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Abstract:- Magnetotellurics is of one the most important and extensively applied research and exploration 
methodologies in electromagnetic geophysics engineering. On the other hand, many educational difficulties are 
reported concerning the level of comprehension and the depth of understanding of the learners with respect to 
magnetotellurics, as well as the development, by the tutors, of educational tools and methods for effective 
teaching of the various aspects of magnetotelluric theory. Aiming to contribute to improve these conditions, an 
educational software bundle was developed in order to provide configurable modelling and simulation tools of 
impedance tensor decomposition, distortion tensor decomposition, and Mohr circle topology in the context of 
different, user-definable geoelectric structure symmetries. Indicative examples are presented that demonstrate 
the mode of application of the various software modules in studying interesting magnetotelluric theoretical as-
pects and problems. 
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1 Introduction 
The magnetotelluric (MT) method is an efficient 
technique for mapping the subsurface electrical con-
ductivity structure. The method assumes a linear re-
lationship between the horizontal natural magnetic 
and electric fields at the earth’s surface, over a broad 
frequency range and independent of source polariza-
tion and position. The field transfer function, termed 
the impedance tensor, is estimated in the frequency 
domain from the experimental MT-data. 

The extraction from the data of scalar parameters 
that will have interpretable physical meaning in 
terms of the actual conductivity structure within the 
earth is the aim of the impedance tensor analysis. 

The MT-study proceeds in two consecutive 
stages; the first is the conventional MT-analysis 

where the electromagnetic response of the subsurface 
hemispace is considered as unified, while in the sub-
sequent, the impedance tensor is decomposed in 
more than one tensors. 

The magnetotelluric theory is, conceptually, the 
application of the electromagnetic theory and the 
electromagnetic wave propagation theory in the case 
of the solid Earth. This nature makes magnetotellu-
rics a very challenging yet exacting engineering edu-
cation field. Contextually, difficulties are expected to 
exist referring to comprehension level and depth of 
understanding of the learners as well as to the tutor-
ing tools and methods, developed to teach efficiently 
the various aspects of magnetotelluric theory. 

The present work outlines a Magnetotelluric Edu-
cational Software Bundle, hereafter abbreviated as 
MT-ESB, developed to provide configurable model-
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ling and simulation tools of impedance tensor de-
composition, distortion tensor decomposition, and 
Mohr circle topology in the context of different, 
user-definable geoelectric structure symmetries. The 
mode of application of MT-ESB consisting modules 
is demonstrated by their implementation to specific, 
indicative yet educationally interesting MT-
theoretical problems. 

The MT-ESB development was based on Excel 
2003TM platform [17]. Excel 2003TM spreadsheet 
software module is part of the Microsoft Office 
2003TM suite. It enables the user to turn different 
kinds of data into information with powerful tools 
for data processing and analysis as well as results 
communicating and sharing. Excel 2003TM was se-
lected because it builds on its commitment to reliable 
and accurate numerical analysis and due to its broad 
recognition and use. 
 
 
2 MT-ESB and Tensor Decomposition 
 
2.1 MT-ESB in studying distortion tensor 
decomposition 
It is considered that the Earth consists of a 1D or 2D-
basement termed as regional structure (i.e., the hori-
zontal dimensions of which are comparable with the 
penetration depth) coupled with local (compared to 
the penetration depth) 3D-zones of anomalous con-
ductivity. These near surface anomalies act as semi-
static scatterers (usually called galvanic) that mainly 
affect the observed electric field in direction and 
magnitude [3], [4]. 

Physically, 3D-galvanic distortion is caused by 
the presence of electric charges at discontinuities or 
gradients in electrical conductivity. The local 3D-
surface structure causes the observed magnetotelluric 
impedance tensor to be a location dependent mixture 
of the local and regional responses; this can include 
distortion of both in magnitude and phase. In such 
cases, Groom and Bailey [3], [4], [5] suggested a 
decomposition of the measured impedance tensor: 
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where $R  is the operator of clockwise rotation at an 
angle ϑ  of the measuring system, in order to coin-
cide with the principal axes of the 2D-structure: 
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t
C  is the distortion tensor, g is the gain of the meas-
uring site, 

t
Τ  is the twist tensor, 

t
S  is the shear ten-

sor, 
t
Α  is the local anisotropy tensor and D2Z′

t
 is the 

tensor that refers to an ideal 2D-regional structure at 
its principal coordinate system, but includes also Α

t
g , 

which does not destroy its ideal form. It must be 
clarified that this is adopted because the local anisot-
ropy (with intrinsic system that is identical with the 
principal axis system of the regional structure) can-
not be distinguished experimentally from the re-
gional anisotropy except for cases where the latter is 
known independently. 

A physical insight into the effect of each one of 
these distortion tensors on the regional electric field 
can be obtained by studying the effects of the tensors 
t
T , 

t
S  and 

t
A , on a family of unit vectors by using 

accordingly the relative module of the developed 
MT-ESB. 

As an example, the shear tensor, 
t
S , generates an 

anisotropy in directions which bisect the regional 
principal axes. In the graphs produced by MT-ESB 
(see Fig.1) it is depicted that the vectors that are 
aligned with the regional principal directions exhibit 
the greater angular deviations (e.g. a vector on the x-
axis is rotated clockwise by an angle ϕe e= −tan 1 , 
and a vector on the y-axis is rotated counter-
clockwise by the same angle). A physical explana-
tion of such type of distortion may be the concentra-
tion of current into a long conductive channel. 
 

S
 e= 0.8 1 0.8

18 0.8 1

angle (deg) angle (rad) xS=I yS=I y0 yS x0 xS

0 0 1 0 0 0.624695048 0 0.7808688
10 0.17453293 0.984807753 0.173648178 0 0.750800972 0 0.8774828
20 0.34906585 0.939692621 0.342020143 0 0.854094189 0 0.9474349
30 0.52359878 0.866025404 0.5 0 0.931436186 0 0.9885997
40 0.6981317 0.766044443 0.64278761 0 0.980476965 0 0.9997264
50 0.87266463 0.64278761 0.766044443 0 0.999726449 0 0.980477
60 1.04719755 0.5 0.866025404 0 0.98859975 0 0.9314362
70 1.22173048 0.342020143 0.939692621 0 0.947434948 0 0.8540942
80 1.3962634 0.173648178 0.984807753 0 0.877482814 0 0.750801
90 1.57079633 6.12323E-17 1 0 0.780868809 0 0.624695
100 1.74532925 -0.173648178 0.984807753 0 0.660528501 0 0.4796081
110 1.91986218 -0.342020143 0.939692621 0 0.520118368 0 0.3199485
120 2.0943951 -0.5 0.866025404 0 0.363904702 0 0.1505674
130 2.26892803 -0.64278761 0.766044443 0 0.196633976 0 -0.0233886
140 2.44346095 -0.766044443 0.64278761 0 0.023388626 0 -0.196634
150 2.61799388 -0.866025404 0.5 0 -0.150567376 0 -0.3639047
160 2.7925268 -0.939692621 0.342020143 0 -0.319948464 0 -0.5201184
170 2.96705973 -0.984807753 0.173648178 0 -0.47960808 0 -0.6605285
180 3.14159265 -1 1.22465E-16 0 -0.624695048 0 -0.7808688
190 3.31612558 -0.984807753 -0.173648178 0 -0.750800972 0 -0.8774828
200 3.4906585 -0.939692621 -0.342020143 0 -0.854094189 0 -0.9474349
210 3.66519143 -0.866025404 -0.5 0 -0.931436186 0 -0.9885997
220 3.83972435 -0.766044443 -0.64278761 0 -0.980476965 0 -0.9997264
230 4.01425728 -0.64278761 -0.766044443 0 -0.999726449 0 -0.980477
240 4.1887902 -0.5 -0.866025404 0 -0.98859975 0 -0.9314362
250 4.36332313 -0.342020143 -0.939692621 0 -0.947434948 0 -0.8540942
260 4.53785606 -0.173648178 -0.984807753 0 -0.877482814 0 -0.750801
270 4.71238898 -1.83697E-16 -1 0 -0.780868809 0 -0.624695
280 4.88692191 0.173648178 -0.984807753 0 -0.660528501 0 -0.4796081
290 5.06145483 0.342020143 -0.939692621 0 -0.520118368 0 -0.3199485
300 5.23598776 0.5 -0.866025404 0 -0.363904702 0 -0.1505674
310 5.41052068 0.64278761 -0.766044443 0 -0.196633976 0 0.0233886
320 5.58505361 0.766044443 -0.64278761 0 -0.023388626 0 0.196634
330 5.75958653 0.866025404 -0.5 0 0.150567376 0 0.3639047
340 5.93411946 0.939692621 -0.342020143 0 0.319948464 0 0.5201184
350 6.10865238 0.984807753 -0.173648178 0 0.47960808 0 0.6605285

