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Abstract—The paper addresses the technique and the first results of a unique experiment on the deep tensor
frequency electromagnetic sounding, the Fennoscandian Electrical conductivity from results of sounding
with Natural and Controlled Sources (FENICS). In the experiment, Energy-1 and Energy-2 generators with
power of up to 200 kW and two mutually orthogonal industrial 109- and 120-km-long power transmission
lines were used. The sounding frequency range was 0.1—200 Hz. The signals were measured in the Kola—
Karelian region, in Finland, on Svalbard, and in Ukraine at distances up to 2150 km from the source. The
parameters of electric conductivity in the lithosphere are studied down to depths on the order of 50—70 km.
A strong lateral homogeneity (the one-dimensionality) of a geoelectric section of the Earth’s crust is revealed
below depths of 10—15 km. At the same time, a region with reduced transverse crustal resistivity spread over
about 80 000 square kilometers is identified within the depth interval from 20 to 40 km. On the southeast the
contour of the anomaly borders the zone of deepening of the Moho boundary down to 60 km in Central Fin-
land. The results are compared with the AMT—MT sounding data and a geodynamic interpretation of the
obtained information is carried out.

Keywords: tensor frequency sounding, industrial power transmission lines, lithosphere, Baltic crystalline
shield.
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INTRODUCTION soundings have been carried out on the territory of the
Baltic shield. The state of the rock material has been stud-
ied under normal and high thermodynamic parameters.

Based on the data available, a number of geological—geo-

The Baltic (Fennoscandian) crystalline shield isa con-
venient test site favorable for studying the depth structure
and the thermodynamic state of the Earth’s interior. Its

huge area (over 1 mln km?) and high degree of exposure
facilitate these studies. The ancient Archaean and Prot-
erozoic rocks are outcropping here. Large bodies of seis-
mic, gravity, and magnetic surveys and electromagnetic

physical models of the region have been developed [Zha-
maletdinov, 1990; Glaznev, 2003]. Electromagnetic
methods are the most challenging tool for deep studies in
this region. Due to the absence of a conducting sedimen-
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tary cover, the electromagnetic soundings on crystalline
shields make it possible to obtain high-resolution indirect
data on the material composition, fluid regimes, temper-
ature, and the stress—strain state of the Earth’s interior.
Geophysicists paid attention to this fact as early as at the
dawn of electromagnetic research [Kraev et al., 1947,
Tikhonov et al., 1967]. However, investigations performed
over a period of many years since that time, along with
new discoveries, have posed a number of debatable ques-
tions concerning the nature and the structure of interme-
diate conducting layers in the crust, the parameters of a
normal geoelectric section of the lithosphere, and many
others. The solution of these problems necessitates the
continuous improvement of the technique and methods
for electromagnetic sounding with natural and controlled
sources. Starting from 2005, the researchers of the Kola
Scientific Center of the Russian Academy of Sciences in
collaboration with the St. Petersburg Branch of the Push-
kov Institute of the Earth’s Magnetism, Ionosphere, and
Distribution of Radio Waves (IZMIRAN) are working on
the development of the technique of deep electromag-
netic sounding using the industrial power transmission
lines and Energy-1 and Energy-2 generators with power
of 100 and 200 kW, respectively. This research is being
conducted in the scope of the International FENICS
experiment. The researchers from the Geological Insti-
tute and the Polar Geophysical Institute of the Kola Sci-
ence Centre of the Russian Academy of Sciences (RAS),
of the St. Petersburg Branch of IZMIRAN, the Geophys-
ical Survey of RAS, the St. Petersburg State University, the
University of Oulu (Finland), the Radio Astronomical
Institute of the National Academy of Sciences of Ukraine
(Kharkiv), and several other institutions were involved in
experiments on the measurement of electromagnetic sig-
nals. The overall work on the design and construction of
the Energy-1 and Energy-2 generators and generation of
an electromagnetic field by the industrial power transmis-
sion lines (PTL) was carried out by the Center for Physical
and Technological Problems of Energy in the Northern
Areas, Kola Science Centre of RAS with the support of
KolEnergo and Russia’s North-West Bulk Power Sys-
tems.

The electromagnetic signals excited by the industrial
PTL were measured both within the limits of the Baltic
shield at distances up to 700 km from the source and
beyond the shield, namely, on the Karelian isthmus (» =
900 km), on Svalbard (= 1300 km), and in Ukraine (r =
2150 km). The purpose of the remote measurements
beyond the Baltic shield was to study the peculiarities in
the electromagnetic signal propagation in the Earth—ion-
osphere waveguide, for problems of long-range low-fre-
quency communication with submerged objects, predic-
tion of earthquakes, etc.

In the present paper we will mainly focus on analyzing
the measurements carried out within the Baltic crystalline
shield with the aim to study the deep electrical conductiv-
ity and the thermal dynamic regime of the lithosphere and
to develop the technique for the exploration and pros-
pecting of mineral deposits.
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THE TECHNIQUE OF THE FENICS
EXPERIMENT

The key feature of the frequency electromagnetic
sounding in the FENICS experiment is the application of
two mutually orthogonal industrial power transmission
lines connected to a high-power (up to 200 kW) generator
of extremely low-frequency (ELF) and ultralow-fre-
quency (ULF) signals in the frequency range of 0.1—
200 Hz. With this setup it is possible to “illuminate” the
deep structure of the lithosphere at two mutually orthog-
onal polarizations of the primary field (here and below the
lithosphere is understood as a crystalline shell of the
Earth, which includes the crust and the upper mantle). In
its turn, this fact allows one to closely approach the tech-
nique of sounding with controlled sources to the tradi-
tional methods of audio magnetotelluric (AMT) and
magnetotelluric (MT) sounding based on the use of natu-
ral sources of thunderstorm and magnetospheric—iono-
spheric origin. Note that in all the previous large-scale
experiments on deep and superdeep sounding of the
lithosphere with controlled sources known in the world
practice, as a rule, the schemes with a single orientation of
the power line were employed. The soundings themselves
were conducted in a dc current mode [Kraev et al., 1947,
Cantwell et al., 1965; Van Zijl, 1969; Blohm et al., 1977]
or as the transient electromagnetic sounding at the fronts
of rectangular current pulses [Sapuzhak and Enenshein,
1980; Zhamaletdinov et al., 1982]. The technique
employing high-power ELF—ULF radiating systems and
two mutually orthogonal industrial power transmission
lines (PTL), described in the present paper, has no direct
counterpart in foreign or Russian practice of deep electro-
magnetic sounding of the lithosphere.

Figure 1 shows the principle circuit of a tensor
sounding with controlled sources. We named this
technique the controlled source magnetotellurics
(CSMT) [Zamaletdinov et al., 2007]. Compared to
the well-known method of controlled—source audio
magnetotelluric sounding in the audio frequency
range (CSAMT) [Boerner, 1991; Zonge and Hughes,
1991], the CSMT sounding technique is intended for
operation in the range of extremely low and ultralow
frequencies (ELF—ULF) at the boundary frequencies
between MT and AMT methods (0.1—-200 Hz) and is
applied for studying the electrical conductivity of the
lithosphere at depths from a few to 50—70 km. How-
ever, such a large penetration depth of the field in the
given frequency range can be attained only at the seg-
ments of the earth’s surface with a high electrical resis-
tivity (p > 10* Q m), that is, only within the crystalline
shields. The depth of the sounding with the plane wave
excitation can be estimated according to the formula

7
he= A [19P 1 [Zhdanov et al., 1986]. It can be
2 N 2f

easily seen that the maximum depth of ELF sounding
(0.1 Hz and higher) in the platform regions where the
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Fig. 1. Schematic setup of tensor frequency electromag-
netic sounding in the field of two mutually orthogonal
transmission lines (industrial PTLs) in the ELF—ULF
range (Controlled Source Magnetotellurics, CSMT).

resistivity of the sedimentary cover is, on average,
10 Q m, will be a few kilometers as shallow.

