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Abstract—Magnetotelluric sounding (MTS) usually records variations in five components of the electromagnetic field. Interpretation 
of distorted MT responses of an inhomogeneous earth may be problematic. The problem can be solved by recording additionally the verti
cal component Ez of the electric field in order to improve the quality of inversion and to gain more information. Currently Ez variations are 
estimated by measuring voltage on a vertical line immersed in water. The land measurements of this kind require special drilling or using 
the existing boreholes, which is not always feasible. Otherwise, a circular electric dipole (CED) can be used as a receiver to record the 
electric field behavior along the vertical component. Its applicability to MT soundings is analyzed in this paper.

Keywords: magnetotelluric sounding, electrical conductivity, circular electric dipole, distortion of apparent resistivity curves, vertical component of elect
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INTRODUCTION 

Magnetotelluric (MT) surveys commonly yield five com
ponents of the electromagnetic field proceeding from the 
Tikhonov-Cagniard model that simulates responses of a lat
erally uniform layered earth to a vertical incident plane EM 
wave. The classical approach addresses transfer functions 
that relate the horizontal components of the electric (Ex,y) 
and magnetic (Hx,y) fields, while the fifth component, that of 
vertical magnetic field (Hz), represents the departure from 
the reference model.

The vertical component of the electric field (Ez) zeroes at 
the earthair interface, because the electrical conductivity of 
air is very low (σa ~10–14 S/m) and the transverse current is 
continuous. Unlike this ideal case, the Ez component of real 
responses is zero only at the very interface but is nonzero 
and decaying gradually in the near-surface skin layer. Fur
thermore, Ez may be nonzero at the earth-air interface as 
well if the skin layer is anisotropic and the transverse cur
rent direction departs from this component. In the field prac
tice, the Ez component (like the Ex,y one) is determined by 
measuring voltage on a finite-length line, which is presum
ably nonzero and dependent on the line length. 

To improve the inversion quality, it is pertinent to com
pare the Ez values retrieved by 3D inversion for each model 
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with the measured data. Distorted MT responses of an inho
mogeneous earth may be problematic to interpret. Neglect 
of possible distortions in the presence of shallow lateral in
homogeneities may lead to errors in apparent resistivity and 
depth of conductors (Wannamaker et al., 1984; Ingham, 
1988).

Soundings in such areas are run with unconventional MT 
configurations and the data are processed with specially de
signed algorithms. Possible solutions are to average spatial
ly the horizontal components of the electric field recorded 
with long lines (Torres-Verdin and Bostick, 1992) or to re
cord the vertical component Ez of the electric field. The Ez 
data can be acquired with a so-called circular electric dipole 
(CED) placed on the ground surface, and its applicability is 
analyzed below. 

The circular electric dipole was first used as a radiated 
transmitter in controlledsource transient electromagnetic 
(TEM) surveys (Mogilatov, 1982). See Fig. 1 for an ideal 
model of eddy currents and a real transmitter configuration. 
CED transmitters have been employed successfully in TEM 
surveys (Mogilatov, 2014) and are advantageous by exciting 
the TM mode that has only the vertical component of the 
electric field in a layered earth. Since the magnetic field of the 
TM mode is zero in nonconducting air, the surface data lack 
the direct field contribution while all variations of the mag
netic field represent deviations from the layered earth model.

The circular electric dipole consists of eight radiated long 
lines (Fig. 1). Its feature of exciting the TM mode with the 
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vertical electric field component (Ez) makes it suitable as a 
receiver for recording Ez variations beneath MT stations. In 
the current survey practice, these variations are measured as 
voltage of a vertical line immersed in water (e.g., Shneer et 
al., 2007; Moroz et al., 2008). On the land, this approach 
requires additional drilling or using existing boreholes, 
which may be unfeasible. In this respect, search for new 
ways of recording Ez is of special interest. New experimen
tal evidence on Ez variations can make an important contri
bution to many aspects of geophysics. We analyze the ap
plicability of CED to record the behavior of the Ez component 
in MT sounding. 

3D ANALYTICAL MODEL OF MT SOUNDING

Let a conducing thin sheet with the total longitudinal 
conductance Σ(x, y) be located at the depth z′ in a homoge
neous earth. The conductivity of the earth can be presented 
as the sum σ + σ′(x, y, z) where σ′(x, y, z) = Σ(x, y) δ(z – z′), 
and δ(z) is the delta function. The method of perturbations 
works in this case.