y

x

e=1 e=0.8

e=0.4 e=-0.4

(a)

(b) (c)

(d) (e)

Fig.1.  A family of unit vectors (a) before and (b), 
(c), (d), (e) after the application of the shear distor-
tion tensor. 



 

2.1.1 MT-ESB in examining the uniqueness of 
the distortion tensor decomposition 
The distortion tensor, 

t
C , is written analytically: 

( )( )( )
( )( ) ( )( )
( )( ) ( )( )

t
C g

e t s

s te s e t
s e t s te

=
+ + +

+ − − −
+ + − +

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

1 1 1

1 1 1
1 1 12 2 2

 

 (5) 
If weak distortions are considered (i.e., t, e and s 
much smaller than unity), 2nd-order terms can be ig-
nored for the parameters e, s and t, and then eq. (5) 
becomes: 
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Then, the distortion parameters are easily derived 
from eq. (6): 
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In eq. (5) the normalizing factors are actually incor-
porated into g. Groom and Bailey [4] defined: 
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−
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C
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In order to understand the meaning of these parame-
ters, the MT-ESB can be implemented in the theo-
retical examination of the following special cases: 
♦ If γ β=  there is a unique solution: 

t = 0 , e = =γ β , g C C
=

+1 4
2 , s C C

g
=

−1 4
2  

♦ If γ β= − , then there is also a unique solution: 

e = 0 , t = − =γ β , g C C
=

+1 4
2

, s C C
g

=
−1 4
2

 

The MT-ESB’s graphs depict the effects at the fam-
ily of the unity vectors of the distortion tensors 

which satisfy the restrictions γ β=  or γ β= −  (see 
Fig.2). 
 
2.1.2 MT-ESB simulates geoelectric struc-
ture’s distorting effect on electrotelluric field 
It is usually assumed [3] that the earth is essentially 
flat with a 2D-conductivity structure on a broad re-
gional scale; this assumption implies that any 3D-
structures are all inductively weak. In the principal 
axis system of this 2D-structure (i.e. x-horizontal 
axis is along the strike of the structure and the verti-
cal axis is normal to the earth’s surface), the regional 
horizontal electric field components, 

ver , and mag-
netic field components, 

v
h r , are linearly related: 

v v t v
e

b
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where α denotes the quantity Z⊥  which is the im-
pedance associated with the 2D-mode containing 
current only perpendicular to the strike and b denotes 
the quantity Z|| , the impedance associated with the 
mode containing current only parallel to the strike. 
When the horizontal electric field 

ve  and the hori-
zontal magnetic field 

v
h  are measured at a point of 

the earth surface, they deviate from the regional val-
ues 

ver  and 
v
h r , due to the local conductivity varia-

tions. The electric field can be strongly distorted by 
charges that are accumulated on conductivity gradi-
ents or boundaries; on the other hand, the magnetic 
field is not so strongly disturbed since it is due to a 
weighted spatial average of the telluric current den-
sity over a much larger volume. Therefore, we are 
justified to adopt the approximation: 

v v
h hr≅ , but the 

electric field 
ve  should be related to 

ver  through a 
distortion or channelling tensor, 

t
C  [1], [2]: 

v t v ve C e
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C C
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3 4
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In the presence of small-scale surface scatterers 
(which are assumed to be inductively weak), their 
effects can be considered as frequency independent 
and the elements of the tensor 

t
C  as real numbers. In 

absence of distortions, 
t
C  will reduce to the identity 

tensor, 
t
I . 

In the case of a galvanic distortion and in order to 
recover information concerning the two-dimensional 
impedances, it has been shown ([1], [18]) that the 
exact knowledge of the elements of 

t
C  is not neces-

sary. The decomposition of the measured impedance 
tensor, however, it is a requisite to be done uniquely. 

C
 t= -0.8 1.584 0.96

920 -0.48 0.544

 s= 0.2 angle (deg) angle (rad) xC=I yC=I y0 yC x0 xC

1020 0 0 1 0 0 -0.341250777 0 1.1261276
10 0.17453293 0.984807753 0.173648178 0 -0.268907825 0 1.2275343

e= 0.4 20 0.34906585 0.939692621 0.342020143 0 -0.188394245 0 1.291643
1040 30 0.52359878 0.866025404 0.5 0 -0.102156402 0 1.3165059

40 0.6981317 0.766044443 0.64278761 0 -0.012814587 0 1.3013673
50 0.87266463 0.64278761 0.766044443 0 0.076916592 0 1.2466874

γ = 1.764706 60 1.04719755 0.5 0.866025404 0 0.164310699 0 1.1541275
β = -0.30303 70 1.22173048 0.342020143 0.939692621 0 0.246712309 0 1.0265
γβ = -0.53476 80 1.3962634 0.173648178 0.984807753 0 0.32161769 0 0.8676828

90 1.57079633 6.12323E-17 1 0 0.386750881 0 0.6825016
100 1.74532925 -0.173648178 0.984807753 0 0.440132841 0 0.4765828
110 1.91986218 -0.342020143 0.939692621 0 0.480141588 0 0.2561834
120 2.0943951 -0.5 0.866025404 0 0.505561476 0 0.0279999
130 2.26892803 -0.64278761 0.766044443 0 0.515620134 0 -0.2010343
140 2.44346095 -0.766044443 0.64278761 0 0.510011936 0 -0.4239602
150 2.61799388 -0.866025404 0.5 0 0.488907282 0 -0.6340043
160 2.7925268 -0.939692621 0.342020143 0 0.452947429 0 -0.8247845
170 2.96705973 -0.984807753 0.173648178 0 0.403224997 0 -0.990504
180 3.14159265 -1 1.22465E-16 0 0.341250777 0 -1.1261276
190 3.31612558 -0.984807753 -0.173648178 0 0.268907825 0 -1.2275343
200 3.4906585 -0.939692621 -0.342020143 0 0.188394245 0 -1.291643
210 3.66519143 -0.866025404 -0.5 0 0.102156402 0 -1.3165059
220 3.83972435 -0.766044443 -0.64278761 0 0.012814587 0 -1.3013673
230 4.01425728 -0.64278761 -0.766044443 0 -0.076916592 0 -1.2466874
240 4.1887902 -0.5 -0.866025404 0 -0.164310699 0 -1.1541275
250 4.36332313 -0.342020143 -0.939692621 0 -0.246712309 0 -1.0265
260 4.53785606 -0.173648178 -0.984807753 0 -0.32161769 0 -0.8676828
270 4.71238898 -1.83697E-16 -1 0 -0.386750881 0 -0.6825016
280 4.88692191 0.173648178 -0.984807753 0 -0.440132841 0 -0.4765828
290 5.06145483 0.342020143 -0.939692621 0 -0.480141588 0 -0.2561834
300 5.23598776 0.5 -0.866025404 0 -0.505561476 0 -0.0279999
310 5.41052068 0.64278761 -0.766044443 0 -0.515620134 0 0.2010343
320 5.58505361 0.766044443 -0.64278761 0 -0.510011936 0 0.4239602

y

x

(a)

t=0,  s=0.2,  e=0.4

(b) (c)

t=0.4,  s=0.2,  e=0ã = -0.4
â = 0.4
ãâ = -0.16

t
C =

−⎛
⎝
⎜

⎞
⎠
⎟

12 0 32
0 48 0 8

. .
. .

t
C =

⎛
⎝
⎜

⎞
⎠
⎟

12 0 32
0 48 0 8

. .
. .