The signal recording in the CSMT method is con-
ducted using broad-band five-component 24-channel
digital stations (Fig. 1). Natural variations in the Earth’s
magnetic field and the signals from a controlled source are
simultaneously recorded by one and the same MT—AMT
stations. The harmonic signals from a controlled source
are distinguished against the background variations in the
MT—AMT field using the fast Fourier transform proce-
dure (FFT) or any other methods of digital filtering.
Application of two mutually orthogonal power transmis-
sion lines (polarizations) makes it possible to estimate the
dimensionality of the lower half-space at the stage of data
interpretation and to take into account the possible effects
of a horizontal two- or three-dimensional inhomogeneity
of the geoelectric medium in the same way as it is done in
the MTS method. With this aim, special additional

approaches to the analysis of the primary data can be
applied, which allow for the properties of the normal field
generated by the controlled source. The present paper will
mainly focus on the technique and the results of the mea-
surements with a controlled source. A comparison with
the results of the MT—AMT sounding will be made as the
material is considered.

TRANSMITTING UNIT SCHEMATIC

A schematic configuration of the sounding setup using
industrial PTLs is presented in Fig. 2 that exemplifies the
connection of the Energy-2 generator to the 120 km-long
Kola-Monchegorsk PTL. The Energy-2 ELF—ULF
generator can be powered by any three-phase transformer
with output voltage of 380 V to supply the required con-
sumed power of 100—200 kW (a stationary auxiliary trans-
former of an electric power substation or a mobile diesel
generator). The voltage of the three-phase transformer is
fed to a set-up converter (SUC). A dc voltage of 1100 V is
generated at the SUC output. This voltage is supplied to a
high-voltage inverter (HI), which generates a sine current
of a given frequency in the antenna load (this is done using
the pulse-width modulation (PWM) method). Depend-
ing on the problem to be solved, the shape of the current
can be arbitrary, e.g., a sine, a meander, a triangle. The
maximal amplitude voltage at the HI output attains
1100 V.

In the Energy-2 generator the possibility is also pro-
vided for feeding from two dc self-generators (DCG-1
and DCG-2 in Fig. 2) of a ZIL-131 auto truck in which
all the main units of the Energy-2 generator are arranged.
The dc generators with the output voltage of 500 V are
connected in series in order to produce an output dc volt-
age of 1000 V. This voltage is supplied directly to the high-
voltage inverter (HI). In the off-line mode of operation,
the power in the load is determined by the maximal output
power of the DCG (30 kW).

l_f

1100 VDC
380 VAC

3P ST SUC| jp0vpc | HI

DCG-2

s/s
A|l<——AB=120km——— | B
DCG-1 R;

1 s/s grounding

(PTL)

s

ES grouTnding

Fig. 2. Generalized structural circuit of the ELF—ULF Energy-2 generator. (3P ST S/S) a three-phase supply transformer of a
substation; (DCG-1, DCG-2) dc generators of ZIL-131 truck with the Energy-2 generator mounted in its wagon; (SUC) set-up
converter; (HI) high-voltage inverter; (LFF) low frequency filter; (MD) matching device (a battery of compensating capacities);
(SCAPA) system of controlling, adjustment, protection and automation; (ADC) analog-to-digital converter; (PC) personal com-

puter; (GPS)time synchronization GLONAS/GPS module.
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Fig. 3. Locations of the transmission and the receiving lines in the FENICS experiment: (a) the locations of the nearest receiving
points within the eastern part of the Baltic shield; (b) locations of the remote receiving points. Legend for Fig. 3a: (/) supply lines
L1, L2, and L3; (2) sounding stations in the FENICS-2009 experiment; (3) sounding stations in the FENICS-2007 experiment;
(4) MTS stations in the BEAR—1998 experiment [Korja et al., 2002]. The geographical names of the sounding stations in the
FENICS-2007 and FENICS-2009 experiments are explained in Table 1 and in the text.

The main functional units of the Energy-2 generator
(BC and HI in Fig. 2) are described in [Tereshenko et al.,
2008; Barannik et al., 2009] and are not considered here.

The arrangement of the power lines in the FENICS
experiment is shown in Fig. 3. The near-latitudinal L1
Kola—Serebryanka power transmission line is 109 km
long. The L2 Kola—Monchegorsk power transmission
line is directed north—south and is 120 km long. Besides
the L1 and L2 lines, also the 55-km long L3 power trans-
mission line, namely, one of the antennas of the Zevs ELF
transmitter was used at times [Velikhov et al., 1994]. The
first harmonics current in L1 varied from 170—235 A at
low frequencies (0.1—10 Hz) to 25—60 A at high frequen-
cies (100—200 Hz). The resistance of L2 is twice as high as
that of L1 and, thus, the current in the L2 line followed
another pattern, varying from 100—120 A at low frequen-
cies (0.1—10 Hz) to 40—80 A at high frequencies (100—
200 A). At frequencies in excess of 5—10 Hz, the reactance
of PTL was compensated using an impedance matching
device (MD in Fig. 2). The sine current in the transmit-
ting antennas was recorded in a PC via E-140 ADC with
a sampling frequency of 5 kHz. The frequency stability
was 10~ Hz. The current in the transmitting antennas and
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the signals at the receiver stations were synchronized via a
global satellite positioning GPS system, with an accuracy
not less than 10~2s.

THE ANALYSIS OF THE RESULTS
OF PRELIMINARY DATA PROCESSING

The FENICS measurements were conducted in the
Kola—Karel region in Northwest Russia, North Finland,
on Svalbard, and in Ukraine. The locations of the power
lines and the sounding stations are shown in Fig. 3a for the
nearest sounding sites arranged within the eastern part of
the Baltic shield and its borders. A similar map for the far-
thest stations in the Barentsburg observatory (on Sval-
bard) and near Kharkiv (Ukraine) is presented in Fig. 3b.
The transcript of the geographical names of the sounding
sites in Fig. 3a is given below in Table 1. Also, the organi-
zations involved in the measurements are listed in the
Table 1.

The time series of the measurement data are stored in
a uniform database of raw FENICS data. The program is
developed for spectral processing of the measured signals
synchronously with the records of current in the transmit-

No. 1 2011
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Table 1. Sounding stations

Station symbol | Geographical name Organization Station mark | Geographical name Organization
Upl Upoloksha GI KSC RAS 3 Shuoni-Pechenga GI KSC RAS
Tnz Tungozero " 4 Rayakoski "

Pst Pisto " 5 Svetloe "

Kst Kostomuksha " 6 Kovdor "

Pnn Peninga " 7 Alakurtti "

Prs Porosozero " 8 Apatity GS RAS

Ted Tunguda " 9 Lovozero PGI KSC RAS
Prt Pertozero NIIP SPbSU 10 Kuzema SPbBIZMIRAN
vdl Vidlitsa SPbBIZMIRAN 11 Lekhta "

Ldg Ladoga IEC SPbSU 12 Segezha "

Oulu Oulu Oulu Univ., Finl. 13 Popov Porog "

1 Rybachii GI KSC RAS 14 Segozero "

2 Karik—Yavr " 15 Belyi Isl. NIIP SPbSU

ting antennas. Figure 4 displays an example of spectral
processing of the electric and magnetic field components
in the FENICS-2007 experiment.

