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Summary 
 
The application of the CSRMT method with an electric dipole as a controlled source for the mapping 
of sand and gravel deposit is demonstrated. The survey was fulfilled in the far-field zone of the 
controlled source and standard magnetotelluric software tools were used for the 2D inversion. Good 
correlation with borehole sections and VES data confirmed the reliability of the CSRMT results. We 
observed the possibility of the estimation of the coefficient of anisotropy of the subsurface resistivity 
using transition zone CSRMT data. An example of the anisotropic inversion of the synthetic CSRMT 
data is also presented. Synthetic data calculated using real resistivity logging diagram. 
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Introduction 

Electric and electromagnetic (EM) methods are widely applied for solving the wide spectrum of near-
surface geological tasks: studies of sites of industrial and inhabited buildings construction, highways, 
gas and oil pipelines routes, revealing of karst sites, etc. In the field studies the direct current (DC) 
methods are usually used: the vertical electric soundings (VES) and the electric resistivity tomography 
(ERT). Nevertheless, EM methods have several advantages over DC methods: more field parameters 
measuring, faster data acquisition and independency on grounding conditions. 
 
Good alternative for the DC methods in the near-surface investigations is the radiomagnetotelluric 
(RMT) method. The RMT method is based on the measurements of the EM fields of remote radio 
transmitters in a frequency range 10-1000 kHz. This frequency range usually provides depth of 
investigation from 1-2 up to 20-50 m (Tezkan, 2008). Using a vertical loop as a controlled-source 
(Bastani, 2001) allows extending frequency range to the lower frequencies up to 1 kHz, to increase 
the depth of investigations and the data quality. This modification of the RMT method is called the 
controlled-source radiomagnetotellurics (CSRMT). The use of a horizontal electric dipole as a 
controlled source in the CSRMT method provides surveys in the wide frequency range 1 kHz –
 1 MHz at a significant distance (up to 3-4 km) from the source (Simakov et al., 2010; Saraev et al., 
2014, Tezkan et al., 2016). The CSRMT method is an effective tool for the near-surface investigations 
in remote regions where there is a possibility to measure only signals of VLF radio-transmitters (10-
30 kHz). 
 
The DC and EM methods have different structure of the primary field. In the DC methods the 
galvanic electric field is used which has a significant component of vertical currents. In the EM 
methods (RMT, transient EM or TEM) the induction field is used which is connected with horizontal 
currents. The joint application of the DC and EM methods allows us to reduce the equivalency of the 
inversion and to provide additional information about the geoelectric section, including parameters of 
anisotropy on the subsurface resistivity. A new possibility of the CSRMT method application at the 
study of anisotropy is appeared at measurements in the transition zone of the horizontal electric 
dipole. 
 
In this extended abstract we present a case study of the CSRMT method application for mapping of 
sand and gravel deposit and discuss a possibility of the using of CSRMT data for the estimation of 
anisotropy. 
  
The CSRMT method and used equipment 
 
The used version of the CSRMT method is based on measuring the controlled source EM field of a 
horizontal electric dipole (finite length cable) in the frequency range 1-1000 kHz. The simplest scalar 
variant involves measurements of the horizontal component of electric field E along the source and 
the perpendicular to E the horizontal component of magnetic field H. Usually measurements are 
carried out in the far-field zone of the source. For the subsurface resistivity of first hundreds m the 
far-field zone with the plane wave structure of the primary field is situated at the distance 300-500 m 
from the source for frequency 1 kHz and higher. Using plane wave assumption allows us to apply in 
the CSRMT method the well-developed magnetotelluric software tools for the data inversion.  
 
Used equipment includes a recorder with electric and magnetic antennas and software tools for the 
data processing and interpretation. The recorder RMT-5 has five channels (two electric and three 
magnetic) of synchronous measurements with 16 ADC in each channel (Saraev et al., 2014). The 
CSRMT version of the equipment includes a transmitter GTS-1. The transmitter is intended for the 
generation of bipolar rectangular signals in the frequency range 0.1 Hz – 1 MHz with variable duty 
ratio and sin wave at frequencies up to 10 kHz (Saraev et al., 2014). The efficiency of measurements 
significantly raises by using of a basic signal with odd sub harmonics. For covering the complete 
frequency range 1-1000 kHz we usually use only 3 basic frequencies, each of which is accompanied 
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by 8-12 sub harmonics. As a result the high efficiency of measurements - about 70 sounding stations 
per day are accomplished. 
 
Mapping of a sand and gravel deposit  
 
The survey area is situated in the Kaluga region (180 km from Moscow). A deposit of Quaternary 
moraine sand and gravel is located in this area. The main aim of the survey was to estimate 
possibilities of the CSRMT method for mapping of the layer of the sand and gravel and to compare an 
obtained geoelectric section with data of two boreholes and three VES stations (Figure 1a).  
 
We used a grounded cable of 540 m length as a source. Survey line is located in the equatorial area of 
the source (Figure 1a). Measurements were accomplished in 54 stations with 10 m step. Source-
receiver distance was about 490-520 m. Examples of received sounding curves are shown in Figure 
1b. We used three basic frequencies of the transmitter: 0.5, 5 and 50 kHz with 3th, 5th, … , 19th sub 
harmonics which cover all three decades of the recorder’s frequency range. Narrow error bars and 
small total scatter of points on the curves indicate a very good data quality.  
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Figure 1 a - locations of CSRMT, VES stations and boreholes (“B” on the map) in the Kaluga region, 
b - CSRMT sounding curves on the 48th station. 
 
