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Abstract. Magnetotelluric (MT) measurements were performed in the wooded area between 

Irota and Gadna. Irota is situated in the Cserehát region of NE Hungary. The main purpose 

of the measurements was to specify the depth of the Paleozoic basement and to identify 

occasional resistivity inhomogenities in the basement. Based on previous geological data, the 

area is prospected for base and precious mineralization. Mineral exploration of the area has 

been renewed in recent years, indicating the current significance of this work. The MT 

measurements were performed along three nearly parallel profiles. Data processing was 

carried out using WinGLink software. Apparent resistivity and impedance phase graphs were 

produced after the estimation of the impedance tensor. The nonlinear conjugate gradients 

algorithm was used for the 2D inversion of all three sections. A low resistivity zone is 

observable in the middle of the easternmost section. Based on the results of the inversion, 

geological conclusions were drawn. To make a complex interpretation and to understand the 

geological causes of the difference between the sections more precisely, further geophysical 

and geological investigations are needed. 

 

1. INTRODUCTION 

Raw materials have always been fundamental in human history. However, the 

technological revolution of our days has radically reshaped the list of strongly 

needed raw materials. The European Union decided to define a number of raw 

materials with a high economic importance to the EU combined with a high risk 

associated with their supply. Fourteen critical raw materials were specified in 2010. 

These are indispensable to the manufacture of high-tech products (LEDs, tiny 

electromotors, solar cells, catalysts, hybrid cars etc.). The research of these materials 

(in primary and in secondary resources) was the focus of the CriticEl project in 

Hungary. One of the target places of the project was an ore exploration area in the 

Cserehát area, NE Hungary, that has long been inactive [1]. 

Because the sought elements can be connected to sulphide mineralization, the 

delineation of a low resistivity zone seemed to be momentous regarding additional 

explorations. The magnetotelluric (MT) method proved to be the most effective tool 

to solve this problem and investigate the desired depth (500–600 m). The direct 

current (DC) sounding methods would have required extremely large current 

electrode distances, which would not have been cost effective. The main purpose of 

the measurements was to specify the depth of the Paleozoic basement and to identify 

occasional resistivity inhomogenities in the basement. 
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The MT subproject (as a part of the CriticEl project) was realized in cooperation 

with the Geological and Geophysical Institute of Hungary and the University of 

Miskolc (Institutional Department of Geology and Mineral Deposits, Institutional 

Department of Geophysics). The measurements were performed on three occasions 

during 2013 and 2014. 

 

2. THE MAGNETOTELLURIC (MT) METHOD  

Magnetotellurics is a natural field (passive) electromagnetic (EM) geophysical 

exploration method. The use of this method is based on the fact that the measured 

EM field depends not only on the strengths and other characteristics of the source, 

but also on the geoelectric structure of the earth. The fluctuations in the natural 

magnetic (H) and electric (E) fields are registered on the Earth’s surface. The method 

can be applied for investigating the conductivity structure of the Earth at depth 

ranging from a few tens of meters to several hundreds of kilometers. The theoretical 

concept of exploration MT was first published by Tikhonov [2] in the USSR and, in 

more detail, by Cagniard [3] in France. 

The MT signals have two main sources: global or regional lightning activity and 

the interaction between solar wind and the magnetosphere. The signals are very small 

in amplitude (tens of mV) and thus are easily distorted by man-made noises (power 

lines, railways) [4].  

When the electromagnetic waves reach the Earth’s surface, they can be reflected 

and penetrate into the ground. Because of the very high resistivity contrast between 

the air and the rocks, the EM wave passes vertically downward, so it is independent 

of the angle of incidence. In the subsurface of the Earth the energy and the amplitude 

of the wave begins to decrease exponentially. The quantity of the attenuation can be 

expressed by the absorption coefficient. It depends on the angular frequency (ω) and 

the electromagnetic properties (permittivity ε, magnetic permeability μ, conductivity 

σ) of the medium. The reciprocal of the absorption coefficient (a) is the skin depth 

(ds), which expresses the penetration depth of the EM wave. 

 

2


a         (1) 

Td s 


500
2

        (2) 

 

The connection between the horizontal electric (Ex, Ey) and magnetic field (Hx, 

Hy) components is described by the so-called impedance tensor [5].  
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The impedance tensor ( Z ) contains the information about the subsurface 

conductivity distribution. It depends on only the electromagnetic properties of the 

medium at a given frequency and is independent from the source of the EM field. 

Thus, it can be considered as the response function of the magnetotelluric method. 