The results of data preprocessing are represented in
terms of spectral power density (SPD). All the measure-
ments presented in Fig. 4 were carried out in the field of
the near-latitudinal power transmission line L1. The cor-
responding SPD curve of the current intensity in L1 is
plotted in the bottom left corner in Fig. 4. The analysis of
SPD diagrams in Fig. 4 gives a general idea about the type
of the deep geoelectric section. A pronounced increase in
the intensity of electric and magnetic field components in
the middle frequency range of 2—20 Hz points to the fact
that the resistivity of the middle part of the lithosphere
increases with depth and then decreases, i.e., the depth
section belongs to the K— type (p; < p, > p;). In all the
graphs of natural noise, the first harmonic of the Schuman
resonance at 8 Hz and its higher harmonics are clearly
apparent.

The results of signal recording in the FENICS-2009
experiment at a distance of 2150 km are presented in
Fig. 5. The signals were recorded at the low-frequency
observatory (LFO) of the Institute of Radio Astronomy
with the National Academy of Sciences of Ukraine (Mar-
tovoe village, Kharkiv region, 49°56'N, 36°57'E). The
signals were measured using two devices, namely, the
Lemi—017 fluxgate magnetometer (0—0.5 Hz) and the
ULF complex with induction sensors (0.5—40 Hz)
[Paznukhov et al., 2010]. The time of signal accumulation
in the spectral analysis was 7'= 500 s (with 0.002 Hz fre-
quency resolution). The selected interval of analysis
allowed us to reach an exact frequency match in the
reconstructed spectra of ELF—ULF signals generated by
the Energy-2 generator. The signals from the near-latitu-
dinal power transmission line L1 were recorded at fre-
quencies of 0.642, 0.942, 1.422, 3.822, 6.422, 9.422,
19.42, and 38.22 Hz. A typical amplitude spectrum of the
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signal at a frequency of 0.642 Hz is shown in Fig. 5. The
signal is most pronounced in the meridional component
B, (orthogonal to the power line) and is substantially
weaker in the B, component (parallel to the power line),
which is in full agreement with the directional pattern of
the primary field. We failed to detect the signals from the
L2 submeridional transmitting antenna. It means that the
receiving point was located within the quasi-stationary
wave zone where the bias effect is insufficient to entail a
rotation of the directional pattern by 90°, according to the
calculations reported in [ Bernstein et al., 1974; Akindinov
etal., 1976].

The measured signals were recalculated into the
apparent resistivity values using two types of normaliza-
tion, namely, by the input impedance and by the electric
field. By analogy with the technique of MT data process-
ing [Berdichevsky, 1968], in case of normalization based
on the input impedance, it is sufficient to know the exact
amplitude of the electric and magnetic fields and the gen-
erator frequency:

X 2
oY (H = 0.127T

LY
)

y

o = 01271/ B
H.(f)

07 = Qr.—Pu, 07 = Or,— P,

where T is the period of the signal in seconds; E.(f) and
E(f) is the intensity of the electric field in the north—
south and east—west directions measured in V/m at a
frequency f, respectively; H,(f) and H,(f) is the mag-
netic field intensity in mA/m in the same directions.

Normalization based on the electric component in the
wave zone [Vanyan, 1965] requires that both the field
intensity at the signal receiving point and the parameters
of the receiving and the feed units are known, including
the generator current in the transmitting antenna. The
apparent resistivity is calculated in this case using the
equations
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Fig. 4. Diagrams of spectral power density (SPD) according to the data of FENICS-2007 experiment. Electric (Ey, EW) and
magnetic (H,, NS) components were measured in the field of the sublatitudinal power transmission line L1 at different distances
from it: (1) 450 km, Northern Finland, Oulu University, MTU2000 station, (2) 601 km, Southern Karelia, Peninga, GI KSC
RAS, SChZ-station, and (3) 1300 km, Svalbard, Barentsburg, the station of PGI KSC RAS). SPD-1 is the spectrum of the first-
harmonic current intensity in L1. The position of the supply line L1 and locations of the receiving points are shown in Fig. 2.
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Fig. 5. The spectra of the signals transmitted by the sublatitudinal line L1 measured near Kharkiv at a distance of 2150 km from
the source at the frequency of 0.642 Hz, according to on the data of FENICS-2009 experiment (Station Lemi-7 and an
ULF-complex. The LF observatory of the Institute of Radio Astronomy of the National Academy of Sciences of the Ukraine).
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Fig. 6. Diagrams of spectral power density (SPD) of the electric and magnetic field components, according to the results of pro-
cessing of the signals generated (a) by the L1 line in Lekhta at a distance of 504 km and (b) by the L3 line in Ladoga at a distance
0f 900 km. The locations of the supply lines L1 and L3 and the locations of the measurement stations are shown in Fig. 3a (Lekhta

is marked by 11 and Ladoga is abbreviated as Ldg).

E, _ x(j) Ey _ y(j)
pa(f)_KE—i(—f')— andpa(f)_Kb;ma

where E(f) and E(f) is the electric field intensity in
V/m measured at the frequency fin the north—south
and east—west directions, respectively; I(f) is the cur-
rent of the first harmonic in amperes; and K is the
geometry factor of the setup taking into account the
mutual location and the dimensions of the power sup-
ply and receiving lines. In the dipole approximation,
the geometry factor K for the quasi-stationary far-field
(wave) zone has the form

3
2nr

AB(3c0s’0-2)

where AB is the length of the grounded transmitting
power line in meters, 7 is the distance between the
transmitter and the receiver in meters, and 0 is the
angle between the power line AB connecting the ends
of the grounded supply line (PTL) and the direction
from the middle of 4B to the receiving point. Under
the conditions of the FENICS experiment where the
lengths of the supply lines were of the same order as the
spacing, the geometry factor K was calculated at each
point for the real configuration of the PTL feeding
cable taking into account the nondipole setup pattern
[Shevtsov, 2006].

Figure 6 illustrates the results of spectral processing of
the data obtained at the Lekhta station (11 in Fig. 3, r =
504 km) and Ladoga (Ldg in Fig. 3, r = 900 km) by the
example of the latitudinal electric (£,) and the meridional
magnetic (H,) field components. The measurements at
Lekhta were conducted for the 109 km-long near-latitu-
dinal industrial power transmission line L1 using the GI
MTS-1 station with torsion magnetometers (St. Peters-

K =
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burg Branch of IZMIRAN). The measurements at the
Ladoga station were carried out using the AKF-4 station
with induction sensors (Earth Crust Institute of SPbSU)
for the radiation from the sublatitudinal power transmis-
sion line L3 (the Zevs ULF antenna fed by the Energy-1
generator). It is apparent that the SPD amplitude of the
magnetic field at the Ladoga station is about 1.5 times
smaller, and that of the electric field is 3 times smaller their
counterparts at the Lekhta site. This is first of all due to the
Ladoga site being twice as remote and to the fact that the
55-km long L3 antenna is twice as short as the L1
antenna. In addition, the resistance of cables and ground-
ing of L3 is two times higher. Therefore, the current in this
line was almost half the current in L1. Nevertheless,
despite such a large difference in the radiation amplitudes
at the Ladoga and Lekhta stations, the signal-to-noise
ratio in the magnetic field records in Fig. 6 is nearly the
same, ranging from 5 to 20 dB, which confirms the evi-
dent advantage of the induction sensors over the torsion
ones for recording ELF-ULF signals.

It should be also noted that the Ladoga station is
located in the region composed of highly conductive
pre-Cambrian shales at the outer surroundings of the
Baltic shield, which results, among other, in low ampli-
tudes of the electric field component. For example, at a
frequency of 5 Hz, the SPDis 10~ V2/(m? Hz). The fre-
quency step is Af = 0.005 Hz. Using the relation

E= ./SPDAf, one can readily estimate the electric
field as E, = 2.3 x 107 mV/km. The length of the
receiving line is 100 m and, thus, the measured voltage AU
at the input of the station was negligibly small, namely,
2.3 x 1077V (230 nV). The noise amplitude of the natural
field at the same frequency is about 10~> mV/km (100 nV
for a 100-m-long power transmission line). The SPD
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of the intrinsic instrumental noise at a frequency of
5 Hz is estimated to be 1.6 x 10-5V2/(m? Hz). The fre-
quency step in both cases is the same (0.005 Hz).
Thus, the voltage of the internal noise at a frequency of
5 Hz is about 2.8 nV, which is nearly two orders of
magnitude lower than the measured voltage of 230 nV.
These estimates demonstrate the large potentialities of
modern digital stations in recording weak signals from
controlled sources against noise.