In the zero-approximation, for vertical plane-wave inci
dence, E(0) = E0 exp(–k0z), k0

2 = iωμ0σ (oZ axis is directed 
depthward). The first-approximation field E(1) (Plotkin, 
2017) is

�

�
�

E k E F z z

F E z i
x

x y x y x y

x x

,
( )

,
( )

,

( )

( ),

( )

1
0
2 1

0
0

2

2

1

� � � �

� � �
�

�

�

��
�

��

�
��

�

�
�� �

� �
� �

� � � �
� �

�

E z
x y

F E z
x y

E

y

y x y

( )

( ) ( )

( ) ,

( ) (

0
2

0
2

0

1

1

�

�

�

� �� �
�

�

�

�
��

�

�
��z i

y
) .��

�0

2

2

1
�

�

 (1)

The Fourier expansion ~ exp i t ik x ik yx y� � �� �
 
of the 

fields Ex y,
( )1  and Σ(x, y) in (1)  and integrating along oZ in 

the vicinity of the thin sheet leads to 

de
dz

de
dz

fx y

z

x y

z
x y

,
( )

,
( )

, ,

1

0

1

0�� ��

� �

f E z i
k

E z
k k

x x
x

k y
x y

k� � �
�

�
��

�

�
�� � �( ) ( )( ) ( ) ,0

0

2
0��

� �
� �  (2)

f E z
k k

E z i
k

y x
x y

k y
y

k� � � � �
�

�

�
�

�

�

�
�

( ) ( )( ) ( ) ,0 0
0

2

�
��

�
� �

where e z fx y x y k,
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,( ), ,1   Σ  are the amplitudes of the Fourier 
harmonics of the respective values. 

The solution to (1) for the e zx y z, ,
( ) ( )1

 
components is found 

as below, taking into account that divE(1) = 0 outside the 
conducting thin sheet; the air conductivity is σa; and z = 0 is 
the earth surface:
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Eight constants in (3) are found using the boundary con
ditions: linking (2) and continuity for the components ex y,

( )1  

Fig. 1. Circular electric dipole: an ideal model and a real radiated configuration
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at z = z′ and continuity for the components of the electric (
ex y,
( )1 ) and magnetic ( hx y,

( )1 ) fields at z = 0 (earthair inter
face). The sought constants and field components are deter
mined by solving the system of equations (choice of +/- su
perscripts corresponds to the first subscripts):
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RECORDING THE EZ COMPONENT WITH A CED

The equations for voltage along a vertical line in the sub
surface and for that of an ideal CED are:
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The equation for UCED in (5) includes the potential eTM of 
the TM mode electric field (eTM → 0 in infinity) since the 
vertical component ez is nonzero only in this mode (Plotkin, 
2014):
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where eTE is the potential of the TE mode. Integration along 
z with (4) for Uz in (5), taking into account the equations for 
eTM and eTE in (6), leads to
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As it follows from (6) and (7), the eTE refers to the verti
cal component of the magnetic field Hz, while the integrand 
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fulfills at low frequencies (long periods), when lat

eral inhomogeneities are much smaller than the skin depth. 
This case corresponds to galvanic distortion of MT respons
es in an electrostatic field that arises in a thin sheet with such 
features (Plotkin, 2014). Therefore, the use of CED in this 
case can provide additional constraints on frequency depen
dence of the voltage Uz in a virtual borehole. 

AXISYMMETRICAL LATERAL  
INHOMOGENEITIES

The voltage Uz and UCED can be presented in cylindrical 
coordinates, with regard to (2) for fx,y,: 
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where J kr0 ( )  is the Bessel function. Taking into account 
(9), the integrals over the angle φ in (8) are found explicitly. 
Then, the voltage equations become  
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In (10), E E Er x y0 0 0( ) cos sin� � �� �  is the radial 
component of the primary field and J kr1( )  is the Bessel 
function. Let a solitary inhomogeneity be specified as 
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E E Ex y0 0 0� � �� �sin cos  is the azimuthal compo
nent of the primary field.