 

3. LOCATION, GEOLOGICAL SETTINGS 

The exploration area is a wooded zone between Irota and Gadna villages, situated in 

the Cserehát area, NE Hungary (Figure 1). The Cserehát consists of metamorphosed 

Paleozoic rocks and Cenozoic sediments. A major sedimentary hiatus (Devonian–

Miocene) is observable between them. The Paleozoic formations consist of mainly 

limestone and shale with notable graphite content. They underwent a low-grade 

(greenschist facies) metamorphism in the Cretaceous [6]. The Miocene-Pliocene 

sediments involve alternating sandstone, clay and silt layers. 

A considerable geomagnetic anomaly was explored in the mid-20th century, in 

the vicinity of Irota. Uranium exploration started in the 1960s with a detailed 

exploration drilling program. Although uranium was not found in significant 

amounts, the exploration generated a great deal of important geological information. 

The analysis of core samples proved the presence of mostly pyrrhotite containing 

sulphide mineralization [7]. In addition, as a result of new geological observations, 

it is known, that the area is dissected by Neogene faults with significant downthrows 

[8]. Based on previous information, the area is being prospected for base and 

precious mineralization. Furthermore, REE minerals (monacite, xenotime) were 

described [1] in the near-surface young sediments. 

 

 

Figure 1 

Satellite picture of the exploration area with the location of the measured points (ir03–ir12, 

ir22–ir29, ir30–ir35) and profiles of 2D inversions (MT-1, MT-2 and MT-3). Dashed lines 

indicate the original profile tracks 
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4. DATA ACQUISITION AND PROCESSING 

MT measurements were performed along three profiles (MT-1, MT-2 and MT-3). 

MT signals were recorded at 24 stations (Figure 1) altogether. The measurements 

were carried out with a Metronix GMS-06 24-Bit MT-System. The recordings were 

registered in three frequency bands (LF1, free, LF2), with 4096, 512 and 64 Hz 

sampling frequencies, respectively. The registration time at one station was about 

one hour.  

 

 

Figure 2 

Simplified view of an MT station as deployed at the Irota exploration area 
 

The magnetic field components were registered with induction coils, the electric 

components with non-polarizable Pb-Pb2Cl2 electrodes. The layout of the MT 

measuring system is outlined in Figure 2.  

The basic task of the MT data processing is to determine the elements of the 

impedance tensor. There are two main types of processing methods: digital 

processing using time domain filters and statistical spectral (frequency) analysis [9]. 

Here the latter one is described. 

Sign Xn the time series of the arbitrary component of the EM field, sampled at 

Δt interval (n = 1,2,…,N), where N is the number of sampling points. The real sign 

must have finite energy, therefore each record has to be transformed to zero series, 

as follows: 

 

𝑋𝑛
(𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑑)

= 𝑋𝑛 −
∑ 𝑋𝑛

𝑁
𝑛=1

𝑁
      (4) 
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After that, we form the autocorrelation (R(Hx,Hx); R(Hy,Hy)) and cross-

correlation (R(Hx,Hy); R(Hy,Hx); R(Ex,Hx); R(Ex,Hy); R(Ey,Hx); R(Ey,Hy)) functions 

of the recordings. With the Δt interval, sampled time series of the two recordings are 

Xn and Yn (n = 1,2,…,N), which should be correlated. In this case, the discrete 

correlation can be described with 

 

𝑅𝑘(𝑋, 𝑌) =
1

𝑁−𝑘
∑ 𝑋𝑛𝑌𝑛+𝑘

𝑁−𝑘
𝑛=1       (5) 

 

If we correlate the horizontal EM field components with each other, for example 

the north-south direction electric component (Ex) with the west-east direction 

magnetic component (Hy): 

 

yxyxxxx HZHZE   / corr(Hy),      (6) 

 

we will get the following equation: 

 

),(),(),( yyxyyxxxyx HHRZHHRZHER  .    (7) 

 

If we form the correlation of the same electric field component (Ex) and the other 

horizontal magnetic field component (Hx), we will receive a very similar equation: 

 

),(),(),( xyxyxxxxxx HHRZHHRZHER  .    (8) 

 

With the Fourier transform of the correlation functions, the power spectra of the 

recordings can be calculated: 

 

𝑆(𝐻𝑥 , 𝐻𝑥) = Ϝ[𝑅(𝐻𝑥 , 𝐻𝑥)]                                𝑆(𝐻𝑦 , 𝐻𝑦) = Ϝ[𝑅(𝐻𝑦 , 𝐻𝑦)]        (9–10) 

𝑆(𝐸𝑥 , 𝐻𝑥) = Ϝ[𝑅(𝐸𝑥 , 𝐻𝑥)]                                𝑆(𝐸𝑥 , 𝐻𝑦) = Ϝ[𝑅(𝐸𝑥 , 𝐻𝑦)]           (11–12) 