ã = 0.4
â = 0.4
ãâ = 0.16

Fig.2  A family of unit vectors before (a) and after: 
(b) the application of a distortion tensor with shear 
and anisotropy, (c) the application of a distortion 
tensor with twist and anisotropy. 



 

In the intrinsic (or principal axes) system of the 
regional structure, the impedance tensor that refers to 
the 2D-structure obeys the relation: 

v t v
e Z hr D r= 2  

which, using eq. (10), gives: 
v t t v
e CZ hD r= 2  (11) 
or in the measuring coordinate system: 
v t t v t v
e RCZ R h Z hD

t
m= =$ $

2  (12) 
where 

t
Zm  is the measured impedance tensor, 

t
Z D2  is 

the regional 2D-tensor in the regional inductive prin-
cipal axis system [i.e., it has the form of eq. (9)], 

t
C  

is the distortion tensor expressed also at the regional 
intrinsic system and $R  is the rotation operator 
which performs the transformation of vectors from 
the principal axis system to the measurement axis 
system. 

Based on context presented in this sub-section, a 
suitably customized module of MT-ESB has been 
developed, in order to simulate the distorting effect 
of a semi-static scatterer on the regionally induced 
electric field for different orders of symmetry of the 
regional geoelectric structure and for different types 
of scatterers. This is demonstrated indicatively in 
Fig.3 and Fig.4 for the cases of 1D and 2D geoelec-
tric structure symmetries respectively. 
 
2.2 MT-ESB in studying MT-tensor decom-
position set of parameters 

This decomposition is described through seven real 
parameters: 
♦ the scaled real and imaginary parts of the major 

principal impedance ′α  (or equivalently the ma-
jor apparent resistivity and phase), 

♦ the scaled real and imaginary parts of the minor 
principal impedance ′b  (or equivalently the mi-
nor apparent resistivity and phase), 

♦ the azimuth angular deviation ϑ  between the 
principal axis system of the regional structure and 
the measuring coordinate system, 

♦ the shear parameter e and 
♦ the twist parameter t. 

In order to determine the above parameters and 
based on a modified form of the Pauli spin matrices 
[15]: 
t
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a useful factorization of the measured impedance is 
achieved: 

( )t t t t t
Z Im

m m m m= + + +
1
2 0 1 1 2 2 3 3α α α αΣ Σ Σ  (13) 

where: 
α0

m
xx yyZ Z= +  (14) 

α1
m

xy yxZ Z= +  (15) 

α2
m

yx xyZ Z= −  (16) 

α3
m

xx yyZ Z= −  (17) 

Distortion Parameters Tensor Elements Z=CZ' Zm=RZRt θ= 0
-0.313049516849971-0.13416699941+0.2683849971-0.1341699941+0.268328157299975i 0

g = 1 Re(Zxx) = 0 -0.626099033699941-0.26832849971+0.1341699941-0.2683849971+0.134164078649987i
1100 1000

angle (deg) angle (rad) Hy Hx Ey Ex
 s = 0 Im(Zxx) = 0 0 0 0 0

1000 1000 0 0 0 1 -0.62609903 -0.313049517
1 0.017453293 0.017452406 0.999847695 -0.62054021 -0.302074903

t = 0 Re(Zxy) = 0.7 2 0.034906585 0.034899497 0.999390827 -0.61479236 -0.291008274
1000 1070 3 0.052359878 0.052335956 0.998629535 -0.60885724 -0.279853002

4 0.06981317 0.069756474 0.99756405 -0.60273666 -0.268612483
e = 0.5 Im(Zxy) = 0.3 5 0.087266463 0.087155743 0.996194698 -0.59643247 -0.257290143

1050 1030 6 0.104719755 0.104528463 0.994521895 -0.58994661 -0.245889429
7 0.122173048 0.121869343 0.992546152 -0.58328105 -0.234413815

γ = 0.5 Re(Zyx) = -0.7 8 0.13962634 0.139173101 0.990268069 -0.57643781 -0.222866796
β = 0.5 930 9 0.157079633 0.156434465 0.987688341 -0.56941898 -0.21125189
γβ = 0.25 10 0.174532925 0.173648178 0.984807753 -0.5622267 -0.199572635

Distortion Tensor C Im(Zyx) = -0.3 11 0.191986218 0.190808995 0.981627183 -0.55486317 -0.187832588
1 0.5 970 12 0.20943951 0.207911691 0.978147601 -0.54733061 -0.176035325

0.5 1 13 0.226892803 0.224951054 0.974370065 -0.53963134 -0.16418444
Re(Zyy) = 0 14 0.244346095 0.241921896 0.970295726 -0.53176768 -0.152283543

1000 15 0.261799388 0.258819045 0.965925826 -0.52374205 -0.140336259
16 0.27925268 0.275637356 0.961261696 -0.51555688 -0.128346227

Im(Zyy) = 0 17 0.296705973 0.292371705 0.956304756 -0.50721466 -0.1163171
1000 18 0.314159265 0.309016994 0.951056516 -0.49871795 -0.104252541

19 0.331612558 0.325568154 0.945518576 -0.49006931 -0.092156226
Impedance Tensor Z' 20 0.34906585 0.342020143 0.939692621 -0.4812714 -0.08003184

0 0.7+0.3i 21 0.366519143 0.35836795 0.933580426 -0.47232689 -0.067883075
-0.7-0.3i 0 22 0.383972435 0.374606593 0.927183855 -0.4632385 -0.055713632

23 0.401425728 0.390731128 0.920504853 -0.45400901 -0.043527218
24 0.41887902 0.406736643 0.913545458 -0.44464122 -0.031327545
25 0.436332313 0.422618262 0.906307787 -0.43513799 -0.01911833
26 0.453785606 0.438371147 0.898794046 -0.42550221 -0.006903291
27 0.471238898 0.4539905 0.891006524 -0.41573682 0.005313851
28 0.488692191 0.469471563 0.882947593 -0.40584479 0.017529374
29 0.506145483 0.48480962 0.874619707 -0.39582914 0.029739558
30 0.523598776 0.5 0.866025404 -0.38569291 0.041940683
31 0.541052068 0.515038075 0.857167301 -0.3754392 0.054129032
32 0.558505361 0.529919264 0.848048096 -0.36507112 0.066300893
33 0.575958653 0.544639035 0.838670568 -0.35459185 0.078452557
34 0.593411946 0.559192903 0.829037573 -0.34400455 0.090580325
35 0.610865238 0.573576436 0.819152044 -0.33331248 0.102680501
36 0.628318531 0.587785252 0.809016994 -0.32251887 0.114749399
37 0.645771823 0.601815023 0.79863551 -0.31162702 0.126783344
38 0.663225116 0.615661475 0.788010754 -0.30064024 0.138778669
39 0.680678408 0.629320391 0.777145961 -0.28956189 0.150731721
40 0.698131701 0.64278761 0.766044443 -0.27839533 0.162638858
41 0.715584993 0.656059029 0.75470958 -0.26714398 0.174496455
42 0.733038286 0.669130606 0.743144825 -0.25581124 0.186300897
43 0.750491578 0.68199836 0.731353702 -0.24440059 0.198048591
44 0.767944871 0.69465837 0.7193398 -0.23291549 0.209735958
45 0.785398163 0.707106781 0.707106781 -0.22135944 0.221359436
46 0.802851456 0.7193398 0.69465837 -0.20973596 0.232915487
47 0.820304748 0.731353702 0.68199836 -0.19804859 0.244400589
48 0.837758041 0.743144825 0.669130606 -0.1863009 0.255811244
49 0.855211333 0.75470958 0.656059029 -0.17449645 0.267143977
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Fig.3  The geometrical locus of the electric field vec-
tor trace as a result of the rotation of the incident 
horizontal linearly polarised unitary magnetic field, 
(a) for an ideal 1D-structure; (b), (c), (d) for a 1D-
regional structure, but with the presence of a near 
surface semi-static scatterer, with different distortion 
parameters. 

