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a b s t r a c t
In the course of near surface measurements, we investigated the application of the controlled source
radiomagnetotelluric (CSRMT) sounding method. The used equipment RMT-C includes a ﬁve-channel recorder
(frequency range 1–1000 kHz), two electric and three magnetic sensors, and a transmitter (1 kW) with a
horizontal electric dipole as a source. The electric ﬁeld measurements are carried out with ungrounded lines
thus enabling surveys in the wintertime on snow and ice, and in the summertime in conditions adverse to the
groundings. The use of electric dipole as a source ensures operating in a wide frequency range at a signiﬁcant
distance (up to 3–4 km) from the source. Measurements of basic signals and their odd sub harmonics raise the
efﬁciency of the ﬁeld surveys. For the covering of the full frequency range 1–1000 kHz, three basic frequencies
are usually transmitted; each one is accompanied by 8–12 sub harmonics. This provides a high rate of measurements, i.e. about 70 sounding stations per day - 10 times faster than by the vertical electric sounding (VES) method. The CSRMT method offers the possibility to work in the far-ﬁeld zone of the controlled source where the plane
wave approximation of the primary ﬁeld can be used. For the analysis of the high-frequency ﬁeld of the electric
dipole, an approach is used considering quasi-stationary and wave zones of the source. Features of the electromagnetic ﬁeld are analyzed by taking into account displacement currents in the air. In the wave zone, at a certain
distance from the source (tens to hundreds of meters), ﬁeld components are characterized by a number of
differences compared to a quasi-stationary zone (slower drop of the ﬁeld's amplitudes, change of the directional
diagram of the source, appearance of the ellipticity of polarization of electric and magnetic ﬁelds). The CSRMT
method is intended for the application in remote regions where surveys by the standard RMT method could
only use Very Low Frequency (VLF) radio transmitter signals. Examples for the application of the CSRMT method
are presented from the Arkhangelsk region (geophysical support of an onshore gas pipeline construction),
and the Chukotka Peninsula (survey at a site of the ore-dressing factory construction). The CSRMT results were
conﬁrmed by the subsequent drilling.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
The radiomagnetotelluric (RMT) sounding method based on the
measurements of the electromagnetic ﬁelds of radio transmitters in a
frequency range from 10 up to 1000 kHz allows to study geological
sections in a depth's interval from 1–2 to 30–50 m. In the last years,
quite big experiences have been obtained while applying the RMT
method on the solution of near surface geophysical tasks (Tezkan,
2008). An advantage of the RMT method is the possibility of a primary
ﬁeld approximation by a plane wave. Methods and software tools for
a data interpretation ensuring reliable sounding results have been
developed for this model.
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Electromagnetic methods using the electromagnetic ﬁelds of remote
radio transmitters have been developed since the 1960s. Thus, various
terms have been used for them: method of the radio comparator
(Radiocip) (Gordeev et al., 1981), methods of radio electromagnetic
proﬁling and sounding (REMP, REMS) (Veshev, 1980), Very Low
Frequency (VLF) method (McNeil and Labson, 1991).
The ﬁrst versions of the used equipment allowed the registration of
the signals of VLF radio transmitters, but limited the possibilities of the
method by only permitting surveys carried out with the proﬁling
technique. In the course of time, the instruments were improved and
their frequency ranges could be extended to higher frequencies (up to
250–1000 kHz) (Parfentjev and Pertel, 1991; Turberg et al., 1994;
Bastani, 2001; Tezkan and Saraev, 2008). Today, the most frequently
used term for a method working in the frequency range from 10 up to
250–1000 kHz (including measurements of radio transmitter signals
VLF [10–30 kHz], low frequency – LF [30–300 kHz] and middle frequency
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– MF [300–1000 kHz] ranges) and realizing sounding techniques in a
depths interval from 1 m to 30–50 m is the “radiomagnetotelluric sounding method” (Tezkan, 2008).