𝑆(𝐸𝑦 , 𝐻𝑥) = Ϝ[𝑅(𝐸𝑦 , 𝐻𝑥)]                               𝑆(𝐸𝑦 , 𝐻𝑦) = Ϝ[𝑅(𝐸𝑦 , 𝐻𝑦)]           (13–14) 

𝑆(𝐻𝑥 , 𝐻𝑦) = Ϝ[𝑅(𝐻𝑥 , 𝐻𝑦)]                               𝑆(𝐻𝑦 , 𝐻𝑥) = Ϝ[𝑅(𝐻𝑦 , 𝐻𝑥)]      (15–16) 

 

Based on this, the above presented Eqs. (7)–(8) will be: 

 

),(),(),( yyxyyxxxyx HHSZHHSZHES                (17) 

),(),(),( xyxyxxxxxx HHSZHHSZHES  .              (18) 

 

They can be handled as a system of linear equations. Expressing Zxx from one of 

these equations and substituting it into the other equation, Zxy can be calculated. 

Similarly, if Zxy is expressed and substituted into the other equation, Zxx can be 
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derived. The correlation of the other electric field component (Ey) with both 

magnetic field strengths (Hx, Hy) will result in an equation system from which the 

Zyx and Zyy can be expressed. 

 

),(),(),( yyyyyxyxyy HHSZHHSZHES                (19) 

),(),(),( xyyyxxyxxy HHSZHHSZHES  .                 (20) 

Performing the above-presented method, the elements of the impedance tensor 

can be derived from the power spectra as a function of the frequency: 

 

𝑍𝑥𝑥(𝑓) =
𝑆(𝐸𝑥,𝐻𝑥)𝑆(𝐻𝑦,𝐻𝑦)−𝑆(𝐻𝑦,𝐻𝑥)𝑆(𝐸𝑥,𝐻𝑦)

𝑆(𝐻𝑥,𝐻𝑥)𝑆(𝐻𝑦,𝐻𝑦)−𝑆(𝐻𝑦,𝐻𝑥)𝑆(𝐻𝑥,𝐻𝑦)
               (21) 

𝑍𝑥𝑦(𝑓) =
𝑆(𝐻𝑥,𝐻𝑥)𝑆(𝐸𝑥,𝐻𝑦)−𝑆(𝐸𝑥,𝐻𝑥)𝑆(𝐻𝑥,𝐻𝑦)

𝑆(𝐻𝑥,𝐻𝑥)𝑆(𝐻𝑦,𝐻𝑦)−𝑆(𝐻𝑦,𝐻𝑥)𝑆(𝐻𝑥,𝐻𝑦)
               (22) 

𝑍𝑦𝑥(𝑓) =
𝑆(𝐸𝑦,𝐻𝑥)𝑆(𝐻𝑦,𝐻𝑦)−𝑆(𝐻𝑦,𝐻𝑥)𝑆(𝐸𝑦,𝐻𝑦)

𝑆(𝐻𝑥,𝐻𝑥)𝑆(𝐻𝑦,𝐻𝑦)−𝑆(𝐻𝑦,𝐻𝑥)𝑆(𝐻𝑥,𝐻𝑦)
               (23) 

𝑍𝑦𝑦(𝑓) =
𝑆(𝐻𝑥,𝐻𝑥)𝑆(𝐸𝑦,𝐻𝑦)−𝑆(𝐸𝑦,𝐻𝑥)𝑆(𝐻𝑥,𝐻𝑦)

𝑆(𝐻𝑥,𝐻𝑥)𝑆(𝐻𝑦,𝐻𝑦)−𝑆(𝐻𝑦,𝐻𝑥)𝑆(𝐻𝑥,𝐻𝑦)
               (24) 

 

The WinGLink MT data processing software follows this statistical spectral 

analysis, but it uses an extra accuracy and stability increasing method published by 

Sims et al. [10]. It calculates the main impedances (Zxy, Zyx) four different ways and 

accepts the expected value of these as a final result. 

After the estimation of the impedance tensor, the apparent resistivity and 

impedance phase can be derived as follows: 
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5. RESULTS 

Apparent resistivity and impedance phase graphs were produced after the estimation 

of the impedance tensor. The impedance tensors were rotated into profile direction. 

These formed the input parameters for the 2D inversion. The nonlinear conjugate 

gradients algorithm [11] was used for the 2D inversion of the three sections.  