The apparent resistivity and the impedance phase
yielded by processing the AMT—MT and CSMT
sounding data at the Ladoga site are shown in Fig. 7.
The apparent resistivity in AMT—MT sounding curves
grows with the increasing period of T, which indicates
the presence of the shallow poorly-conducting crystal-
line basement. The ascending branch of p; is tilted at
45° to the axis of periods T, which corresponds to an

inclination of 63° in the coordinates (pr, JT ). Based
on this reasoning, one can estimate the longitudinal
conductivity S of the sedimentary cover in accordance

with the asymptotic expression .S = 356 ./T/p, where
T, p are the coordinates of any point on the ascending
asymptotic branch of the apparent resistivity [Ber-
dichevsky, 1968]. An approximate estimate of S is
25 S. Judging from the left high-frequency branch, the
average resistivity of the upper sedimentary formations
is 10—20 Q m and, thus, the depth to the basement
ranges from 0.25 to 0.5 km.

In Fig. 7 we also see a good agreement between the val-
ues of apparent resistivity and phase impedance yielded by
the AMT—MT sounding in the natural field variations
and the results of CSMT in the field generated by a con-
trolled source. This suggests that the deep sounding with a
controlled source presents no advantage over the AMT—
MT sounding and, thus, it is not necessary to apply a
complex CSMT technique that requires bulky and expen-
sive generator devices. However, this conclusion is more
or less valid only for sounding on the surface of highly
conductive rock where the penetration depth of the elec-
tromagnetic field is small. In these conditions, the effect
of the lateral inhomogeneity of the medium is also weak,
and the influence of industrial noises and lightning dis-
charges on the initial structure of the AMT field is negligi-
ble. Without going deeper into this subject, which requires
special consideration, let us turn back to the topic dis-
cussed in the present paper, namely, to the study of the
deep electric conductivity of the Baltic shield.

An important advantage of CSMT sounding is the
possibility for the joint analysis of the processed data using
the impedance and the geometrical (component)
approaches. In combination with AMT—MT sounding, it
expands the range of informative parameters. An example
of such analysis is presented in Fig. 8.

Figure 8 displays the results of measurements at
the Peninga (Pnn) (= 603 km) and Porosozero (Prs)
(r = 701 km) sites. The measurements were performed
using the SChZ—2002 station of the Geological Institute
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Impedance phase, deg

Fig. 7. Apparent resistivity and impedance phase curves
calculated from the data of CSMT and AMT—MT sound-
ing at Ladoga station 900 km away from the sublatitudinal
power line L3. The locations of L3 line and Ladoga station
(Ldg) are shown in Fig. 3a. The symbols on the curves are:

pzy and pflx are the curves of apparent resistivity in the
field of natural MT—AMT variations; (p)zcy, and (pzx are

the impedance phases; prCSMT (circles with dots) are the
apparent resistivities calculated from the data of CSMT
measurements in the field generated by L3 line at 3, 5, and

14 Hz; (p?éSMT (asterisks) are the impedance phases.

of the Kola Science Centre RAS in the field of the L1
near-latitudinal power transmission line.

The same data were used for processing the natural
variations in the E, and H, components for the AMT

sounding problem. The apparent resistivities (p{XAMT)

and phases ((p)Z/’XAMT) are imaged as the background in

Fig. 8 without averaging. The long-period (right-
hand) branches of the resistivity and impedance phase
curves were supplemented with the M T sounding data
in a neighboring point B-46 of the BEAR network
[Varentsov et al., 2002]. The BEAR data are shown in
Fig. 8 after the rotation of the matrix of the tensor
impedance by 45° into a diagonal position. We gener-
ally see good agreement between the CSMT and
AMT—-MT data. However, we should note at the same
time that CSMT data remain more stable in amplitude
and shape, although they are spaced 102 km apart
from one another. This provides important support to
the fact that the choice of the Pnn and Porosozero sites
was correct and these stations are located in a similar
geologic and tectonic environment, namely, within
the ancient Karelian megablock.

It is apparent in Fig. 8 that within the middle fre-

quency band (1—30 Hz) the values of p~* and p-”
coincide. The spread in values does not exceed 10—
20%. At lower frequencies (below 1 Hz), the curves of
apparent resistivity diverge due to the near—field influ-
ence. At higher frequencies (above 30 Hz), these
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Fig. 8. The processing results of the CSMT sounding data in the field of the industrial PTL LI at Peninga (a) and Porosozero
(b) and the processing results of the AMT—MT sounding data in natural fields (the measurements were conducted using the

SChZ-2002 station, GI KSC RAS). The symbols on the curves are pfyx and (p“‘éx are the curves of apparent resistivity and imped-

ance phase measured in the field of the L1 sublitudinal line; pfy are the apparent resistivity curves for the electric component;

Ey; p)%x amT and (pny amT are the apparent resistivity and phase impedance curves measured in the field of AMT—MT variations;

peTffMTS and (P%ffMTs are the effective MTS curves of apparent resistivity and phase impedance at point B-46 of the BEAR exper-

iment. Locations of the LI line and Penning (Pnn), Porosozero (Prs), and B-46 measurement sites are shown in Fig. 3a.

curves diverge due to the influence of the ionosphere

and bias currents on pfy [Zhamaletdinov et al., 1999].

The effect of bias currents at low frequencies (100 Hz
and higher) is revealed because the skin depth in the
air in this case is 500 km at most, which is of the same
order of magnitude as the distance between the source
and the receiver.

The coincidence between the apparent resistivities
in the input impedance p~* and in the electrical com-

ponent pfy is an important criterion indicating that

(1) the calibration of measuring channels is highly reli-
able, (2) the far-field conditions (a plane nonuniform
wave) are met within the corresponding frequency
band and at a given distance [Veshev, 1980; Wait,
1982], and (3) the geoelectric cross section is one-
dimensional and the parameters of the lower half-
space under the transmitter and the source are similar
[Dreizin and Shamraev, 1986].

In order to verify the experimental results described
above (Fig. 8), we present below the results of theoret-

IZVESTIYA, PHYSICS OF THE SOLID EARTH Vol. 47 No. 1

ical solution of the forward problem for the field gen-
erated by the electric dipole for the considered setups
above a layered model of the normal cross section. The
cross section shown in Fig. 9a was determined by solv-
ing the inverse problem of the FENICS experiment for
the given region. The calculations were performed for

the input impedance (p~”*) and the latitudinal com-

ponent of the electric field (pfy ) at distances of 200,

400, and 700 km from the source for a dipole equato-
rial setup. This scheme approximately corresponds to
the sounding in the field of the L1 latitudinal power
line in the FENICS experiment. The calculations
allow for ionospheric effects and the bias currents. The
ionospheric parameters correspond to the nighttime:
the resistivity of the ionosphere is p = 10° Q m, the
thickness of the ionospheric layer is 2 km, and the
height of the ionosphere above the surface is 150 km
[Maeda and Matsumoto, 1962]. The analysis of the
theoretical curves shows that the influence of the ion-
osphere and bias currents results in an anomalous
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Fig. 9. Theoretical curves of apparent resistivity calculated from the input impedance (paZy x) and from the latitudinal electric field

component ( pfy ) at distances of 200, 400, and 700 km for a dipole equatorial setup (an analog of the sounding in the field of the

L1 latitudinal power line). The model of the lower half-space is shown in Fig. 9a. The vertical line and the horizontal arrows in
Figs. 9b, 9¢, and 9d mark the boundary between the wave zone (kr > 1) and the dc zone (kr < 1). The effects of the ionosphere
and bias currents were taken into account in the calculations. The ionospheric parameters corresponded to the nighttime condi-

tions (r = 10°Q m, the thickness of the ionosphere is 2 km, the height above the surface is 150 km [Maeda and Matsumoto,

1962]).

increase in the apparent resistivity for the electrical

component pfy with increasing frequency, while the
apparent resistivity curves corresponding to the input

impedance pfy * are not distorted by the effects of the
ionosphere and bias currents according to the bound-
ary conditions of M.A. Leontovich: in the wave zone,
the values of p-”* depend only on the properties of the
underlying half-space.