Up to now, a lot of work experience has been gathered by applying
the RMT sounding method on the solution of engineering-geological,
hydro-geological, and environmental tasks (Tezkan et al., 2005;
Tezkan, 2008; Simakov et al., 2010; Saraev et al., 2011). The reliability
of the results was proved by comparing them to the results of vertical
electric soundings (VES) and electrical resistivity tomography (ERT).
In remote regions, it is possible to measure signals of VLF radio transmitters having a signiﬁcant long-range action. Thus, ﬁeld surveys can be
carried out by the proﬁling technique only, but this reduces the informative value of the method signiﬁcantly. For such conditions, the controlled
source radiomagnetotelluric (CSRMT) sounding method was developed
allowing measurements in the frequency range of 1–1000 kHz. Thus,
depending on the resistivity structure of the survey area penetration
depths from 1 up to 150 m can be obtained.
On the frequency (time) ranges and intervals of the investigated
depths, the RMT and CSRMT methods ﬁll the existing break between
the most widespread near surface electromagnetic sounding methods:
the transient electromagnetics (TEM) and the ground penetrating radar
(GPR). The scheme of the frequency ranges and investigated depths for
the TEM, GPR, and CSRMT methods used for the solution of near surface
targets for typical resistivity values (100 Ω-m) is schematically shown in
Fig. 1.
In this paper, the features of the CSRMT method, the used equipment, the electromagnetic ﬁeld of the high-frequency horizontal electrical dipole used as a source as well as examples of the near-surface
investigations for the solution of important engineering tasks in the
Arkhangelsk region and on the Chukotka Peninsula are considered.
In the Arkhangelsk region, the CSRMT measurements were done to
provide geophysical support to an onshore gas pipeline construction.
The survey area included rivers covered with ice. The survey on the
Chukotka Peninsula was directed on the near-surface study of a building
site of an ore-dressing factory. These measurements were carried out on
a permafrost area covered with ice and snow.
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phases (φZ), have been determined. Frequency dependences of ρa and φZ
are sounding curves. Their inversion allows us to derive a geoelectric
section at a sounding station.
Nowadays, RMT is an effective method and is mainly used in Europe
where it is possible to measure signals of radio transmitters in the
VLF, LF, and MF ranges. Usually, in the frequency range from 10 up to
1000 kHz, the signals of 20–30 radio transmitters can be measured
easily. This allows us to receive detailed soundings curves, suitable for
the inversion and derivation of geoelectric sections.
Examples of the auto spectra of the signals of horizontal and mutually perpendicular components of the electric and magnetic ﬁelds for
the frequency ranges 10–100 kHz and 100–1000 kHz measured during
a survey in Denmark are presented in Fig. 2 (Saraev et al., 2014). The
data quality is estimated using the coherence value between the electric
and magnetic ﬁeld components. At a coherence level higher than 0.8,
the data quality is considered suitable for deriving sounding curves.
According to our experience at this coherence level we obtain quite
smoothed sounding curves with 10–15 frequency values per decade.
Signals with lower coherences may contain signiﬁcant noise components. In the presented ﬁgure, the coherence exceeds the threshold
level at 33 frequencies (points), associated with the signals of the radio
transmitters.
An example of the auto spectra of the signals of the horizontal and
mutually perpendicular components of the electric and magnetic ﬁelds
for the frequency ranges of 10–100 kHz and 100–1000 kHz measured in
Yakutia is presented in Fig. 3 (Saraev et al., 2014). Yakutia is a remote
area where not so many radio transmitters are available as in Europe.
For this example, the coherence exceeds the threshold level 0.8 in the
frequency range from 20 up to 25 kHz (VLF radio transmitters) and on
the frequency 50 kHz (the radio transmitter of exact time signals,
Irkutsk).
Signals of three radio transmitters 192, 252, and 525 kHz are registered in the frequency range 100–1000 kHz, however, these measurements are not so reliable because the azimuths of electric lines for these
measurements essentially differ (more than ±30°) from the direction