Distortion Parameters Tensor Elements Z=CZ' Zm=RZRt θ= 0
-0.156173761888606+0.4372498727+0.2342888606+0.4372498727+0.234260642832909i 0

g = 1 Re(Zxx) = 0 0.195217202360758-0.54660798982+0.1874360758-0.54660798982+0.187408514266327i
1100 1000

angle (deg) angle (rad) Hy Hx Ey Ex
s = 0 Im(Zxx) = 0 0 0 0 0

1000 1000 0 0 0 1 0.195217202 -0.156173762
1 0.017453293 0.017452406 0.999847695 0.204999659 -0.14388474

t = 0.8 Re(Zxy) = 0.9 2 0.034906585 0.034899497 0.999390827 0.21471967 -0.131551889
1080 1090 3 0.052359878 0.052335956 0.998629535 0.224374275 -0.119178967

4 0.06981317 0.069756474 0.99756405 0.233960534 -0.106769741
e = 0 Im(Zxy) = 0.3 5 0.087266463 0.087155743 0.996194698 0.243475527 -0.094327993

1000 1030 6 0.104719755 0.104528463 0.994521895 0.252916354 -0.081857511
7 0.122173048 0.121869343 0.992546152 0.262280141 -0.069362094

γ = -0.8 Re(Zyx) = 0.25 8 0.13962634 0.139173101 0.990268069 0.271564034 -0.056845549
β = 0.8 1025 9 0.157079633 0.156434465 0.987688341 0.280765207 -0.044311689
γβ = -0.64 10 0.174532925 0.173648178 0.984807753 0.289880855 -0.03176433

Distortion Tensor C Im(Zyx) = -0.7 11 0.191986218 0.190808995 0.981627183 0.298908204 -0.019207296
1 -0.8 930 12 0.20943951 0.207911691 0.978147601 0.307844501 -0.006644411

0.8 1 13 0.226892803 0.224951054 0.974370065 0.316687027 0.005920497
Re(Zyy) = 0 14 0.244346095 0.241921896 0.970295726 0.325433086 0.018483603

1000 15 0.261799388 0.258819045 0.965925826 0.334080016 0.031041078
16 0.27925268 0.275637356 0.961261696 0.342625181 0.043589097

Im(Zyy) = 0 17 0.296705973 0.292371705 0.956304756 0.351065979 0.056123839
1000 18 0.314159265 0.309016994 0.951056516 0.35939984 0.068641485

19 0.331612558 0.325568154 0.945518576 0.367624223 0.081138223
Impedance Tensor Z' 20 0.34906585 0.342020143 0.939692621 0.375736625 0.093610244

0 0.9+0.3i 21 0.366519143 0.35836795 0.933580426 0.383734574 0.106053751
0.25-0.7i 0 22 0.383972435 0.374606593 0.927183855 0.391615633 0.118464954

23 0.401425728 0.390731128 0.920504853 0.399377403 0.13084007
24 0.41887902 0.406736643 0.913545458 0.407017518 0.143175332
25 0.436332313 0.422618262 0.906307787 0.414533652 0.15546698
26 0.453785606 0.438371147 0.898794046 0.421923515 0.167711273
27 0.471238898 0.4539905 0.891006524 0.429184856 0.179904478
28 0.488692191 0.469471563 0.882947593 0.436315463 0.192042883
29 0.506145483 0.48480962 0.874619707 0.443313164 0.20412279
30 0.523598776 0.5 0.866025404 0.450175828 0.216140519
31 0.541052068 0.515038075 0.857167301 0.456901364 0.22809241
32 0.558505361 0.529919264 0.848048096 0.463487723 0.239974821
33 0.575958653 0.544639035 0.838670568 0.469932899 0.251784134
34 0.593411946 0.559192903 0.829037573 0.476234929 0.263516751
35 0.610865238 0.573576436 0.819152044 0.482391894 0.275169098
36 0.628318531 0.587785252 0.809016994 0.488401917 0.286737626
37 0.645771823 0.601815023 0.79863551 0.494263168 0.298218811
38 0.663225116 0.615661475 0.788010754 0.499973862 0.309609155
39 0.680678408 0.629320391 0.777145961 0.505532259 0.32090519
40 0.698131701 0.64278761 0.766044443 0.510936666 0.332103473
41 0.715584993 0.656059029 0.75470958 0.516185437 0.343200595
42 0.733038286 0.669130606 0.743144825 0.521276972 0.354193175
43 0.750491578 0.68199836 0.731353702 0.526209722 0.365077864
44 0.767944871 0.69465837 0.7193398 0.530982183 0.375851347
45 0.785398163 0.707106781 0.707106781 0.535592901 0.386510341
46 0.802851456 0.7193398 0.69465837 0.540040473 0.397051601
47 0.820304748 0.731353702 0.68199836 0.544323544 0.407471915
48 0.837758041 0.743144825 0.669130606 0.548440808 0.41776811
49 0.855211333 0.75470958 0.656059029 0.552391012 0.427937048
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Fig.4  The geometrical locus of the electric field vec-
tor trace as a result of the rotation of the incident, 
horizontal linearly polarised unitary magnetic field, 
(a) for an ideal 2D-structure; (b), (c), (d) for a 2D-
regional structure, but with the presence of a near 
surface semi-static scatterer, with different distortion 
parameters. 



 

By substituting eq. (13) to eq. (1), the following non-
linear system of complex equations is obtained for 
the coefficients αi : 
α σ δ0 = +t e  (18) 

( ) ( )α δ σ ϑ δ σ ϑ1 2 2= − − +et t ecos sin  (19) 

α σ δ2 = − + et  (20) 

( ) ( )α δ σ ϑ δ σ ϑ3 2 2= − + − −t e etcos sin  (21) 

where:  σ α= ′ + ′b  and δ α= ′ − ′b  (22) 
The above system can be solved analytically for the 
set of the model parameters ( )σ δ ϑ, , , ,e t  from the ex-
perimental data, by restricting the azimuth angle to 
0 ≤ ≤ϑ π . Thus, MT-tensor decomposition success-
fully determines the dimensionality of the dominant 
geoelectric structure and recovers the regional im-
pedance responses except for the “static-shift” influ-
ence [in cases, of course, where the regional struc-
ture can be characterized approximately as 1D or 2D, 
(“superimposition model”)]. 

Moreover, the principal directions of the regional 
induction are determined but with the ambiguity 
concerning the strike-direction. 