An issue of key importance in the analysis of
CSMT soundings is the question about the boundaries
of the wave zone. This boundary can be traced by the
coincidence of the apparent resistivities calculated

from the impedance pazy * and from the electrical com-

ponent pfy (Fig. 8). In addition, the wave zone can be

outlined by the value of the wave parameter kr, where
r is the distance between the transmitter and the

receiver and k is the wave number (k= ./iop,/p). The
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boundary determined by substituting the values of the
apparent resistivity at the corresponding frequency to
the equation for the wave number k is outlined in
Fig. 9 by the vertical bars. The region where k#> 1 cor-
responds to the wave zone, while the area where kr< 1
corresponds to the dc zone.

An auxiliary method to trace the configuration of the
wave zone and to capture the probable influence of the
lateral inhomogeneity of the medium is the analysis of the
sounding curves measured for two mutually-orthogonal
polarizations of the primary field. In the FENICS-2007
experiment, such measurements were carried out at three
stations, namely, Peninga (Pnn), Kostomuksha (Kst), and
Tungozero (Tnz). The processing results for these data are
presented in Fig. 10a as the apparent resistivity curves cal-
culated from the input impedance. It is apparent that with
the increasing distance between the source and the
receiver the p, curves of the equatorial (line L1) and axial
(line L2) sounding diverge at low frequencies (8 Hz with a
spacing of 379 km, station Tnz; 2 Hz with a spacing of
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Fig. 10. Experimental CSMT curves of apparent resistivity for the input impedance at Tnz, Kst, and Pnn in the field of the L1 and
L2 lines (a) and spectral power density (SPD) of electric and magnetic components in the field of the L1 and L2 lines at Tnz and
the corresponding SPDs of the current intensity /in the L1 and L2 lines (b). The L1 sublatitudinal line generates the field in the
equatorial setup, and the L2 submeridional line generates the field in the axial setup. The measurements were carried out using
SChZ-2002 station of GI KSC RAS. The locations of the power lines are shown in Fig. 3a. Other symbols are the same as in Fig. 9.

505 km, station Kst, and 0.5 Hz with a spacing of 603 km,
station Pnn). Note that the coordinates of the divergence
points of the curves exactly coincide with the boundaries
of the wave zone numerically estimated for each point
from the parameter kr (Fig. 10a).

The pattern of variations in the apparent resistivity
curves associated with the changes in orientation of
the primary field, which can be seen in Fig. 10a, is
illustrated in Fig. 10b by the graphs of SPD of'the elec-
tric and magnetic components for the measurements
carried out at Tnz, » = 379 km. We see in Fig. 10b that
the frequency dependence of SPD of the current
strength in L1 and L2 lines is similar, although the fre-
quency dependences of SPD of the electric and mag-
netic field components when switching the L1 or L2
line substantially differ and coincide with the pattern
of the corresponding apparent resistivity curves. The
behavior of the electric field is the most illustrative.
When the latitudinal L1 line is switched on, the elec-
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tric field E), decreases with decreasing frequency and,

as a result, the values of pfy * also decrease with

decreasing frequency (Fig. 10a). When the submeridi-
onal L2 line is switched on, the E, field increases with

decreasing frequency and, pazxy
increase, too (Fig. 10a).

The characteristic features in the behavior of
experimental curves of apparent resistivity are in per-
fect agreement with the theoretical estimates. Accord-
ing to [Veshev, 1980], the electric field of an earthed
dipole for the equatorial (£,) and axial (£,) arrange-
ments is described by the equation Ey .= E’e_,, where

E°= p./4B is the dc dipole field and ¢, , is the electric
2nr

number reflecting the frequency dependence of the
field.
—kr

For the equatorial setup, eg =2 —(1 + kr)e

correspondingly,
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For the axial setup, e, = 1 + (1 + kr)e ™.

It is common practice in the theory of frequency
sounding to normalize the field by the field of the wave
zone [Vanyan, 1965]. In this case, the curves of apparent
resistivity above the layered half-space coincide for the
axial and equatorial setups. With the decrease in fre-
quency and attaining the dc region, the values of apparent
resistivity for the equatorial setup halve, while those for an
axial setup double. These theoretical estimates are sup-
ported in the experiment, which is seen in Fig. 10a.

When analyzing the above situation as applied to the
apparent resistivity curves for the input impedance, it is
necessary to take into account the behavior of magnetic
components. Confining ourselves to the analysis of the
wave zone, we give the expressions for the electric and
magnetic field components of a horizontal electric dipole
oriented along the X axis according to the data of [ Veshey,
1980] (conversion from CGS to SI taken into account):

_ IL,p(3cos’0-2)
E, = ; ,

2nr

i, = _[LAB(3300326 - 2)[&

2nr m
where [ is the current strength in amperes, L,z is the
length of the dipole AB in meters, p is the electric resis-
tivity in QQ m, 7 is the spacing in meters, 0 is the angle
between the dipole axis and the direction to the receiv-
ing point, ® = 27f'is the angular frequency in radians,
and p, = 4n x 1077 [H/m] is the magnetic permeability
of free space.

It is apparent from the above expressions that the
intensity of the magnetic field depends on the resistivity of
the medium (which enters in the radicand) and, thus, the
properties of the field at the transition from a wave zone to
a dc zone are mainly determined by the electric compo-
nents of the input impedance field.

In order to verify the experimental results shown in
Fig. 10, we theoretically calculated the apparent resistivity
curves of an electric dipole from the input impedance at
distances of 200, 400, and 700 km from the source for the
equatorial arrangement scheme (which is an analog to the
sounding in the field of the latitudinal line L.1) and for the
axial setup (an analog to the sounding in the field of the
meridional line L2). The results of calculation are pre-
sented below in Fig. 11.

Comparison of Fig. 10a and Fig. 11 shows the com-
plete agreement between the experimental and theoretical
data. The curves in Fig. 10a and Fig. 11 are so close to
each other that one might assume that the measurements
have been made in an electrolyte bath rather than in a real
structurally and compositionally inhomogeneous geolog-
ical medium. One important feature is worth noting in the
behavior of the apparent resistivity curves for the equato-
rial setup: according to both the experimental and theo-
retical data, these curves are descending over the entire
frequency range spaced in excess of 400 km apart from
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each other. It indicates that wave zone conditions are valid
up to the lowest frequencies. The observed phenomenon
can be associated, first of all, with a gradient increase of
the lithosphere electric conductivity with depth starting
from 15—20 km and below. As a result, with decreasing
frequency the electromagnetic field generated by L1 (the
equatorial setup) penetrates deeper into the rocks with
higher conductivity. Due to this fact, the wavelength of the
electromagnetic wave in the lithosphere only faintly
increases with decreasing frequency, and the field within
the entire low-frequency range remains in the wave zone
conditions. In case of sounding with the L2 line (the axial
setup) this effect is either weaker or scarcely observed at all
since the depth of axial sounding is twice as low as that in
case of equatorial sounding [Zaborovsky, 1963; Spice,
1989]. We should also take into account that the center of
the L2 line is 50 km nearer to the sounding points on the
meridional profile than the center of the L1 line. It also
reduces the depth of sounding with the L2 line.