2. Method and technique
2.1. CSRMT method
The primary ﬁeld of a remote radio transmitter can be represented
by a polarized wave whose horizontal components of the electric and
magnetic ﬁelds are mutually perpendicular. At a distance of some
kilometers from a radio transmitter, the measured surface impedance coincides with the plane wave impedance depending only on the conductivity structure of the earth. For this ﬁeld model used in magnetotelluric
(MT) and audiomagnetotelluric (AMT) sounding methods, software
tools ensuring reliable results have been developed for a data inversion.
For the data of the horizontal and mutually perpendicular electric and
magnetic ﬁelds, the components of the values of the surface impedance,
which are usually presented in apparent resistivities (ρa), and impedance

Fig. 1. Frequency ranges and investigated depths for TEM, GPR, and CSRMT methods.

Fig. 2. Auto spectra of the signals of the electric and magnetic ﬁelds of remote radio
transmitters in the frequency ranges of 10–100 kHz (a) and 100–1000 kHz (b) measured
in Denmark. E1 (Ex), H1 (Hy) are horizontal components of the electric and magnetic ﬁelds
for directions along and perpendicular to a proﬁle respectively.
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signals of radio transmitters (existing radio transmitters work on
frequencies above 10 kHz).
Two mutually perpendicular and vertical loops (horizontal magnetic
dipoles) are used as electromagnetic ﬁeld sources in the equipment
Enviro-MT. Such types of sources have some advantages: array
compactness, opportunity of tensor measurements, and the fact that
the radiation parameters of the sources (currents in the loadings) do
not depend on the earth's resistivity. However, lacks of these sources
(limited range of working frequencies 1–12 kHz, small long-range
action, no N600–800 m, impossibility to use sub harmonics of a basic
frequency) limit the prospects of their applications in the CSRMT
method. At small distances from the source (up to 400–500 m), the conditions of the far-ﬁeld zone are not fulﬁlled. This reduces the possibility
to use the well-developed inversion methods and software tools for
plane wave methods. As a result, the working area has a small size,
and a frequent movement of the sources is necessary for the realization
of the survey on a large territory. Besides, measurements with these
sources at one station occupy a rather long time.
The use of a horizontal electric dipole as a source in the CSRMT
method is more perspective. The works on testing this variant have
shown an opportunity to realize measurements at signiﬁcant distances
from the source (Simakov et al., 2010; Saraev et al., 2014; Tezkan et al.,
2016). Thus, the working area is located in a distance of about 500 m
from the source (border between the transition and far-ﬁeld zones depending on the resistivity structure of this survey area) and continues
up to a distance from where reliable measurements of the source signals
are possible (about 3–4 km).
2.2. RMT-C equipment

Fig. 3. Auto spectra of the signals of the electric and magnetic ﬁelds of remote radio
transmitters in the frequency ranges of 10–100 kHz (a) and 100–1000 kHz (b),
measured in Yakutia. E1 (Ex), H1 (Hy) are horizontal components of the electric and
magnetic ﬁelds for directions along and perpendicular to a proﬁle respectively.

on the radio transmitters, and the coherence levels thus exceed a little bit
the threshold one 0.8. In this case, it is not sufﬁcient to use signals of radio
transmitters for the realization of soundings, and surveys can only be
carried out using the VLF frequencies or using the 50 kHz signal. In
order to realize RMT soundings in such conditions, it is necessary to use
an own (controlled) source working in a wide range of high enough
frequencies (up to 1 MHz).
The ﬁrst works on the development of the CSRMT equipment called
Enviro-MT have been realized at the University of Uppsala, Sweden
(Bastani, 2001). The basic purpose was to increase the depth of investigations by changing the limit of the lowest frequency from 10 up to
1 kHz. In the range 1–10 kHz there is no possibility to measure the

The developed equipment RMT-C includes a recorder, electric and
magnetic sensors, a transmitter with an electric dipole as a source, and
software tools for the data processing and interpretation. The recorder
has ﬁve channels for synchronous measurements with 16 digital ADC
in each channel (two electric and three magnetic ones). The frequency
range of the recorder is 1–1000 kHz; the volume of the built-in memory
is 8 Gb. The display and keypad of the recorder allow us to work independently in ﬁeld conditions without an external computer, and the
built-in power supply with a resource of 6–8 h allows measurements
within a working day.
The recorder (Fig. 4a) has four working frequency ranges (Table 1).
The registration of the time series of the magnetic and electric ﬁeld's
signals and their storing in the built-in memory are provided for. The
measured data are transferred to an external computer via the Ethernet
channel. A GPS receiver serves for the coordinates and time binding.
The magnetic sensors (Fig. 4b) have a frequency range of 1–
1000 kHz and their noise level is 25 fT/Hz1/2. The output sensitivity is
20 mV/nT. The electric ﬁeld measurements are carried out with grounded

