both the standard and “conjugate” forms of Mohr circle. Note that 6,

denotes the arctan(Cy/C3).

by magnetic prospection when tipper and induction arrows
analysis is used, i.e., ~N50°W (Makris et al., 1997). The
fact that the direction of the polarisation of the electric field
changes from site to site (see Figs. 4-5) provides further
support that the aforementioned direction N55°W exhibits a
regional characteristic of the geoelectric structure. Further-
more, based on the physical model described above, i.c., a
highly anisotropical 2D regional structure, we can lead to the
determination of the regional stike angle (as it is shown in
the Appendix). Finally, by adopting the physical model de-
scribed above, we result to the following: the effect of linear
polarisation seems to be a consequence of the specific con-
ductivity conditions within the regional structure, regardless
the existence or not of a current channelling in near surface
distortion structures (cf. that the distortion tensor can not be
uniquely determined, as it is shown in the Appendix).

4. Conclusions

The application of Mohr circles to MT data of loannina
SES sensitive station determines the polarisation direction of
the electric field at each measuring site; these results agree
with those obtained from the raw data when the electric field
polarisation diagrams are constructed. Furthermore, a new
form of the magnetotelluric representation of Mohr circles
is suggested, showing that the plot of Z; . (0) versus Z|, (6)
determines in some cases the regional strike angle. This
angle coincides with that determined by the decompositions
of Bahr and Groom-Bailey; furthermore, it agrees with that
angle determined by the tipper and induction arrows analysis
when magnetic variation methods are pursued.
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Appendix

Let us substitute Zy, in Eq. (1) with the expression given
in Eq. (A.1) of Groom and Bailey (1989). Since Zp ~ 0,
according to the model suggested in Section 3, i.e., a highly
anisotropical 2D regional structure, we obtain

, C G
76 —6)=RO —6,
( ) ( )<C3C4)

———
C(6r)

0Ze\ o,
X(OO)R(9 6) (A1)

—_——
Z:(6r)

with respect to the regional strike direction 6,.. It is easy to
show that for this model

6,

If Z,,=0 then 6 ={or ,

0, — arctan(%)

0, 4+ 90°

If Z,,=0 then 6=1or ,

6, — arctan(%)

6,

If Z, =0 then 6= 1or

6, — arctan(g—;) + 90°

It is now clear that when we plot the “conjugate” form of
Mohr circle, i.e., Z, vs Z), and the circle passes through
the origin of the coordinate system, then this latter point
corresponds to the regional strike angle, 6,. In this case the
derivation of the regional strike angle from the standard Mohr
circle, i.e., Z,, vs Z ;y, although not so evident, it is however
possible, according to the solutions given above. Note also
that these solutions involve only the elements of the first
column of the distortion tensor, thus leading to incomplete
information on this tensor. These solutions are illustrated in
Fig. A.1.
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