The aforementioned features of the equatorial and
axial setups (Figs. 8—11) revealed in the data of the
FENICS-2007 experiment were confirmed by the results
of the FENICS-2009 experiment. Figure 12 exemplifies
the results of measurements made in 2009 at the Popov
Porog station (point 13 in Fig. 3) using the GI MTS-1 sta-
tion (St. Peterburg Branch of IZMIRAN).

The data were processed in terms of the total elec-
tric field. Figure 12 clearly demonstrates the coinci-

dence of the equatorial (pfwt, L1) and the axial

( f“", L2) curves of apparent resistivity in the wave

zone over the frequency band 1—10 Hz. Below 1 Hz we
observe a sharp ascent in the apparent resistivity curve

p2t°' L2 for the axial setup, which indicates the ter-

mination of the wave zone conditions. The same data
were used in MTS processing for the Popov Porog site
using the modified program by V.Yu. Semenov. The
MTS data are in good agreement with the CSMT
results at the maximums of the sounding curves but
substantially deviate toward anomalously high values
of apparent resistivity at the frequencies of 2—0.2 Hz.

It can be assumed that the discrepancies in CSMT and
MT—AMT data apparent in Figs. 8 and 12 are related to
the insufficient time of accumulation of MT—AMT vari-
ations. Thus, we can conclude that it is sufficient to
increase the observation time in natural fields to ensure
the complete coincidence of the results. However, the
example of the comparison of the MTS and CSMT
results for the Pertozero station (Fig. 13) presented below
casts doubt on such an assumption. Continuous measure-
ments at Pertozero were conducted for 7 days. Night sig-
nals from the sublatitudinal power transmission line L1
were recorded each day against the MT variations. Mea-
surements were carried out using the GI-MTS-1 station
(the Institute of Physics at St. Petersburg State University)
with torsion magnetometers in the frequency range of 0—
8 Hz with the sampling frequency of 50 Hz. The data pro-
cessing results are shown in Fig. 13.
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Fig. 11. Theoretical CSMT apparent resistivity curves calculated from the input impedance at distances of 200, 400, and 700 km
from the source for the equatorial dipole setup (L.1) and for the axial dipole setup (L2). The locations of the L1 and L2 lines are

shown in Fig. 3a. Other symbols are the same as in Fig. 9.

The curve p¥[ ™ in Fig. 13 is obtained by summa-

tion of the MTS data for all 7 days. The processing was
performed in accordance with the Semenov’s pro-

gram. The values of p¥ ™ correspond to the effective

values. The results of CSMT sounding in the field of
L1 line for all 7 night recording sessions were also
summed up. Here, we used the total impedance values
because the amplitudes of both horizontal compo-
nents of the electric and magnetic fields were nearly
similar in spite of the fact that the receiving point lay
on the equatorial axis of the current dipole of L1
(Fig. 3). This can be indicative of the local horizontal
inhomogeneity of the medium in the vicinity of the
Pertozero observation point. A possible reason could
be the location of the observation point on the axis of
an extended fault. This fact can also explain why the
CSMT sounding curve lies about half an order of mag-
nitude lower than the normal curve of apparent resis-
tivity observed in most CSMT sounding points within
the Karel megablock. But the left-hand high-fre-
quency branch of the MTS curve has an even lower
position. Formal interpretation of this curve based on
the S-asymptotics reveals a conductive layer with the
longitudinal conductivity on the order of 5 S in the
upper part of the cross section. This conclusion is
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inconsistent with the concept of the geoelectric sec-
tion in this region based on the results of sounding with
ac and dc controlled sources. According to the latter,
the longitudinal conductivity of the sedimentary cover
(moraine) in this region is hundredths of fractions of
Siemens, and the intermediate conducting DD layer
revealed at depths of 2—10 km, as estimated earlier
[Zhamaletdinov, et al., 2005] and will be shown below
in Fig. 14, has a longitudinal conductivity of tenths of
fractions of Siemens.

A GEOLOGICAL-GEOPHYSICAL
INTERPRETATION OF THE FENICS RESULTS

The basic data for the complex geological—geophysi-
cal interpretation of the FENICS experiments were the
results of CSMT sounding along the 700 km-long
Upoloksha—Porosozero submedirional profile. The
results of preprocessing the data for the profile and their
one-dimensional inversion are shown in Fig. 14.

The distances between the measuring stations and
the L1 and L2 transmitting antennas vary from 186 km
(Upl) to 701 km (Prs). The main information about
the deep cross section were obtained from the results
of sounding in a low-frequency range of 0.1—-200 Hz.
Along with it, the high-frequency (f > 1000 Hz)

No. 1 2011



DEEP ELECTROMAGNETIC SOUNDING OF THE LITHOSPHERE 15

branches of the apparent resistivity curves, which con-
tain information about the uppermost near-surface
portions of the geoelectric cross section, were also cal-
culated. These data were obtained by the recalculation
of the apparent resistivity curves of the dc sounding in
the frequency domain. The dc sounding was carried
out at each point of the CSMT measurements. The
distances between the transmitter and the receiver var-
ied from 2 to 10—15 km. All dc soundings were con-
ducted in two mutually orthogonal directions in order
to study the probable effects of anisotropy. In most
max min

cases the anisotropy factor A = p, /p, did not

exceed 1.2. The apparent resistivity curves were con-
verted into the frequency domain in two stages. At the
first stage, the dc apparent resistivity curves were
inverted into 1D resistivity models of the lower half-
space. At the second stage, a forward one-dimensional
problem of frequency sounding in the far zone was
solved for the resistivity model of the upper crust
yielded by the dc sounding. Then, a high-frequency
branch of the apparent resistivity curve obtained in the
dc sounding was interpolated using the data of CSMT
sounding in the field of industrial PTLs (curves 4 in
Fig. 14a).

The apparent resistivity curves in Fig. 14a have similar
shapes. This indicates that there are common features in
the depth distribution of resistivity persisting along the
entire 700-km-long profile. In particular, in all curves the
resistivity decreases at about 100 Hz, which is related to
the inhomogeneity of the intermediate conducting
region, the DD layer, at a depth ranging from 2—3 km to
5—10 km [Zhamaletdinov et al., 2005]. All CSMT sound-
ing curves have a broad maximum in the vicinity of 5—
10 Hz with the apparent resistivity attaining 30 to
100 thousands Q m. It is worth noting that the apparent
resistivity curves are in good agreement in spite of the fact
that the measurements were carried out in different years,
at different stations, and with different sources. The signals
transmitted by the L1 and L2 lines were measured a week
apart with totally new configurations of electric lines and
magnetic sensors. Circles no. 4 mark the points of sound-
ing with the Zevs ULF antenna (line L3 in Fig. 3) carried
out in 2008. They also agree well with the other data.

The problem of the inversion was solved for the input
impedance apparent resistivity curves. The solution of this
problem was based on the solution of the forward problem
for the field of a horizontal electric dipole in a horizon-
tally-layered medium. The program was developed by
A.N. Shevtsov [2001; 2006] based on the theoretical con-
cepts presented in [Chave, 1983; Chave, 1984; Boerner,
1991]. The source and the receiving points are described
by the spherical coordinates (¥, ¢', ') and (r, @, 2),
respectively. The entire medium is assumed to be horizon-
tally-layered, and the kth layer has the following parame-
ters: 6, is the conductivity, €, is the absolute dielectric per-
mittivity, , is the absolute magnetic permeability, and 4,
is the power. The field components in a layered medium
are determined by the following expression:
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Fig. 12. The results of CSMT sounding with L1 and L2
industrial power transmission lines at the Popov Porog sta-
tion (r = 635 km) compared to the data of the AMT—AM

sounding at the same point: pfmt, L1 is the CSMT curve

calculated from the total electric field (L1, the equatorial

Etot

setup); p, , L2 is the same for L2, the axial setup;

peTﬁMTS is the MTS curve obtained from the total field.