Fig. 4. Recorder (a), magnetic sensors (b), and transmitter (c) of the RMT-C equipment.
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and ungrounded lines thus enabling surveys in the summer- and wintertime as well as in conditions adverse to the grounding of the electric lines
(asphalt, concrete, gravel). The small electric line (20 m) allows us to
carry out the measurements in difﬁcult for survey areas.
The use of symmetric receiving lines is stipulated by reducing the
inﬂuence of the vertical component of the electric ﬁeld Ez, which
shows itself at high transient grounding resistances or applications of
ungrounded sensors. By using the symmetric line and a special design
of the preampliﬁer of electric channel, it is possible to suppress inphase signals of Ez and to allocate opposite signals of the horizontal
component Ex. As was shown based on the results of theoretical studies
and experimental works (Veshev, 1980), the grounded receiving lines
are equivalent to double-length ungrounded lines. In the absence of
groundings, each arm of the symmetric line is an equipotential electrode. Taking into account a high conductance of the used cable, the
measured potentials are connected with the middle points of each
arm. The total measured signal of an ungrounded line is equal to half
of the signal of a grounded line of the same geometrical length. This
was conﬁrmed by numerous experiments in different ﬁeld conditions.
It should be mentioned that, at high frequencies, the grounding's resistance must be very low. If not, it will be necessary to use preliminary
ampliﬁers of the electric ﬁeld connected directly to electrodes
(Bastani, 2001); otherwise the cable will also work as an ungrounded
antenna.
The transmitter GTS-1 (Fig. 4c) is intended for the generation of
two-polar signals of the rectangular form in a frequency range of
0.1 Hz–1 MHz with an adjustable off-on time ratio on a loading with
the resistance 10–1000 Ω. The power supply voltage is 220 V, the frequency is 50 Hz. The output voltage is up to 300 V, the current is from
100 mA up to 7.5 A, the power on a loading of 100 Ω is 1 kW. The control
of the transmitter is carried out from a keypad of the transmitter or from
an external computer.
2.3. Technique of measurements
For the realization of soundings by the CSRMT method, we use a horizontal electric dipole (grounded at the ends of 400–1000 m length
cable) as a source. As mentioned above, this source is more effective
for the CSRMT method than a horizontal magnetic dipole (vertical loop).
A source like the ﬁnite length cable is used in the Controlled Source
Audio Magneto Telluric (CSAMT) method (Strangway et al., 1973;
Zonge and Hughes, 1991). The high efﬁciency of this source has been
conﬁrmed by long-term applications of the CSAMT method in various
regions with the equipment of different companies. Experiences in
using the cable in the CSRMT method have also conﬁrmed the efﬁciency
of such a type of source.
Soundings by the CSRMT method with the horizontal electric dipole
are carried out in the frequency range of 1–1000 kHz. The efﬁciency of
the work is signiﬁcantly raised by using measurements of basic signals
and their odd sub harmonics. As can be seen in Fig. 5, nine signals of
odd sub harmonics with a coherence level above 0.8 are visible at the
basic signal's frequency of 1 kHz in the spectra of electric and magnetic
ﬁelds (the ninth signal on the frequency 19 kHz has the coherence level
0.9).
The data presented in Fig. 5 have been obtained at a distance of 1 km
from the controlled source – a grounded cable of 200 m length. For the
covering of the full frequency range 1–1000 kHz, three basic frequencies

231

Fig. 5. Auto spectra of electric and magnetic ﬁelds' signals of a controlled source, and radio
transmitters in the frequency range of 1–100 kHz.

are usually used; each one is accompanied by 8–12 sub harmonics. This
ensures a high efﬁciency of measurements, i.e. about 70 sounding
stations per day (10 times faster than the VES method at the same
investigation depth).
For controlled sources, including horizontal electric dipole, near-ﬁeld,
transition, and far-ﬁeld zones can be deﬁned (Zonge and Hughes, 1991).
The near-ﬁeld zone corresponds to the condition |k1 |r ≪ 1, where

k1 ¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
iωμ 1 σ 1 −ω2 μ 1 ε1

ð1Þ

is the wave number, r the distance from a source to a measurement
station.
Parameters in k1: i - imaginary unit; ω = 2πf - circular frequency; f rel
frequency, Hz; μ1 = μ rel.
1 μ 0 - absolute magnetic permeability; μ 1 - rela−7
tive magnetic permeability; μ 0 = 4π · 10 H/m - magnetic constant;
σ1 - conductivity, S/m; ε1 = ε rel.
1 ε0 - absolute dielectric permittivity;
−9
/(36π) - electric constant.
εrel
1 - relative dielectric permittivity; ε0 = 10
Media with low magnetization are considered (μ rel
1 = 1), and the magnetic permeability of the earth is equal to the magnetic constant μ 1 = μ 0.

Table 1
Frequency ranges and sampling frequencies of the recorder of RMT-C system.
Range

Frequencies, kHz

Sampling frequency, kHz

D1
D2
D3
D4

1–10
10–100
100–300
100–1000

39
312
832
2496

Fig. 6. Curves of apparent resistivity and impedance phase derived from the measured
data of the signals of a controlled source (black dots and circles) and remote radio
transmitters (blue and red dotes with error-bars). The survey was carried out at the
Kaluga region, which is 180 km away from Moscow. (For interpretation of the references
to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

232

A. Saraev et al. / Journal of Applied Geophysics 146 (2017) 228–237

Fig. 7. Directional diagrams of a horizontal electric dipole for |Ex | component at the distances 300 m (a), 1100 m (b), and 2000 m (c) from the source at the frequency f = 100 kHz and the
subsurface resistivity ρ = 1000 Ω-m. An arrow shows the dipole. The values |Ex | are normalized on the maximal value for each case.