The simplest scalar variant of CSRMT method was applied. Two components of EM field, one 
electric (horizontal, along the source cable) and one magnetic (horizontal, perpendicular to the source 
cable) were measured. Ungrounded electric lines were used for electric field measurements. Derived 
pseudo sections are presented in Figures 2a and 2b. High values of apparent resistivity indicate a high-
resistive near-surface layer. Decreasing of apparent resistivity and increasing of impedance phase with 
decreasing the frequency are connected with a conductive soil with clay at middle depths. Decreasing 
of phase on frequencies from 5 kHz and lower is connected with the resistive basement. 
 
We applied the controlled-source 1D inversion to validate the far-field zone conditions using the 
comparison of CSRMT data and plane wave synthetic data for a derived model. Performed test 
illustrates that the far-field assumption at the lowest frequency (1.5 kHz) is valid with the misfit about 
2.5 % for apparent resistivity and 1.5 degree for phase.  
 
Based on this result we can apply the 2D MT inversion. For the 2D inversion we used the ZondMT2D 
software (www.zond-geo.com). After 15 iterations using the smoothness constrained inversion 
algorithm we obtained 3% misfit for apparent resistivity and 4% misfit for phase. The results of 2D 
inversion of the CSRMT data compared with boreholes data and results of 1D inversion of VES data 
are presented in Figure 2c. As one can see, the CSRMT data have good agreement with the borehole 
and VES data. As was expected, the boundary between the high-resistive sand and gravel layer and 
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the conductive clayey layer is well detected by the CSRMT method. Moreover, the CSRMT data 
provides additional information on spatial variations of thickness of the sand and gravel layer with the 
good resolution. We suppose that the variations of resistivity in this layer (from first thousands up to 
tens of thousands m) indicate the change of relative content of the gravel. Below the high-resistive 
layer less resistive lenses of sand in clayey soils were also detected. At the altitudes about 120-110 m 
(depth 70-80 m) and deeper the basement with the increased resistivity is mapped. In this case the 
CSRMT data have the depth of investigation about 100 m. 
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Figure 2 Apparent resistivity (a), impedance phase (b) and geoelectric (c) sections. 1 - loam, 2 -
moraine sand and gravel, 3 - clay. 4 - CSRMT station, B - borehole. 
 
Estimation of the anisotropy 
 
As was mentioned, in the far-field zone of the horizontal 
electric dipole (finite length cable) the primary EM field 
induces only horizontal currents. In the near-field zone the 
primary field is equivalent to the DC field. In the transition 
zone of this source there is a superposition of the galvanic and 
induction modes. So CSRMT data in the transition zone can 
provide information about anisotropy in the same manner as 
joint inversion of the DC and TEM data (Jupp and Vosoff, 
1977). Here we illustrate this possibility by using synthetic data. 
 
We used a resistivity logging diagram from (Christensen, 2000) 
for the deriving synthetic CSRMT data and testing our 1D 
anisotropic inversion algorithm based on the Levenberg-
Marquardt regularization. N. Christensen used this diagram for 
the joint 1D anisotropic inversion of VES and TEM data. 
Synthetic CSRMT data were generated for the equatorial area 
of the source and 200 m source-receiver offset. The main 
parameter which we considered is the coefficient of anisotropy 

Figure 3 Result of the anisotropic 
inversion of synthetic CSRMT data 
compared with the resistivity 
logging diagram. 
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 = sqrt(v / h), where v is the vertical and h is the horizontal resistivity. 
 
The anisotropic inversion of the synthetic CSRMT data provides a model quite close to the resistivity 
logging diagram (black curve in Figure 3). Moreover, anisotropic layers at the inversion were detected 
automatically. The parameters of anisotropy estimated from the synthetic CSRMT data and initial 
resistivity logging data are similar. In the presented example, the anisotropy coefficients for the third 
and fifth layers in the CSRMT section are 1.67 and 1.85. The corresponding parameters estimated 
from the resistivity logging are 1.57 and 1.76. Depths of boundaries of the layers are well resolved as 
well. Top layers are worth resolved because of less content of galvanic mode in the EM field at higher 
frequencies. 
 
Conclusions  
 
In this extended abstract we demonstrated the application of the CSRMT method with the horizontal 
electric dipole (finite length cable) as a controlled source for the solution of a standard task of near-
surface geophysics - mapping of sand and gravel deposit. Good correlation with the borehole and 
VES data has illustrated the reliability of the CSRMT method. The survey was fulfilled in the far-field 
zone of the controlled source and standard magnetoteluric software tools were used for the 2D 
inversion. New possibilities of the CSRMT method application for the estimation of the resistivity 
anisotropy were discussed. They are based on measurements in the transition zone of the horizontal 
electric dipole where both galvanic and induction modes of EM field are observed. We presented the 
synthetic example of the CSRMT anisotropic inversion based on resistivity logging diagram. 
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