The locations of L1, L2 and the Popov Porog station (13)
are shown in Fig. 3a. The measurements were carried out
using the GI-MTS-1 station, SPbPIZMIRAN.

E, ,
Ey ) aXX
E| _ 1) g s (E)dn
o1 = T JF| o, [Mar2)an
X 0 6
B, ’

B L

where I(w) is the source current depending on the
circular frequency, J,(A&) is the Bessel function of the
first kind of a zero series, & =

J PR =2 cos(¢' — @) is the distance between the
source and the receiver on the projection to a horizon-

tal plane, and F is the universal parent matrix (6 x 5).

On the basis of this forward problem solution, we car-
ried out all numerical calculations shown in Figs. 8 and 12.
The same solution of the forward problem was also used
for the inversion of the data in terms of the total field with-
out dividing it into far, near, and intermediate zones. The
inversion itself was carried out using three different meth-
ods, namely, based on the method of effective lineariza-
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Fig. 13. Comparison of the results of CSMT sounding in field generated by the L1 line and the MTS results at Pertozero station

(r =570 km): p**

is the CSMT apparent resistivity in the L1 field calculated from the total impedance; (p;,XCSMT is the same,

the YX impedance phase; p?rffMTS and (P?(MTS is the effective apparent resistivity and YX impedance phase according to MTS.

The measurements were carried out using GI-MTS-1 station, SPbSU. The location of Pertozero station (Prt) and L1 line are

shown in Fig. 3a.

tion (MEL) [Porokhova and Kharlamov, 1999], the con-
trolled transformation technique [Berdichevsky and
Dmitriev, 1991], and the standard fitting method [Ber-
dichevsky and Dmitriev, 1991]. The latter turned out to be
the most efficient for bimodal interpretation. All inver-
sions were carried out for the phase data. The phases were
calculated from the apparent resistivity curve in accor-
dance with the Weidelt formula and played a supportive
role as an indicator of smoothness of the apparent resistiv-
ity curve.

One-dimensional resistivity cross sections yielded by
inversion are shown in Fig. 14b. The bimodal inversion
using both polarizations of L1 and L2 fields was carried
out for three sites where the signals from L1 and L2 power
transmission lines (Tng, Kst, Prs) were measured. The
agreement between the results of the bimodal inversion
and the experimental data measured with two quasi-
orthogonal polarizations of the primary field is another
important argument in favor of the homogeneous (one-
dimensional) structure of the deep electric conductivity of
the lithosphere of Eastern Fennoscandia.

The general analysis of the results of deep electromag-
netic soundings carried out in the scope of the FENICS
experiment allows us to make the three following main
conclusions.
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1. There is complete agreement (in shape and in
amplitude) between the apparent resistivity curves over
the eastern part of the Baltic shield, including the 700 km-
long submeridional profile.

2. There is a coincidence (within 10—20% error) of the
apparent resistivity curves calculated from the electric
component and from the input impedance as well as the
apparent resistivity curves measured with latitudinal and
meridional polarizations of the primary field within the
wave zone.

3. There is an agreement between the experimental
and theoretical estimates of the boundaries of the wave
zone and its manifestations in the apparent resistivity
curves CSMT sounding with the axial and equatorial
arrangement of the current and receiving lines.

Taken together, the aforementioned analysis of the raw
data of deep sounding (Figs. 8, 10, 12, 13, and 14a), the
theoretical calculations (Figs. 9 and 11), and the inverse
problem solutions (Fig. 14b) suggest the main conclusion
that the deep structure of the electric conductivity distri-
bution in the lithosphere of the eastern part of the Baltic
shield is characterized by substantial horizontal inhomo-
geneity (stratification) of the electric properties within the
depth range from 15—20 to 50—70 km. This conclusion
contradicts the multi-year experience of the magnetotel-
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Fig. 14. A combined diagram of the results of CSMT sounding at the 700 km-long Upolaksha—Porosozero profile: (a) apparent
resistivity curves; (b) one-dimensional cross sections p(#) reconstructed from the results of the inverse problem solution. Legend:

the figures in circles are given for Tnz, r = 378.8 km: (1) pazyx curve in the field generated by L1 line; (2) pany curve in the field

generated by L2 line; (3) paZyX curve in the field generated by L3 line at a frequency of 82 Hz; (4) p,, curve of frequency sounding

calculated theoretically from the data of dc sounding with spacings up to 10 km; (5) theoretical p, curves calculated from the
results of inverse problem solution. The locations of the L1, L2 lines, and the sounding stations are shown in Fig. 3a.

luric investigations, including the MTS results cited in the Against the generally homogeneous background
present paper, that point to a sharply contrasting electric  geoelectric cross section of the Baltic shield lithos-
inhomogeneity of the Baltic shield lithosphere [Rokityan-  phere in the northwestern part of the Karelian
sky et al., 1963]. This inconsistency needs further —megablock and in Finland (the region of Oulu), there
research. is aregion where the apparent resistivity curves are dis-
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Table 2. Transverse resistance of the lithosphere according to
the FENICS experiment

Point = h;p;, 10°Q m? Distance, km
Upl 4.0 186
Tnz 1.2 379
Pst 0.8 448
Oulu 1.4 480
Kst 0.8 505
Ted 11.2 510
Pnn 5.2 603
Prs 7.6 701

placed downward to a lower level of resistivity
(Fig. 14a) and, hence, the transverse resistance of the
lithosphere is also reduced over an area as large as
about 80 thousand km?. The transverse electric resis-

tance Tisdeterminedas T = Zi - ;’ h; p,;, where A;is the

thickness and p; is the resistivity of the ith layer in the
lithosphere at depths of 10—50 km (See Table 2).

The background (normal) value of the transverse
lithosphere resistance is estimated to be on the order of
10'° Q2 m?. Note that this value coincides with the estima-
tion based on the data of the Khibiny experiment with the
MHD facility [Zhamaletdinov, 1990] and is close to the
average transverse resistance of the continental crust
derived in [Fainberg et al., 1990] from the data on solar
daily variations (3 x 10° Q m?). Within the limits of the
anomaly, the transverse resistance reduces to 10° Q m?.
The configuration of the anomaly is shown in Fig. 15a in
the isolines of T.

The comparison of the shape of the transverse resis-
tance anomaly with the schematic distribution of the
crustal conductive bodies [Zhamaletdinov, 1990; Korja
et al., 2002] reveals no common features between them
(see Fig. 15b). This inconsistence indicates the deep loca-
tion of the anomaly in the transverse resistance since by
their nature the crustal anomalies are completely deter-
mined by the effects of the electronically conductive sul-
fide—carbonaceous rocks in the near-surface layer [Zha-
maletdinov, 1990].

In Fig. 16a the configuration of the anomaly in the
transverse resistance of the lithosphere T is compared with
the generalized geological map of the study region
[Pozhilenko et al., 2002]. However, again in this case we
do not observe any correlation between the location of the
T anomaly and the surface geology map. On the other
hand, in Fig. 16b it is apparent that the T contours agree
well with the location of the Moho anomaly determined
from the seismic data in Central Finland [Pavlenkova,
2006]. On the northeast, the /a contours outline a vast
region of the Moho deepening to a depth of 60 km. Note
that, in accordance with the seismic data, the crustal
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thickness over the major part of the Baltic shield is not
larger than 37—40 km.