At low frequencies, k0 0→ , all integrals in (11) coin
cide and can be obtained in the explicit form. In this case, 
charge polarization at the inhomogeneity produces a subsur
face electrostatic field, with its geometry the same as that of 
the CED field at the inhomogeneity center at the depth z′ 
and its axis along the primary field.
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Equation (12) includes the surface components of the TM 
mode electric field while the respective components in the 
TE mode are low: ~ k r0 0

2 . All functions in (12) are propor
tional to r0

2

0Σ which can be called bulk conductivity of a 
lateral inhomogeneity (by analogy with the total longitudi
nal conductance of the thin sheet Σ0). The component Hz of 
the TE mode magnetic field in (12) is frequency indepen
dent (except for attenuation of the primary wave e k z� �0 ).

As the frequency increases, at k i0
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plitude and the voltage of the TE mode increase as well: 
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Furthermore, Uz becomes different from UCED in (11) as 
k i0

2

0� �� �  increases, and the difference is associated with 
the contribution of small k k≤ 0 into the integrals in (11). 
Small k k<< 0  correspond to the case of a strong skin effect 
when the characteristic size of lateral inhomogeneities far 
exceeds the skin depth. In fact, it means the lack of lateral 
inhomogeneity and leads to low values of Uz. Since 
J kr1 0( )→  at low kr , the difference between Uz and UCED 
can be inferred to appear only far from the axisymmetrical 
inhomogeneity at distances exceeding the skin depth 
r k>1 0/ | | . Figure 2 provides an example of curves that 
characterize the k0 dependent increase of the Uz(r) – UCED(r) 

Fig. 2. Uz(r) and UCED(r) at different frequencies (in relative units, 
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difference (in relative units, U E e
r

r
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). This dif

ference becomes notable only far from the inhomogeneity 
center, where both voltage values begin to decrease.

USE OF CED FOR MTS: A NUMERICAL MODEL

The consideration above has concerned the voltage re
corded by an ideal CED consisting of continuous infinite-
length radial lines. However, the number and length of lines 
in real surveys are limited: a CED transmitter (Mogilatov, 
2014) can have eight lines distributed uniformly according 
to azimuth. The CED radius is an important parameter that 
controls the relative magnitudes of Uz and UCED. Its effect in 
a CED used as a receiver in MTS can be analyzed by simu
lation.

The modeling below is based on the Trefftz method 
(Plotkin and Gubin, 2015) and accounts for distortions in 
MT responses of an earth with a 3D inhomogeneity. The 
model consists of seven layers with the resistivities 25, 50, 
100, 1000, 10, 1000, and 1 Ohm·m (from top to bottom) of 
the respective thicknesses 0.1, 0.1, 0.1, 15, 10, 45, and 15 
km, which lie on a 100 Ohm·m base (Fig. 3a). The resistiv
ity depth profile includes two conductors in the crust at 
depths of 15–25 km and in the mantle at 70–85 km. Three 
0.1 km thick upper layers can be used to simulate perturba
tions of MT responses, specifically, the effect of a single 
inhomogeneity feature in the second upper layer (Fig. 3b).

The model MT survey is applied to a 30 × 30 km area, 
with a CED receiver in the center (straight radial lines in 
Fig. 3b). Each of the seven layers in the model is presented 
by 49 identical homogeneous blocks with their thickness 
equal to the layer thickness and 4.29 × 4.29 km sizes in the 
horizontal plane (seven blocks along each horizontal coordi
nate axis). Maxwell’s equations solved for each block de
scribe shear waves propagating counterwise along each co
ordinate axis: 12 waves (with regard to polarization). The 
unknown amplitudes of these waves are found by solving 
the general system of equations derived proceeding from the 
linking conditions for shear field components at all faces of 
the blocks, as well as from boundary conditions. The ampli
tude estimates are used to calculate all components of the 
electromagnetic field at the centers of the blocks and on the 
surface. Then Uz and UCED are determined as integrals over 
the longitudinal components of the electric field along the 
vertical and radial receiver lines. The impedance tensor 
components are calculated separately for two independent 
polarizations of a plane wave of normal incidence. The volt
age values Uz and UCED are also found for each of two inde
pendent polarizations of the primary wave. Their difference 
is nonzero at the given CED configuration with respect to the 
inhomogeneity and corresponds to the chosen polarization of 
the magnetic field induced by a primary wave along oY.