MT-ESB has been designed to provide a practi-
cal, graphical tool to investigate the latter solution 
multiplicity by applying the argument that if 
( )σ δ ϑ, , , ,e t  is a solution-set of the system (18-21), 

then − − +⎛
⎝⎜

⎞
⎠⎟

e t, , , ,σ δ ϑ
π
2  is also a solution-set and it is 

depicted with the example of Fig.5. 
 
2.3 MT-ESB’s comparison between tensor 
decomposition and conventional MT-analysis 
Let us assume that the measured impedance tensor 
results from a local galvanic distortion of the region-
ally induced electric field at a large-scale conductiv-
ity structure with at most 2D-symmetry and that the 
magnetic field distortion is negligible. 

One of the most interesting parameters for the 
modelling of the earth conductivity structure is the 
azimuth angle ϑ  (strike-angle) which denotes the 
azimuth angular deviation of the regional principal 
axis system from the measuring coordinate system. 

The conventional method [14], [16], determines 
the strike-angle by minimizing the quantity 

( ) ( )Z Zxx yy′ + ′ϑ ϑ
2 2

, or equivalently by minimizing 

the quantity ( )α ϑ3
2

′ , where: 
( ) ( ) ( )

( ) ( )ϑ′−ϑσ−δ−
−ϑ′−ϑσ+δ−=ϑ′α

2sinet                      
2coset3  (23) 

If the local inhomogeneities influence the induced 
electric field only with anisotropy distortion (s≠0, 
t=0, e=0), then eq. (23) becomes: 

( ) ( )α ϑ δ ϑ ϑ3 2′ = − − ′sin  
and the intrinsic system of the regional geoelectric 
structure is correctly determined. In all the other 
cases, i.e., where twist ( )t ≠ 0 and/or shear ( )e ≠ 0  are 
present, the conventionally derived angle ′ϑ  will be 
different from the actual strike-angle, ϑ . 

The latter argument is supported and validated, in 
a very convenient way, by examining with an MT-
ESB’s module the following two marginal cases: 

a) If the tensor 
t
′Z D2 , determined by tensor de-

composition, is isotropic, i.e., ′ = ′α b , and thus 
δ ≈ 0 , the conventional analysis gives: 

′ = − ⎛
⎝⎜
⎞
⎠⎟
= ± +−ϑ ϑ ϑ

π
ϕ

1
2

1
4

1
2

1tan
t t  (24) 

with the assumption that t ≠0 (see Fig.6). 
b) If the tensor 

t
′Z D2  is extremely anisotropic, i.e., 

b′>>α′ , and thus δ σ≈ , the conventional analysis 
gives: 

′ = +
+
−

⎛
⎝⎜

⎞
⎠⎟
= +−ϑ ϑ ϑ

1
2 1

1
2

1tan
t e

et
q  (25) 

Distortion Parameters Tensor Elements Z=CZ' Zm=RZRt θ=
1.77863875949011E-002+6.22523758084+0.31304 0.308154857518428-5.15434382783413E-002i 0.821904734311665+0.453190524116906i 0.4

g = 1 Re(Zxx) = 0 -0.199207541062892-0.69722239385+0.24900 -8.1643755509311E-002-0.557076291273476i 0.269902739315858+0.362805221189111i
1100 1000

angle (deg) angle (rad) Hy Hx Ey
s = 0 Im(Zxx) = 0 0 0 0

1000 1000 0 0 0 1 -0.08164376 0.3
1 0.017453293 0.017452406 0.999847695 -0.07692087 0.3

t = 0.4 Re(Zxy) = 0.9 2 0.034906585 0.034899497 0.999390827 -0.07217455 0.3
1040 1090 3 0.052359878 0.052335956 0.998629535 -0.06740625 0.3

4 0.06981317 0.069756474 0.99756405 -0.06261741 0.3
e = 0.3 Im(Zxy) = 0.4 5 0.087266463 0.087155743 0.996194698 -0.0578095 0.3

1030 1040 6 0.104719755 0.104528463 0.994521895 -0.05298398 0.3
7 0.122173048 0.121869343 0.992546152 -0.04814233 0.4

γ = -0.089286 Re(Zyx) = -0.2 8 0.13962634 0.139173101 0.990268069 -0.043286 0.4
β = 0.7954545 980 9 0.157079633 0.156434465 0.987688341 -0.03841649 0.4
γβ = -0.071023 10 0.174532925 0.173648178 0.984807753 -0.03353528 0.4

Distortion Tensor C Im(Zyx) = -0.7 11 0.191986218 0.190808995 0.981627183 -0.02864386 0.4
0.88 -0.1 930 12 0.20943951 0.207911691 0.978147601 -0.02374371 0.4
0.7 1.12 13 0.226892803 0.224951054 0.974370065 -0.01883633 0.4

Re(Zyy) = 0 14 0.244346095 0.241921896 0.970295726 -0.0139232 0.4
1000 15 0.261799388 0.258819045 0.965925826 -0.00900584 0.5

16 0.27925268 0.275637356 0.961261696 -0.00408574 0.5
Im(Zyy) = 0 17 0.296705973 0.292371705 0.956304756 0.000835612 0.5

1000 18 0.314159265 0.309016994 0.951056516 0.005756708 0.5
19 0.331612558 0.325568154 0.945518576 0.010676049 0.5

Impedance Tensor Z' 20 0.34906585 0.342020143 0.939692621 0.015592139 0.5
0 0.9+0.4i 21 0.366519143 0.35836795 0.933580426 0.020503479 0.5

-0.2-0.7i 0 22 0.383972435 0.374606593 0.927183855 0.025408574 0.5
23 0.401425728 0.390731128 0.920504853 0.030305929 0.6
24 0.41887902 0.406736643 0.913545458 0.035194052 0.6
25 0.436332313 0.422618262 0.906307787 0.040071455 0.6
26 0.453785606 0.438371147 0.898794046 0.044936652 0.6
27 0.471238898 0.4539905 0.891006524 0.049788161 0.6
28 0.488692191 0.469471563 0.882947593 0.054624503 0.6
29 0.506145483 0.48480962 0.874619707 0.059444207 0.6
30 0.523598776 0.5 0.866025404 0.064245803 0.6
31 0.541052068 0.515038075 0.857167301 0.06902783 0
32 0.558505361 0.529919264 0.848048096 0.07378883 0.6
33 0.575958653 0.544639035 0.838670568 0.078527353 0.7
34 0.593411946 0.559192903 0.829037573 0.083241956 0.7
35 0.610865238 0.573576436 0.819152044 0.087931202 0.7
36 0.628318531 0.587785252 0.809016994 0.092593664 0.7
37 0.645771823 0.601815023 0.79863551 0.097227921 0.7
38 0.663225116 0.615661475 0.788010754 0.101832561 0.7
39 0.680678408 0.629320391 0.777145961 0.106406183 0.7
40 0.698131701 0.64278761 0.766044443 0.110947391 0.7
41 0.715584993 0.656059029 0.75470958 0.115454805 0.7
42 0.733038286 0.669130606 0.743144825 0.119927049 0.7
43 0.750491578 0.68199836 0.731353702 0.124362763 0.7
44 0.767944871 0.69465837 0.7193398 0.128760594 0.7
45 0.785398163 0.707106781 0.707106781 0.133119204 0.7
46 0.802851456 0.7193398 0.69465837 0.137437264 0.8
47 0.820304748 0.731353702 0.68199836 0.14171346 0.8
48 0.837758041 0.743144825 0.669130606 0.145946488 0.8
49 0.855211333 0.75470958 0.656059029 0.15013506 0.8
50 0 872664626 0 766044443 0 64278761 0 154277899 0 8
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Fig.5  The geometrical locus of the electric field vec-
tor trace as a result of the rotation of the incident 
horizontal linearly polarised unitary magnetic field, 
(a), (b) for an ideal 2D-structure, when the measur-
ing and the intrinsic co-ordinate systems have an an-
gular deviation of ϑ = °0  and ϑ = °25  respec-
tively; (c), (d) for a 2D-regional structure for the set 
of solutions (σ, δ, e, t, ϑ ) and (σ, -δ, -e, t, ϑ+90°), 
but with the presence of a near surface semi-static 
scatterer, with different distortion parameters respec-
tively. 