In the case of low frequencies (quasi stationary approximation), the
inﬂuence of displacement currents in the ground can be neglected, and
therefore the wave number k1 can be written as
k1 ¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
iωμ 0 σ 1

ð2Þ

Thus, the above-mentioned condition for the near-ﬁeld zone correpﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
sponds to the ratio r/d b 0.5 where d ≈ 503 ρ1 =f is the skin depth in
m (ρ1 = 1 / σ1 - resistivity of the earth, Ω-m).
In the near-ﬁeld zone, the electromagnetic ﬁeld behaves like the
direct current ﬁeld. In this case, the electric ﬁeld components depend
on the resistivity of the rock, but not on the current frequency. The
magnetic ﬁeld components depend neither on the frequency nor on
the resistivity of the rocks. Therefore, data of impedance measurements
in the near-ﬁeld zone cannot be used for frequency soundings.
In the transition zone at | k1 | r ≈ 1 or r/d ≈ 1, the electromagnetic
ﬁeld components of the horizontal electric dipole depend on both the
current frequency and the coordinates of a sounding station. In the
far-ﬁeld zone at |k1 |r ≫ 1 or r/d N 3–5, the electromagnetic ﬁelds components depend only on the current frequency of a source and not on
the coordinates of a sounding station. Thus, the impedance expressions
Zху and Zух (x axis is directed along and y axis - perpendicular to the moment of the electric dipole) can be given (Shlykov and Saraev, 2014) as
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ π
Ey
Ex
¼ − iρ1 ωμ 0 ¼ − ρ1 ωμ 0  ei4 ; Z yx ¼
¼ iρ1 ωμ 0
Hy
Hx
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ π
¼ ρ1 ωμ 0  ei4 ;

Z xy ¼

ð3Þ

where Eх, Еу, Hх, Ну are the electric and magnetic ﬁeld components along
and perpendicular to the dipole.
Accordingly, the modules of the impedance components can be
determined
j Z xy j¼

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ρxy ωμ 0 ;

j Z yx j¼

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ρyx ωμ 0

ð4Þ

and resistivities
ρxy ¼

1  2
Z xy ;
ωμ 0

ρyx ¼

1  2
Z yx
ωμ 0

ð5Þ

or apparent resistivities in inhomogeneous media
ρxy
a ¼

1  2
Z xy ;
ωμ 0

ρyx
a ¼

1  2
Z yx
ωμ 0

ð6Þ

The impedance phases are:
φxy
Z ¼ φEx −φHy ;

φyx
Z ¼ φEy −φHx :

ð7Þ

For a homogeneous half space phases φzxy and φzyx in the far–ﬁeld
zone are equal to 45°.
The formulas (5)–(6) illustrate the known conception that the ratios
between the medium resistivity and the impedance components Zxy
and Zyx in the far-ﬁeld zone of the horizontal electrical dipole are simple
and correspond to plane wave expressions.
The recorder's control and pre-processing software provides the
measurement parameters setting and control, data visualization in the

Fig. 8. Plans of isolines |Ех | (V/m) in the quasi-stationary zone for f = 100 Hz (a), and in the wave zone for f = 100 kHz (b). An arrow shows the dipole.
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Fig. 11. An example of apparent resistivity (dots) and impedance phase (circles) curves for
the proﬁle along a projected gas pipeline in the Arkhangelsk region.

Fig. 9. Ellipses of polarization of the electric ﬁeld for f = 300 kHz (|k0 |r ≠ 0) in comparison
with the linear polarization of the quasi-stationary ﬁeld (|k0 |r = 0). An arrow shows the
dipole.

built-in display, automated measurement realization, data storage and
transfer to an external PC. The developed processing software is applied
for advanced data processing. The Occam inversion algorithm (de
Groot-Hedlin and Constable, 1990) is used for the 2D inversion using
the ZondMT2D software (www.zond-geo.com).
Curves of the apparent resistivity and the impedance phase obtained
from the measured data of the signals of a controlled source and remote
radio transmitters are shown in Fig. 6. The curves well coincide and this
conﬁrm the possibility to use sub harmonics at CSRMT soundings.
The data quality is quite good both for RMT and for CSRMT measurements. In case of measurements of the signals of remote radio transmitters, the error-bars are larger and reach 5.3% for apparent resistivity and
1.5° for phase. For CSRMT, these values are 1.5% and 0.4° accordingly.
2.4. Features of the electromagnetic ﬁeld of a high-frequency horizontal
electric dipole
For the analysis of the primary ﬁeld of an electric dipole (ﬁnite length
cable) in the low-frequency method CSAMT, the quasi-stationary

approximation is used (Zonge and Hughes, 1991). Soundings are usually
carried out in the far-ﬁeld zone and in the equatorial area of the cable
(sometimes in the axial area), and the impedance Zxy is measured.
For the considered high-frequency CSRMT method, it is necessary to
take into account displacement currents in the ground and in the air. Investigations on the inﬂuence of displacement currents in the ground,
with reference to the RMT method, have been executed in the last
years (Kalscheuer et al., 2008). Features of the inﬂuence of displacement
currents in the air on the ﬁeld of a horizontal electrical dipole (ﬁnite
length cable) are considered in (Shlykov and Saraev, 2013, 2014).
Thus, in expressions of ﬁeld components, we take into account both
wave numbers k1 (Eq. (1)) and k0:

k0 ¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
iωμ 0 σ 0 −ω2 μ 0 ε0 ;