The apparent resistivity curves averaged over the whole
volume of the above described data for the normal and
anomalous lithospheric cross sections of the eastern part
of the Baltic (Fennoscandian) shield are shown in Fig. 17,
on the left. These curves are marked as /a and 2a, respec-
tively. The results of the inverse problem solution for the
normal and the anomalous sections (curves /b and 2b,
respectively) are shown on the right-hand side of Fig. 17.
The maximal drop in resistivity in cross sections /b and 2b
occurs at a depth of 20 km where the resistivity of 300—
400 thousands Q2 m in the normal region reduces to about
100 thousand €2 m in the anomalous region. On the
whole, the region with reduced resistivity of the lithos-
phere in the anomalous zone corresponds to the depth
interval from 10 to 40 km.

The nature of the decrease in resistivity of the lithos-
phere in the anomalous region seems to be due to the
impurity conductivity associated with the lattice defects,
while free fluids are likely absent or negligible because of
the high general resistance of the material, namely, 100
thousand €2 m and higher. The impurity conductivity has
a semiconductor nature. The electric current can be car-
ried by both negative charges (electrons) and positive
holes [Zharkov, 1983]. The pattern of the observed anom-
aly also depends on the temperature, which increases with
depth. The temperature dependence of resistivity of semi-
conductors is usually described by the exponential law
[loffe, 1974]

n i 0
i BT
p=>re"

i . . . .
where p, is the preexponential coefficient numeri-
cally equal to the resistivity of the ith carrier of elec-

tricity at °7 — oo [Parkhomenko, 1982], Ef) is the
activation energy in electron volts, k is the Boltzmann

constant (1.38 x 10723 J/K), and °T'is the Kelvin tem-
perature.

The geoelectric sections shown in Fig. 17 can be used
in the modeling of the rheology of the lithosphere. This
modeling is based on the above-described methods of
geothermal interpretation of the deep geoelectric data and
on the results of laboratory testing of the electric conduc-
tivity of rock specimens under high thermodynamic
parameters [Parkhomenko and Bondarenko, 1972]. We
describe here the first experience in such calculations
based on application of the Coulomb law at relatively low
temperatures 7'< 0.57,, where T is the melting tempera-
ture. In this case, 6, — o3> (1 — 0) P(z), where 6, — o3 is
the difference between the maximal and minimal com-
pressive stresses, P(z) is the lithostatic pressure, [3 is the
coefficient of static friction, and 0 is the ratio of the pore
pressure to the lithostatic pressure. At high temperatures
T> 0.5T, in the yield strain region, we used the equation
of the steady-state creep (dislocation creep)
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Fig. 15. The isolines of transverse electric resistance of lithosphere T in Q2 m? (a) and its comparison with the distribution of the
crustal anomalies of electric conductivity (b) [Zhamaletdinov, 1990; Korja et al., 2002]. (/) The axes of the electric conductivity
anomalies, S > 1000 s; (2) Regions with reduced crustal resistance, .S = 10—100 S; (3) The boundary between the Baltic shield and

the Russian platform.
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Fig. 16. Isolines of the transverse lithospheric resistance T calculated from the data of the FENICS experiment and comparison
with the geological map (a) [Pozhilenko, 2002] and the Moho map according to seismic data (b) [Pavlenkova, 2006]. (/)
Archaean complexes; (2) Svecofennian protertzoic complex; (3) caledonites; (4) sedimentary cover of the Russian Platform;

(b) contours of the Moho’s depths are in kilometers.

01—y = (€)"exo L
P Y nRT(z)’

where € is the strain rate, Ris the gas constant, £is the
activation energy, 7(z) is the temperature at depth z,
and A4 and # are the constants for a given type of geo-
logical material.

In the lower part of the geoelectrical cross section in
Fig. 17, an expression for the Dorn law was used for oliv-
ines under high pressure (above 200 MPa) [Kaikkonen
etal., 2000]
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o1 = a1 (KLu(£)) ")

D

The strain rate was assumed to be ¢ =3 x 10~15s71.

Other calculation parameters were taken from Table 1
in [Kaikkonen et al., 2000].

The results of modeling the rheological characteristics
of the lithosphere for the measured curves of apparent
resistivity are presented in Fig. 18. The calculations were
carried out for two types of a normal section. The type |
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Fig. 17. Apparent resistivity curves (a) and cross sections (b) according to the results of CSMT sounding in the northeast part of
the Baltic shield for the lithosphere with normal (T > 2 x 10°Q m2, Figs. la and 1b) and anomalous (T < 10°Q mz, Figs. 2a and
2b) types of cross sections shown in the T isolines in Figs. 15 and 16. The marks “Exper” and “Mod.” on the curves stand for

“experimental” and model (theoretical)], respectively.
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Fig. 18. Rheological profiles of the eastern part of the
Baltic shield according to the geoelectric results of the
FENICS experiment.(1) A rheological profile for a nor-
mal cross section (/b in Fig. 17); (2) The same for an
anomalous cross section (2b in Fig. 17). The locations of
regions with normal and anomalous geoelectric cross
sections of the lithosphere are shown in Figs. 15 and 16 by
the isolines of the transverse resistance.
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section (conditionally cold) has a transverse resistance of
T= 10'"Q m?. This type of cross section was identified in
the eastern part of the Karelian megablock and on the
Kola Peninsula (curve /in Fig. 17) in accordance with the
data of the FENICS experiment. The type II section,
which is conditionally heated, is characterized by low
transverse resistance 7= 10° Q@ m?. This cross section was
revealed from the data of the FENICS experiment in the
western part of the Karelian megablock and in central
Finland (curve 2in Fig. 17).

The type II cross section is characterized by a temper-
ature that is 50 degrees higher in the bottom crust and by
a shallower upper creep boundary (80 km) than the type I
(cold) cross section, where this boundary runs at a depth
of 110 km. The region where the differential stress (c,—
o3, GPa) drops to zero indicates the state of the yield of
the material.

The above-presented calculations should be consid-
ered as an initial stage of more detailed research to be car-
ried out in the future concerning the implications of the
deep geoelectric data in the study of the thermodynamic
regime and rheological parameters of the lithosphere. The
proposed explanations of the nature of an anomalous
decrease in resistivity in the southwest part of the study
region are only hypothetic versions based on the physical
reasoning. The observed fall in resistivity can also be asso-
ciated with the change in the composition of the lithos-
pheric material in the anomalous region for a darker-col-
ored rock composition or with the geodynamic phenom-
ena. In any case, the solution to the problem of complex
interpretation of geoelectric and seismic data necessitates
conducting additional experiments and theoretic calcula-
tions.
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CONCLUSIONS

1. A unique generator-and-measurement complex for
deep sounding of the lithosphere in the frequency range of
0.1-200 Hz is developed and tested. The complex
includes the industrial PTLs and the Energy-2 generator
supplying power up to 200 kW.

2. The experiments FENICS-2007 and FENICS-
2009 on the tensor frequency sounding of the lithosphere
are carried out in the eastern part of the Baltic shield at
distances of up to 700 km from the source in the frequency
range 0.1—200 Hz. Individual measurements of the elec-
tromagnetic field generated by the Energy-2 generator in
the industrial PTLs have been conducted at distances up
to 2150 km from the source.

3. The lithosphere in the eastern part of the Baltic
shield at depths from 15—15 to 50—70 km is found to be
fairly horizontally homogeneous (stratified).

4. An area with anomalously reduced transverse resis-
tance of the lithosphere is revealed in the northwestern
part of the Karelian megablock and in Finland. On the
northeast, this area borders the region of the Moho
boundary deepening to a depth of 60 km.

5. The parameters of the normal deep geoelectric sec-
tion of the lithosphere in the northeastern part of the Bal-
tic (Fennoscandian) shield are investigated. Based on the
obtained geoelectric cross sections, the rheological
parameters of the lithosphere are estimated.
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