 

with the assumption that both e and t are not zero 
(see Fig.7). 

The above illustrative study, through the relative 
MT-ESB module, clearly indicated that generally the 
conventional analysis, which does not perform a de-
composition of the impedance tensor, fails to deter-
mine correctly the principal axes of the two-
dimensional geoelectric structure. 

 
 
3 MT-ESB and Mohr Circle Topology 
 
3.1 Theoretical basis for MT-ESB’s modules 
dedicated to study Mohr circles 

At the measuring coordinate system (x,y) the MT-
data are collected and the impedance tensor, 

t
Ζm , is 

derived. The clockwise rotation of this system’s 
horizontal axes through an angle ϑ  varying 
0 180ο οϑ≤ ≤  produces a new measuring coordinate 
system (x′,y′), where the elements ( )′Ζ ij ϑ  of the im-

pedance tensor ( )
t
′Ζ ϑ  are determined from the ex-

pansion of the equation: 
( ) ( ) ( )

t t
′ =Z R Z Rm

tϑ ϑ ϑ$ $  (26) 

where $R  is the rotational operator. 
By taking the real parts (the procedure is identi-

cally repeated for the imaginary parts) and some triv-
ial calculus on equation (26), Lilley [7], [8] intro-

Distortion Parameters Tensor Elements Z=CZ' Zm=RZRt θ= 0 Skew Index by Swift Strike Angle by Swift
-0.231583521686623-3.8469023129+5.49557476623-3.846902129+5.49557479085484E-002 0 0.00114893 Zm 45 Skew Index

g = 1 Re(Zxx) = 0 -0.330833602409461-5.49557475903+3.8469029461-5.4955745903+3.84690235359839E-002i Zdist 45 0
1100 1000 Zi 0 Strike Angle (o)

angle (deg) angle (rad) Hy Hx Ey Ex 45
 s = -0.5 Im(Zxx) = 0 0 0 0 0

950 1000 0 0 0 1 -0.3308336 -0.231583522
1 0.017453293 0.017452406 0.999847695 -0.32675495 -0.22579359

t = 0 Re(Zxy) = 0.9 2 0.034906585 0.034899497 0.999390827 -0.32257677 -0.21993488
1000 1090 3 0.052359878 0.052335956 0.998629535 -0.31830033 -0.214009175

4 0.06981317 0.069756474 0.99756405 -0.31392693 -0.208018281
e = 0.7 Im(Zxy) = 0.15 5 0.087266463 0.087155743 0.996194698 -0.3094579 -0.201964022

1070 1015 6 0.104719755 0.104528463 0.994521895 -0.30489461 -0.195848244
7 0.122173048 0.121869343 0.992546152 -0.30023845 -0.189672808

γ = 0.7 Re(Zyx) = -0.301 8 0.13962634 0.139173101 0.990268069 -0.29549083 -0.183439596
β = 0.7 699 9 0.157079633 0.156434465 0.987688341 -0.29065321 -0.177150506
γβ = 0.49 10 0.174532925 0.173648178 0.984807753 -0.28572704 -0.170807455

Distortion Tensor C Im(Zyx) = -0.05 11 0.191986218 0.190808995 0.981627183 -0.28071384 -0.164412374
1 0.7 995 12 0.20943951 0.207911691 0.978147601 -0.27561514 -0.157967211

0.7 1 13 0.226892803 0.224951054 0.974370065 -0.27043247 -0.15147393
Re(Zyy) = 0 14 0.244346095 0.241921896 0.970295726 -0.26516744 -0.144934509

1000 15 0.261799388 0.258819045 0.965925826 -0.25982163 -0.138350939
16 0.27925268 0.275637356 0.961261696 -0.25439667 -0.131725227

Im(Zyy) = 0 17 0.296705973 0.292371705 0.956304756 -0.24889422 -0.125059389
1000 18 0.314159265 0.309016994 0.951056516 -0.24331596 -0.118355457

19 0.331612558 0.325568154 0.945518576 -0.23766358 -0.111615473
Impedance Tensor Z' 20 0.34906585 0.342020143 0.939692621 -0.23193881 -0.10484149

0 962+6.70820393249937E-002i 21 0.366519143 0.35836795 0.933580426 -0.22614339 -0.098035571
-0.403833876736462-6.708203 0 22 0.383972435 0.374606593 0.927183855 -0.22027908 -0.091199789

23 0.401425728 0.390731128 0.920504853 -0.21434767 -0.084336227
24 0.41887902 0.406736643 0.913545458 -0.20835097 -0.077446976

angle (deg) angle (rad) |Zi
xy+Zi

yx| |Zxy+Zyx| |Zm
xy+Zm

yx| 25 0.436332313 0.422618262 0.906307787 -0.2022908 -0.070534133
0 0 0.0013416 0.0010991 0.0010991 26 0.453785606 0.438371147 0.898794046 -0.19616901 -0.063599805
1 0 0174533 0 0013408 0 0152768 0 0152768 27 0 471238898 0 4539905 0 891006524 -0 18998747 -0 056646104
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Fig.7  The geometrical locus of the electric field vector trace as a result of the rotation of the incident horizontal 
linearly polarised unitary magnetic field, (a) for a 2D-structure with high anisotropy; (b) for a 2D-regional 
structure with high anisotropy and the presence of a local near surface semi-static scatterer (with twist, shear 
and anisotropy); (c) same as (b) case but the co-ordinate system (of b-case) has been rotated 28° degrees coun-
terclockwise (i.e., the strike angle determined from the conventional analysis). 

Distortion Parameters Tensor Elements Z=CZ' Zm=RZRt θ= 28 Skew Index by Swift Strike Angle by Swift
-1.79008001190052E-004-3.5801855765-0.451146552-0.33979501588-0.636869398611767i 0.488692191 1.528577524 Zm 0 Skew Index

g = 1 Re(Zxx) = 0 -7.63767471744218E-004-1.5275890753-0.68918174078-0.18729424044-0.349739133866603i Zdist 28 1.5286
1100 1000 Zi 0 Strike Angle (o)

angle (deg) angle (rad) Hy Hx Ey Ex 0
 s = 0.2 Im(Zxx) = 0 0 0 0 0

1020 1000 0 0 0 1 0.238948604 0.435256204
1 0.017453293 0.017452406 0.999847695 0.246777215 0.449495621

t = 0.4 Re(Zxy) = 0.9 2 0.034906585 0.034899497 0.999390827 0.254530655 0.463598116
1040 1090 3 0.052359878 0.052335956 0.998629535 0.262206562 0.477559395

4 0.06981317 0.069756474 0.99756405 0.269802599 0.491375205
e = 0.7 Im(Zxy) = -0.7 5 0.087266463 0.087155743 0.996194698 0.277316451 0.505041337

1070 930 6 0.104719755 0.104528463 0.994521895 0.28474583 0.518553629
7 0.122173048 0.121869343 0.992546152 0.292088473 0.531907964

γ = 0.234375 Re(Zyx) = -0.001 8 0.13962634 0.139173101 0.990268069 0.299342142 0.545100275
β = 1.5277778 999 9 0.157079633 0.156434465 0.987688341 0.306504629 0.558126543
γβ = 0.3580729 10 0.174532925 0.173648178 0.984807753 0.313573752 0.5709828