ð8Þ

where “0” indicates properties of the air.
As was mentioned above, usually the near-ﬁeld, transition, and
far-ﬁeld zones of a controlled source, including a dipole (cable) in the
low-frequency CSAMT method, are allocated. For the analysis of highfrequency ﬁelds, it is necessary to use another approach and to consider
quasi-stationary and wave zones of this source. The inﬂuence of the
displacement currents in the air at a certain distance from the source becomes quite great. The ﬁeld does not correspond to the quasi-stationary
approximation and the next wave effects are observed with some

Fig. 10. Location of the area of ﬁeld works in the Arkhangelsk region (a) and the scheme positions of the transmitter cables A1B1, A2B2, A3B3 as well as appropriate intervals of the proﬁle
M1N1, M2N2, M3N3. 1 – area of the ﬁeld survey.
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Fig. 12. Geoelectric section from CSRMT data and its comparison with VES results at the site of a gas pipeline construction (Arkhangelsk region). The ratio of the horizontal and vertical
scales is 10:1. 1 – VES stations; 2 - CSRMT stations.

differences compared to the quasi-stationary case (Shlykov and Saraev,
2013):
- slower drops of the ﬁeld's amplitudes occur;
- the directional diagram of the source is changed and a maximum of
radiation occurs along the dipole (cable) (Fig. 7);
- the position of the areas, favorable for the Z xy impedance
measurements, is changed. At the realization of soundings by the
CSRMT method, the most favorable working area for the Zxy measurements is located in the axial area of the source (Fig. 8), because
here amplitudes of E x and Hy components are bigger compared to
the equatorial area;
- there appears the ellipticity of the polarization of electric and
magnetic ﬁelds in the horizontal plane (Fig. 9);
- azimuths of the major axes of the polarization ellipses of the electric and magnetic ﬁelds are turned relatively to the linear polarization
directions for the quasi-stationary approximation (Fig. 9).
At the same time, in the wave zone, the possibility of a dipole (cable)
ﬁeld approximation by the plane wave is valid. So the magnetotelluric
software can be used for the inversion.
The results of the calculations and the experimental works (Shlykov
and Saraev, 2014) show that wave effects are observed at rather small
distances from the source (tens to hundreds of meters) for the working
frequency range of the CSRMT method, i.e. it is necessary to take them
into account in most cases of the CSRMT application. These distances
do not depend on the resistivity of subsurface.
The contours of areas favorable for Zxy impedance measurements
in the CSRMT method are varied with increasing frequency (Fig. 8).
On low frequencies (units - ﬁrst tens of kilohertz), the favorable
area is located in the equator of the dipole (cable), and on higher frequencies in its axial area. If the task of the work is to study the increased depths (30–100 m) by using lowered frequencies, the

working area should be chosen near the equator of the dipole. For
the study of small depths (1–30 m), the axial area of the source is
more favorable for measurements. While choosing working areas,
it is also necessary to take into account that the measurements of signals of a controlled source on low frequencies are more reliable and
are realized at more signiﬁcant distances from the source than signals on high frequencies. Thus, ﬁeld surveys in the axial area of the
source are more preferable.
At the realization of soundings by the low frequency CSAMT
method the direction of 35о to the dipole axis is not convenient for
the Zxy measurements because Ex and Hy components have minimal
values and relative large gradients (Fig. 8a). For the high frequency
CSRMT method, this ﬁeld minimum is smoothed out (Fig. 8b) and
the Zxy measurements can be carried out in any part of the area
around the source.
In some parts of the working area (Fig. 9), the ellipticity of the polarization in the wave zone allows us to carry out tensor measurements
with a single dipole. The development of the technique for tensor
measurements and the processing of CSRMT data is a subject for further
researches.
The borders of the wave zone with a 5% error correspond to values
|k0 |х = 1.0 and |k0 |у = 0.33. At the frequency f = 1 MHz, these values
equal accordingly 50 m and 15 m.
The described features of the inﬂuence of displacement currents in
the air have to be taken into account at the application of the CSRMT
method and during ﬁeld surveys in the wave zone of a high-frequency
horizontal electrical dipole. Meanwhile, as was noted above, the possibility of a dipole ﬁeld approximation by the plane wave is retained. In
case studies described in the subsequent part of this paper, the measurements were carried out in the far ﬁeld zone, thus standard
magnetotelluric inversion programs were used.