It can be seen on the MT-1 section shown in Figure 3 that the Paleozoic Basement 

can be found in a deeper and deeper position southward. In the Palezoic basement – 

which can be considered as an insulator – an extremely well conducting rock body 

appears (Figure 3). This zone probably contains sulphide mineralization, according 

to drillhole information (Fv-1, Gad-1)  [1]. The top of this conductive body can be 
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found at 500 m depth. From the succession of the Felsővadász-1 well the depth of 

the Paleozoic Basement was extrapolated along the section. 

As we can see in Figure 3, the resistivity of the Paleozoic Basement is about 100–

200 m on the figure of the MT-1 section. However, it decreases below –300 m 

(above sea level) and can be lower than 50 m. Above the boundary of the Neogene 

and Paleozoic rocks, additional lower resistivity zones can be observed. They can 

signal shaly or weathered sedimentary units. 

 

 
Figure 3 

2D inversion model of the MT-1 section. Fv-1 indicates a borehole, which penetrated 

pyrrhotite-bearing zones. The dashed line indicates the Paleozoic basement, the boundary 

of the Neogene and Paleozoic rocks 

 

The aim of the investigation in the MT-2 (ir22-ir29) section was to find the 

continuation of the low resistivity zone that was recognized in the MT-1. It was 

confirmed after the evaluation of MT-2 that no similarly well-conducting zone can 

be found in the MT-2 section (Figure 4). To clarify the cause of the very different 

resistivity distribution under the two profiles, the MT-3 profile was measured 

between the two sections. 

On the 2D resistivity picture of the MT-2 and MT-3 sections (Figures 4 and 5), a 

relatively high resistive (above 100 m) and thick (200–300) body appears. This 

means that the low resistivity zone of the MT-1 section does not have continuity 

towards the west. The northern part of the MT-2 and MT-3 sections was 

complemented with the ir03 and ir04 stations. These belong originally to the MT-1 

profile. 
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It can be observed in Figure 4 that the deepening of the basement southward is 

not as characteristic as in the case of the MT-1 section. Interestingly, the horizontal 

resistivity map in Figure 6 raises the possibility of a SSW-NNE direction fault zone. 

 

 
Figure 4 

2D inversion model of the MT-2 section 

 

6. CONCLUSION 

A significant low resistivity zone appears clearly on the image of the MT-1 profile, 

at a depth of about 400–500 meters under Stations ir06, ir07 and ir08. The image of 

the middle (MT-3) section is quite different; a relatively high resistivity zone is 

observable there. 

Since the low resistivity zone does not appear on the 2D inversion image of the 

western (MT-2, MT-3) profiles, the anomaly may continue towards east. It is also 

conceivable that the anomaly does not link to a structural fault, but is the 

manifestation of a local post volcanic effect. In this case, the extension of the low 

resistivity unit may not be so significant.  
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To find the geological cause (sulphide, graphite, clay mineralization) of this 

anomaly (MT-1) and to clarify the geometry of the low resistivity body, further 

geophysical and geological investigations (especially exploration drilling) are 

needed. In addition, the application of the induced polarization (IP) method has to 

be taken into consideration, because of the presence of pyrrhotite. With the 

measuring of the MT-3 profile, it became possible to build a 3D geophysical model. 

This has a great importance, because the geoelectric structure of the exploration area 

shows a significant 3D effect, therefore the 2D approximation is uncertain.  

 

 
Figure 5 

2D inversion model of the MT-3 section 
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Figure 6 

Horizontal distribution of the resistivity, 100 m below sea level. The magnetic anomaly 

(bordered with red line) covers almost the whole MT exploration area [12] 

 

The assumed hydrothermal system can modify the physical parameters of the 

rocks strongly. In this case, the magnetic susceptibility has been increased (pyrrhotite 

enrichment), and the resistivity has been increased (silification) or decreased (clay 

mineralization). In the inversion, we could not take into consideration the induced 

polarization phenomenon. Furthermore, our model supposes an isotrope medium, 

but the succession has petrological anisotropy, which influences the electromagnetic 

wave propagation. 

These factors increase the uncertainty of the interpretation. To create a more 

reliable geological model, further information (IP, seismic and drilling) should be 

taken into consideration. The next key step of this MT project is to make 3D 

inversion with the data from the 24 stations. 
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8. LIST OF SYMBOLS 

Symbol Description Unit 

a absorption coefficient 1/m 

ds skin depth m 

E  electric field intensity vector V/m 

H  magnetic field intensity vector A/m 

f frequency Hz 

ω angular frequency rad/s 

σ conductivity S/m 

μ magnetic permeability H/m (Vs/Am) 

ε permittivity F/m 

φ impedance phase degree 

ρ resistivity ohmm 

ρa apparent resistivity ohmm 
Z  impedance tensor – 
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