The apparent resistivity curves for the site center (Fig. 4), 
at two resistivity values of the inhomogeneity in the second 
upper layer (Fig. 3b), show notable galvanic distortions. 
Namely, the ρxy and ρyx curves are shifted along the y axis 

Fig. 3. A 3D earth model. a, Normal resistivity-depth profile; b, laterally inhomogeneous near-surface layer: horizontal plane. Radiated CED lines 
on the surface; cross marks the center.
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relative to the normal ρl curve at long periods: the lower the 
resistivity of the inhomogeneity the greater the shift.  

Figure 5 shows period-dependent behavior of Uz and 
UCED at the center of the site (cross in Fig. 3b), for different 
parameters of the lateral inhomogeneity: the resistivity ρn, 
the bulk conductivity r0

2

0Σ , and the distance from the CED 
center rn. At variable resistivity (conductivity) of the inho
mogeneity, all other parameters being equal (Fig. 5а), the Uz 
and UCED values are proportional to the resistivity departure 
from the background. 

Since a real CED differs from an ideal one in number and 
length of radial lines, the Uz and UCED curves become shifted 
relative to one another along the y axis. The curves of Fig. 

5a are corrected for this shift at long periods by multiplying 
all values along the UCED curve by a factor of 3.5. Note that 
the factor is the same for different resistivities of the inho
mogeneity, while all other conditions are equal. A small 
shift persists at short periods, which confirms the above in
ference for an ideal CED.

At shorter distances from the inhomogeneity center, with 
invariable bulk conductivity r0

2

0Σ , the curves Uz and UCED 
coincide over a larger range of long periods (Fig. 5b). The 
curves for case 3 were obtained for a 10 × 10 km site, the 
inhomogeneity resistivity ρn = 1.1 Ohm·m, and equal other 
conditions. The normalization factor for UCED curves in case 
3 was 1.12.

CONCLUSIONS

Magnetotelluric sounding commonly records five com
ponents of the electromagnetic field. However, the interpre
tation of real distorted MT responses of an inhomogeneous 
earth may be problematic. It is suggested to record addition
ally variations of the MT field along the vertical electric 
component acquired by a circular electric dipole (CED), in 
order to improve the quality of inversion and gain more in
formation.

The reported analytical model shows that the voltage 
UCED recorded by an ideal CED perfectly agrees with that 
recorded by a vertical line (Uz) if lateral inhomogeneities are 
much smaller than the skin depth at long periods (low fre
quencies). This voltage behavior corresponds to the case of 
galvanic distortions of MT responses in an electrostatic field 
produced by lateral inhomogeneities. CED additionally re
cords perioddependent Uz variations along a vertical line in 
a virtual borehole.

Fig. 4. Apparent resistivity curves ρxy and ρyx (center) for two resistiv
ity values ρn of the inhomogeneity. 1, ρn =1 Ohm·m; 2, ρn =10 Ohm·m, 
ρl is the background resistivity.

Fig. 5. Period dependence of voltage for a vertical line in the center (Uz) and total voltage over all radiated CED lines (UCED), at different parame-
ters of lateral inhomogeneity: bulk conductivity r0

2Σ0 and distance rn to the center of CED. a: 1, ρn
 = 1 Ohm·m, rn

 = 4.29 km, r0
2Σ0

 = 1.84 × 109 S·m2; 
2, ρn =10 Ohm·m, rn = 4.29 km, r0

2Σ0 =1.84 × 108 S·m2. b: 1, ρn =1 Ohm·m, rn = 4.29 km, r0
2Σ0 =1.84 × 109 S·m2; 3, ρn =1.1 Ohm·m, rn = 1.43 km, 

r0
2Σ0 =1.84 × 109 S·m2.
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The use of a CED receiver has been modeled for the case 
of a solitary inhomogeneity in a layered earth. The con
trolled difference of a real CED from an ideal one (in num
ber and length of radial lines) produces a shift along the y 
axis between the Uz and UCED curves. The shift does not 
depend on the inhomogeneity resistivity, other conditions 
being equal. After the respective shift correction at long pe
riods, minor difference between Uz and UCED still remains at 
short periods.

Thus, the voltage measured with CED for an electric field 
excited by a normal incident plane wave in a 3D earth is 
equivalent to that of a long vertical line at the CED center. 
In practice it means that voltage data can be collected along 
a vertical line without drilling.
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