Fig. 13. Location of the area of ﬁeld works on the Chukotka Peninsula (a) and scheme of the sites on the territory of an ore-dressing enterprise. 1 – area of the ﬁeld survey.
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Fig. 14. Geoelectric section from CSRMT data and its comparison with the drilling (Chukotka Peninsula, area 1). Ratio of horizontal and vertical scales is 10:1. 1 – siltstone;
2 – conglomerates with clay; 3 – ice-ﬁlled zones; 4 - tectonic zones; 5 – sounding stations.

3. Results and discussion
Examples of the application of the CSRMT method have been obtained
in remote regions of Russia: the Arkhangelsk region and the Chukotka
Peninsula.
3.1. Investigations along the route of a gas pipeline in the Arkhangelsk
region
For the construction of onshore pipelines, the creation of passages
through rivers and lakes made by directional drilling is an important
task. In order to exclude uncontrollable emergency situations at the
drilling and to ensure the reliability of the passages for subsequent
exploitation, a detailed study of the top parts of the section (up to
depth 20–30 m) is necessary. It is carried out by different types of
geophysical methods: near surface seismic survey, VES or ERT, GPR,
detail magnetic survey, etc.
An experimental investigation has been fulﬁlled in the Arkhangelsk
region (Fig. 10a) along a proﬁle of a projected gas pipeline crossing
the Northern Dvina River to estimate the possibilities of the CSRMT
method for the solution of these tasks. The geological section is presented in the top part by sandy rocks and at a depth of N 8–10 m by
clay.
The controlled source has been settled down along the proﬁle,
and soundings have been carried out in the axial area of the cable
(Fig. 10b). Positions of the transmitter cable (A 1 B1 , A2 B 2, A 3B 3 )
have been changed for surveys in different parts of the proﬁle
(M1 N1, M2N2, M3 N3). The full investigated proﬁle is situated from
the North-Western part of the M 1 N1 interval up to the SouthEastern part of the M3N3 interval. The positions of the transmitter

cables for a better visualization are shown in Fig. 10b with some
shift from the line of proﬁle. For the cable A1B1 = 270 m the interval
of the investigated proﬁle was 0–470 m, for A 2B 2 = 600 m–470–
1210 m, for A3B 3 = 530 m–1210–2340 m. The use of such a technique of measurements has ensured distances of 500–3000 m from
the source (center of the cable) to the soundings stations, quite
enough for reliable measurements and for the fulﬁllment conditions
of the far-ﬁeld zone of the source. Similar technique has been applied
in previous ﬁeld experiments with the Enviro-MT instrument
(Bastani, 2001).
During the measurements, signals of VLF radio transmitters in the
frequency range 11,9–25 kHz and of the controlled source on frequencies 3, 5, 7, 9, 11, 70, 105, 315, 525, 735 kHz were registered (the main
frequencies 1, 70 and 105 kHz and their odd sub harmonics were
used). An example of apparent resistivity and impedance phase curves
for a sounding station is shown in Fig. 11.
The distance between the CSRMT sounding stations along the proﬁle
was 25 m. Investigations by the VES method, with sounding stations set
200–300 m apart, have also been executed.
The geoelectric section derived from the 2D inversion of the scalar
CSRMT data is shown in Fig. 12, and the sections from the 1D inversion
of the VES data are shown as vertical columns.
The results of the CSRMT and VES methods have quite a good correlation. It is necessary to note that the surveys by the CSRMT method
have been carried out during the winter on snow and ice with
ungrounded electric lines in a relative short time (the efﬁciency of a
CSRMT survey is 10 times faster in comparison to a VES survey for the
same depth of investigation). In this case, the surveys by the VES
method have required even more signiﬁcant time due to the necessity
of groundings into frozen ground and ice.