Distortion Tensor C Im(Zyx) = -0.002 11 0.191986218 0.190808995 0.981627183 0.320547357 0.58366513
0.72 0.3 998 12 0.20943951 0.207911691 0.978147601 0.327423321 0.596169671
1.1 1.28 13 0.226892803 0.224951054 0.974370065 0.334199548 0.608492612

Re(Zyy) = 0 14 0.244346095 0.241921896 0.970295726 0.340873975 0.6206302
1000 15 0.261799388 0.258819045 0.965925826 0.347444568 0.632578739

16 0.27925268 0.275637356 0.961261696 0.353909326 0.644334588
Im(Zyy) = 0 17 0.296705973 0.292371705 0.956304756 0.36026628 0.655894166

1000 18 0.314159265 0.309016994 0.951056516 0.366513493 0.667253953
19 0.331612558 0.325568154 0.945518576 0.372649063 0.678410488

Impedance Tensor Z' 20 0.34906585 0.342020143 0.939692621 0.37867112 0.689360372
0 4619-0.823687767580373i 21 0.366519143 0.35836795 0.933580426 0.384577831 0.70010027

-7.84464540552736E-004-1.5689 0 22 0.383972435 0.374606593 0.927183855 0.390367395 0.710626911
23 0.401425728 0.390731128 0.920504853 0.39603805 0.720937089
24 0.41887902 0.406736643 0.913545458 0.401588067 0.731027662

angle (deg) angle (rad) |Zi
xy+Zi

yx| |Zxy+Zyx| |Zm
xy+Zm

yx| 25 0.436332313 0.422618262 0.906307787 0.407015757 0.740895556
0 0 1.3419859 0.7350987 1.3416345 26 0.453785606 0.438371147 0.898794046 0.412319466 0.750537767
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Fig.6  The geometrical locus of the electric field vector trace as a result of the rotation of the incident horizontal 
linearly polarised unitary magnetic field, (a) for an ideal 2D-structure; (b) for a 2D-regional structure, with the 
presence of a local near surface semi-static scatterer, when the effect of this scatterer, (with anisotropy only) 
annuls the regional 2D-anisotropy; (c) for a 2D-regional structure, with the presence of a local near surface 
semi-static scatterer, when the effect of this scatterer, (with twist, shear and anisotropy), annuls the regional 
2D-anisotropy. 



 

duced Mohr circle as a tool displaying information 
of the magnetotelluric impedance tensor. Mohr circle 
is described by the relation: 
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where the rotationally invariant quantities Z
r1  and 

Z
r2  are given respectively: 
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and Mohr circle is depicted at a diagram of ( )′Zxxr
ϑ  

versus ( )′Zxy r
ϑ , with the variation of the rotation 

angle ϑ . If the point ( )Z Zxy xxr r
,  of the circle refers 

to the initial measuring system, the clockwise rota-
tion of the latter at an angle ϑ  produces a counter-
clockwise angular displacement 2ϑ  on the circle, 
i.e., to a new point ( ) ( )[ ]′ ′Z Zxy xxr r

ϑ ϑ,  which refers to 

the new measuring system (x′,y′) [9], [10], [12]. 
The circle is characterized by the rotationally in-

variant parameters [9]: 
centre coordinates:  ′ =Ζ Zxyr r1 , ′ =Ζ Zxxr r2  (29) 
the distance of the circle centre from the origin of the 
axes hereafter termed as “central impedance”: 
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where skew angle, γ, is the angular deviation of the 
circle’s centre from the ′Ζxyr -axis and is a measure 
of the three-dimensionality of the geoelectric struc-
ture, i.e., a structure with no specific symmetry [9]. 

In the case where the earth conductivity structure 
has an ideal 1D-symmetry, the following restrictions 
hold: 

( ) ( )′ = ′ =Ζ xx yyZϑ ϑ 0  and ( ) ( )′ + ′ =Ζ xy yxZϑ ϑ 0  
and it can be seen that Mohr circle degenerates to a 
single point, i.e., its centre which lies on the ′Ζxyr -
axis. 

Furthermore, in the case where the earth conduc-
tivity structure has an ideal 2D-symmetry, the fol-
lowing restrictions hold: 

( ) ( )′ + ′ =Ζ xx yyZϑ ϑ 0  and ( ) ( )′ + ′ ≠Ζ xy yxZϑ ϑ 0  
which at the principal axis system become: 

( ) ( )′ = ′ =Ζ xx yyZϑ ϑ0 0 0 and ( ) ( )′ + ′ ≠Ζxy yxZϑ ϑ0 0 0  

and the following conclusions are drawn: (i) the cen-
tre lies on the ′Ζ xyr -axis. It is evident that the depar-
ture of the centre from ′Ζ xyr -axis is a measure of the 
deviation from two-dimensionality; (ii) the points 
where the Mohr circle intersects the ′Ζ xyr -axis are 

the limits of the tensor element ( )′Ζxyr
ϑ  and the cir-

cle radius is calculated from them: 
( ) ( )

R
Z Zxy xyr r=
′ − ′ϑ ϑ

max min
2

 (33) 

In this case the radius of Mohr circle is a measure of 
the conductivity contrasts at the strike and dip direc-
tions, i.e., is a measure of the 2D-anisotropy; iii) the 
counterclockwise angular displacements 2 0ϑ  and 
( )2 0ϑ π+  respectively, from the circle intersections 
with the ′Ζxyr -axis, of the point 

( ) ( )[ ]′ = ′ =Z Zxy xxr r
ϑ ϑ0 0, , which refers to the measur-

ing system, actually provide the angles ϑ0  and 

ϑ
π

0 2
+  (through which the measuring system (x,y) 

must be rotated clockwise in order to be aligned with 
the principal axes, i.e., the strike and dip directions 
of 2D-structure) [9], [10], [11]. 

Furthermore, the “conjugate”-form of Mohr cir-
cles (i.e. by substituting the element ( )′Z xy ϑ  with the 
element ( )′Z yx ϑ  at their construction), introduced by 
Makris [11], [12], yields important information con-
cerning the regional geoelectric structure. 

From the above discussion it is evident that MT-
interpretation is easiest in those cases where the 
structure under prospection is either one-dimensional 
(1D) i.e., homogeneous or horizontally layered, or 
two-dimensional (2D) i.e., uniform along a horizon-
tal axis (strike-direction) [6]. However, the experi-
mentally determined MT-impedance tensor very 
rarely conforms to the ideal 1D or 2D-form. 

By exploiting the potential of the above, briefly 
presented, Mohr circle theory, MT-ESB modules 
have been developed aiming to provide learners with 
powerful and in adequate extent configurable educa-
tional tools in order to thoroughly study and deeply 
understand the philosophy of magnetotelluric repre-
sentation of Mohr circles. 
 
3.2 MT-ESB ’s modules dedicated to study 
Mohr circles 
Lilley [9], [10] modified the non-linear system of 
complex equations (18)-(21) of the Groom and Bai-
ley decomposition parameters t, e, σ, δ and ϑ  in the 
new form: 
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by introducing the following substitutions: 
tan A t=  (38) 

tan tan
tan

B e E
D

= =
σ
δ

 (39) 

tan tan tanC e E D= = ⋅
δ
σ

 (40) 

tan D =
δ
σ

 (41) 

tan E e=  (42) 
Consequently, the set of eqs (34)-(37) can be studied 
by applying Mohr circle analysis and by implement-
ing the Mohr-modules of the developed MT-ESB. 
The conditional repetition of this procedure produces 
an “atlas” of different models of the geoelectric 
structure which belong to the general types 3D-

(local)/2D-(regional) or 3D-(local)/1D-(regional) 
that can be thoroughly studied, thus enabling deep 
comprehension of the relevant theory. 