Fig. 15. Geoelectric section from CSRMT data and its comparison with the drilling (Chukotka Peninsula, area 2). Ratio of horizontal and vertical scales is 10:1. 1 – siltstone; 2 – conglomerates
with clay; 3 – sounding stations.
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3.2. Solution for engineering geology tasks on the Chukotka Peninsula
A CSRMT scalar survey was realized at a site of the ore-dressing
factory construction on the Chukotka Peninsula (Fig. 13a). The tasks of
the survey were: study of the conductivity structure up to a depth of
15 m, mapping of different rocks, differentiation of sites of melted and
frozen rocks, allocation of underground ice and ice-ﬁlled zones, as
well as mapping of cracked rocks. The typical geological section is represented by siltstones and sandstones overlaid by a layer of conglomerates with clay having a thickness from 3 to 7 m.
During the measurements, signals of VLF radio transmitters in the
frequency range 11,9–25 kHz and of the controlled source on frequencies 50, 105, 315, 525, 735, and 945 kHz were registered (the main frequencies 50, 105 kHz and their odd sub harmonics were used). The
controlled source (cable of 600 m length) has been settled down at distances from 700 to 3500 m from the sounding stations (Fig. 13b).
The geoelectric section at area 1, obtained from the results of the 2D
data inversion, is shown in Fig. 14. The area is located at a distance of
1 km from the source. The top part of the section is conﬁdently mapped.
A layer of conglomerates of about 4–5 m thickness is marked by lowered
resistivity values (50–150 Ω-m); lenses of ice ﬁlled rocks (resistivity
500–800 Ω-m) are traced along the proﬁle. In the western and eastern
parts of the proﬁle, low resistive (50–150 Ω-m) zones of cracked rocks
are revealed. A layer of conglomerates and zones of cracked rocks are
marked by a lowered resistivity on the background of high-resistive
(700-1000 Ω-m) siltstones. The sections on the wells 36 and 37, drilled
after the electromagnetic investigations, conﬁrm the results of the
CSRMT method.
The construction territory has been surveyed by the CSRMT method
from one position of the controlled source. The geoelectric section at the
area 2, located at a distance of 3.5 km from the source, is shown in
Fig. 15. The results of the CSRMT method have also been conﬁrmed by
the subsequent drilling of the wells 1 and 2.
The inversion quality was estimated using the root mean square
(RMS) error calculated in the Zond program in a standard way. For the
geoelectric section in Fig. 12, the RMS value is 5.1%, in Fig. 14 - 7.7%,
and in Fig. 15 - 4.2%. One can see that, although RMS errors show
quite high values, the sections have a good correlation with the data
of the wells.
4. Conclusion
In this paper, features of the controlled source radiomagnetotelluric
sounding method are considered. Data on the developed equipment for
the realization of CSRMT surveys with a horizontal electric dipole as a
source in the frequency range of 1–1000 kHz are presented. The electric
ﬁeld measurements are carried out both with grounded and ungrounded
lines thus enabling surveys in the wintertime on snow and ice and in the
summertime in conditions adverse to the grounding of the electric lines.
The use of an electric dipole as a source ensures operating in a wide
frequency range at a big distance (up to 3–4 km) from the source.
Measurements of basic signals and their odd sub harmonics increase
the efﬁciency. For the covering of the full frequency range 1–1000 kHz,
three basic frequencies are usually used, each one is accompanied
by 8–12 sub harmonics. This ensures a high rate of measurements,
i.e. about 70 sounding stations per day - 10 times faster than by the
VES method.
The CSRMT method offers the possibility to work in the far-ﬁeld
zone of the controlled source where the plane wave approximation of
the primary ﬁeld can be used. For this model, methods and software
tools for the data interpretation ensuring reliable results are developed
in detail.
Displacement currents in the earth and in the air have to be taken
into account while using high frequencies (tens–hundreds of kHz). For
the analysis of the high-frequency ﬁeld of the electric dipole, an
approach is used that considers quasi-stationary and wave zones of

the source. Features of the electromagnetic ﬁeld of a high-frequency
horizontal electric dipole are analyzed regarding the inﬂuence of the
displacement currents in the air. Thus, at a certain distance from
the source (tens–hundreds of meters), a wave zone is allocated. In
the wave zone, the electromagnetic ﬁeld does not correspond to
the quasi-stationary approximation and has a number of differences
(slower drops of the ﬁeld's amplitudes, change of the directional
diagram of the source with a maximum of radiation along the dipole,
appearance of the ellipticity of the polarization of electric and magnetic
ﬁelds in the horizontal plane, etc.).
The CSRMT method is a perspective tool for the application in remote regions where surveys by the standard variant of the RMT
method could possibly only use the VLF radio transmitter signals
and carry out surveys by the proﬁling technique. In the paper, examples for the application of the CSRMT method are presented for the
Arkhangelsk region (investigations of passages of onshore gas pipelines through rivers) and the Chukotka Peninsula (survey at a site of
the ore-dressing factory).
The comparison of the results of the CSRMT and VES methods has
shown their good correlation. The surveys by the CSRMT method have
been carried out during the winter on snow and ice with ungrounded
electric lines in a relative short time. The efﬁciency of a CSRMT survey
is 10 times faster in comparison to a VES survey for the same depth of
investigation. The CSRMT results are conﬁrmed by subsequent drillings.
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