Furthermore, as it has been shown [12], [13] this 
“atlas” can be used to resolve geoelectric structure 
ambiguities. 

Following, two interesting geoelectric models are 
briefly discussed, as indicative examples of the MT-
ESB application for studying Mohr circle topology. 
 
3.2.1 2D-Geoelectric Structure with Strong 
Shear Distortion 
The impedance tensor in the regional principal axis 
system is given by: 
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The Mohr circle parameters are: 

Centre coordinates:  σ δ σ δm t t
2 2

, ±⎛
⎝⎜

⎞
⎠⎟  (44) 

Central impedance:  DcscAsec
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Radius:  DcscAsec

2
R ⋅

δ
≈  (46)

 Skew angle:  DA ±≈γ  (47)

 
It is underscored that the equality of eqs (45) and 
(46) implies that the circle passes through the origin 
of the axes and this is verified with the associated 
graph produced with MT-ESB (see Fig.8). 
 
3.2.2 1D-Geoelectric Structure with Strong 
Shear Distortion 
The 1D-principal impedance tensor has the simple 
form: 
t
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In this case: σ=2z0 and δ=0. The impedance tensor 
is given by: 
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The Mohr circle parameters are: 
Centre coordinates:  ⎟

⎠
⎞

⎜
⎝
⎛ σσ

2
t,

2
 (50) 

Central impedance:  Asec
2

d σ
≈  (51) 

Radius:  Asec
2

R σ
≈  (52) 

Skew angle:  A=γ  (53) 
We remind that in ideal 1D-geoelectric structure the 
Mohr circle degenerates to its centre. Therefore, the 
presence of 3D-distortion moves the centre away 

Fig.8  Mohr circles for 2D-(regional)/3D-(local) with strong local distortion ( e → 1): (a) without twist; (b) 
with twist. 

Distortion Parameters Tensor Elements Z=CZ' Zm=RZRt θ= 0 Lilley [Mohr]  Invariants
-0.142229946910505-4.74099828014+0.23700505-4.74099828014+0.237049911517509 0 Real Imaginary

g = 1 Re(Zxx) = 0 -0.264141329976653-8.80471093774+0.440236653-8.80471093774+0.440235549961088i Central Impedance 0.4272 0.254951
1100 1000 Circle Radius 0.4272 0.254951

T [sec] Anisotropy Angle 90 89.999999
 s = 0 Im(Zxx) = 0 1 Z'xx(θ) Z'xy(θ) Z'yx(θ) Z'yy(θ) Skew Angle 41.1432 50.389312

1000 1000 Re[Zxx] Im[Zxx] Re[Zxy] Im[Zxy] Re[Zyx] Im[Zyx] Re[Zyy] Im[Zyy]
angle θ' 0 0 0 0 0 0 0 0

t = 0.3 Re(Zxy) = 0.8 0.28107347 0.19641278 0.32171059 0.16254851 -0.321710594 -0.162549 0.281073 0.196413
1030 1080 0 -0.1422299 -0.04741 0.37927986 0.23704991 -0.26414133 -0.088047 0.704377 0.440236

1 -0.1399629 -0.0446614 0.39401786 0.24551382 -0.249403324 -0.079583 0.70211 0.437487
e = 1 Im(Zxy) = 0.5 2 -0.137183 -0.0416191 0.40866778 0.25387665 -0.234753412 -0.07122 0.69933 0.434445

1100 1050 3 -0.1338934 -0.0382868 0.42321174 0.2621282 -0.220209445 -0.062969 0.69604 0.431112
4 -0.1300983 -0.0346685 0.43763205 0.27025844 -0.205789141 -0.054839 0.692245 0.427494

γ = 0.538462 Re(Zyx) = -0.3 5 -0.1258022 -0.0307687 0.45191112 0.27825745 -0.19151007 -0.04684 0.687949 0.423594
β = 1.857143 700 6 -0.1210104 -0.0265922 0.46603156 0.28611548 -0.177389628 -0.038982 0.683157 0.419418
γβ = 1 7 -0.1157288 -0.0221439 0.47997617 0.29382297 -0.163445019 -0.031274 0.677876 0.414969

Distortion Tensor C Im(Zyx) = -0.1 8 -0.1099637 -0.0174293 0.49372796 0.30137052 -0.149693232 -0.023727 0.672111 0.410255
0.7 0.7 900 9 -0.1037221 -0.0124542 0.50727017 0.30874893 -0.136151022 -0.016348 0.665869 0.40528
1.3 1.3 10 -0.0970118 -0.0072247 0.5205863 0.31594922 -0.122834887 -0.009148 0.659159 0.40005

Re(Zyy) = 0 11 -0.0898408 -0.001747 0.53366014 0.32296262 -0.109761052 -0.002134 0.651988 0.394573
1000 12 -0.0822179 0.00397205 0.54647574 0.32978058 -0.096945445 0.004684 0.644365 0.388854

13 -0.0741524 0.0099256 0.55901751 0.33639479 -0.084403679 0.011298 0.636299 0.3829
Im(Zyy) = 0 14 -0.0656541 0.01610635 0.57127015 0.3427972 -0.072151036 0.0177 0.627801 0.376719

1000 15 -0.0567334 0.02250677 0.58321875 0.34898 -0.060202442 0.023883 0.61888 0.370319
16 -0.0474011 0.02911908 0.59484873 0.35493566 -0.048572456 0.029839 0.609548 0.363706

Impedance Tensor Z' 17 -0.0376686 0.0359352 0.60614594 0.36065693 -0.037275246 0.03556 0.599816 0.35689
0 0.8+0.5i 18 -0.0275478 0.04294685 0.61709661 0.36613684 -0.026324577 0.04104 0.589695 0.349879

-0.3-0.1i 0 19 -0.017051 0.05014546 0.6276874 0.3713687 -0.015733791 0.046272 0.579198 0.34268
20 -0.006191 0.05752229 0.6379054 0.37634615 -0.00551579 0.051249 0.568338 0.335303
21 0.00501908 0.06506832 0.64773816 0.38106312 0.004316976 0.055966 0.557128 0.327757
22 0.01656544 0.07277439 0.65717372 0.38551386 0.013752528 0.060417 0.545581 0.320051
23 0.02843407 0.08063108 0.66620056 0.38969295 0.02277937 0.064596 0.533713 0.312194
24 0.0406105 0.08862884 0.67480769 0.39359531 0.031386504 0.068498 0.521536 0.304197
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from the ′Ζ xyr -axis and takes place a “circular dila-
tion” of the point-circle at the new position. This is 
illustrated very well by the relevant MT-ESB module 
(see Fig.9). The equality of eqs (51) and (52) implies 
once more that the Mohr circle passes through the 
origin of the axes and again this is verified with the 
associated graph from MT-ESB (see Fig.9). 

 
 
4 Conclusions 

Aiming to offer an educational tool that will di-
minish the difficulties reported in teaching magneto-
tellurics from both sides, i.e., learners and tutors, a 
Magnetotelluric Educational Software Bundle, (MT-
ESB) was developed. 

The configurable modules of MT-ESB concern-
ing the study of impedance tensor decomposition, 
distortion tensor decomposition, and Mohr circle 
topology were presented through indicative exam-
ples of specific geoelectric structures with pre-
defined theoretical symmetries. 
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Fig.9  Mohr circles: (i) upper diagram: for 1D-
geoelectric structure (the circle degenerates to its 
centre), (ii) lower diagram: for 1D-(regional)/3D-
(local) with strong local distortion ( e → 1). 
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