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Introduction
Faults are geological phenomena that cause the displacement of 

anomalies and surface and subsurface layers and fractures. A resistivity 
section resulting from magnetotelluric data inversion can illustrate a 
correct image of the layers and subterranean abnormalities to depths 
of several kilometers in a region. In some cases, in these resistivity 
sections, because faults can be a source of water accumulation due 
to the gap between the two walls, they can have resistance anomalies 
along the fault line. On the other hand, changes and displacements in 
layers and abnormalities can help analyze and determine the position 
of faults in the region. The magnetotelluric method is a frequency 
electromagnetic (EM) tool that uses natural variations in the Earth’s 
Electrical and magnetic field as an input source. Variations in the 
Earth’s natural fields provide information and the ability to study the 
Earth’s electric substructure at great depths. The extensive frequency 
range of EM signals eradicates the problematic presence of conductive 
overburden or sampling frequencies, allowing deep penetration. 
Natural MT signals arise from a variety of natural currents, including 
solar winds and thunderstorms. The frequency range of MT data can 
be from 40 kHz to less than 0.0001 Hz. The data is acquired in a 
passive mode applying a combination of electric sensors and induction 
coil magnetometers and can detect resistivity changes to great depths.1

Researchers such as Cagniard2 and Tikhonov3 developed the theory 
underlying the magnetotelluric method independently in the1950’s. 
They have observed that the electric and magnetic fields associated 
with telluric currents that flow in the Earth due to variations in the 
Earth’s natural electromagnetic field should relate to each other in a 
certain way depending on the electrical characteristics of the Earth. 
The ratio of the horizontal electric field to the orthogonal horizontal 
magnetic field gives the electromagnetic impedance. An essential 
advantage of the MT method is that it concurrently measures the 
electric and magnetic fields in two perpendicular directions. The 

electric sensors determine the electric field obtained from measuring 
the voltage difference between electrode pairs Ex and Ey. Induction 
coils measure the magnetic field components in three orthogonal 
directions. The ratio of the recorded electric and magnetic fields gives 
an estimate of the Earth’s apparent resistivity at any given depth.

Faults can move layers to great depths in the earth’s crust. The 
MT method can be a beneficial approach for fault detection. The total 
faults of the Sabalan region, in general, have expanded in two forms 
of linear and arcuate.4 The cracks and fractures caused by these faults 
have caused the region to be very prone to geothermal reserves in the 
country. So far, faults in the Sabalan area have not been investigated 
using magnetotelluric data. However, in Iran and other countries, the 
mechanism of many significant faults has been investigated using 
magnetotelluric data.5–7 In Sabalan, the first magnitude data was 
acquired in 1998 containing 212 soundings,8 and the study of the 
Sabalan geothermal area has several years of history. In the following 
years, the acquisition of magnetotelluric data in this region with a 
frequency range of 0.003 Hz to 320 Hz was carried out in 13 stations 
in order to investigate more Sabalan geothermal field. In this paper, 
using these valuable MT data, processing and performing accurate 
interpretation, including observations in the site, we seek to alginate 
the faults in the southern part of the Sabalan region.

Geology of the area

Geological problems of the Sabalan area, including tectonic 
conditions, structural dynamics, and geothermal, are mainly related 
to Sabalan volcano activities. In terms of tectonics, the studied area 
is part of the Sabalan slopes, which is part of Azerbaijan’s highland 
plateau. The tectonic activity of the area is affected by tectonic 
plates, where the Caspian, Eurasian and Arabic plates encounter. The 
lithology variation of outcrops in the study area is related to rock unit 
formation in different volcanic phases. In Sabalan geological maps, 
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Abstract

Sabalan, with an elevation of 4,811 meters, is the second-highest mountain located in the 
Alborz mountain range in northwestern Iran. Although it is an inactive stratovolcano, the 
overall system of faults around the Sabalan peak can be considered as two common groups 
of linear and arcuate faults. Faults with the linear structure are mainly observed along with 
the NW-SE and N-S directions at the southern part of Sabalan. Arcuate faults around the 
Sabalan volcano are almost coincided with the crater of the volcano and have led to the 
penetration of volcanic masses. In this study, magnetotelluric data modeling was performed 
on one profile (“namely the MM profile”). The profile includes both types of fault systems 
in the region. By assessing and interpreting the resistivity section of the MM profile by 
2D magnetotelluric data inversion, we have clearly detected the faults by features such 
as displacement and sudden changes in resistivity anomalies forming conductive zones 
with low resistivity anomaly along with the profile. The MM profile has almost continuous 
conductive anomaly (<30 Ω-m) between elevations of 1000 to 3000 m except in the eastern 
side, where a resistive block is found from the surface down to lower depths. Eight faults 
were detected across the MM profile. Our final represented geology section is consistent 
with actual observations and 2D magnetotelluric data inversion and prior studies.
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especially in the studied area in the Moeil Valley, no significant rock 
outcrops have been shown, and alluvial deposits are predominantly 
observed. Sabalan’s early activities have begun from Eocene, but the 
main activity that started the Sabalan Mountain began in Pliocene and 
continued until after the last frost. This volcano’s material has been 
derived from deep magma but is influenced by complex processes, 
which the most important of them are digesting and disintegrating 

two magmas and crystallization. The evolution of Sabalan magma has 
taken place over a long time.9

Based on existing rock-time units in the area, the foreign experts of 
the New Energy Organization of Iran have divided the Sabalan region 
into four main units,10 introducing four formations with local names. 
The situation and arrangement of these formations are presented in 
Table 1.11 The description of the four formations is as follows:

Table 1 Formation sequence of Sabalan Region11

Period Epoch Formation Petrological description

Quaternary Holocene Dizue Alluvial deposits, cones

Pleistocene
Late Kasra Domes and lava flows of Andesite trachea with tuff, larch and andesite slices

Early Tous Domes and lava duct traps and Andesite trachea

Tertiary
Pliocene

Valhazir Daisies and lavender enzymes

Tuffs, larvae and pitcher cuttings

I. Dizue: The main part of the Dizue Formation consists of 
discontinuous Alluvial deposits with variable thickness. The 
most developed parts of this formation are in the Moeil and 
Dizou Valleys. The thickness of this alluvial set varies from 10 
to 150 meters at different locations.

II. Kasra: The Kasra Formation is mainly associated with outcrops 
of andesite-trachea volcanic lava, mostly located in the upper 
parts of Sabalan, formed after forming the crater. The dispersion 
of the Kasra formation rocks is in the southeast that forms the 
upper parts of the Sabalan Mountains.

III. Tous: Most of the Tous formation consists of lava flows of 
dacite-trachea, andesite-trachea, and Rhyolite, which are 
dispersed in the form of dwarf domes and larches. The outcrops 
of the Tous formation are located in the northern parts.

IV. Valhazir: Valhazir formation is formed from trachea-andesitic, 
tuff, and cavernous slab lava flows. The rocks of this formation 
with a thickness of at least 1000 m include trachea-andesitic 
lava, tuff, and pitcher cuttings. One of the essential features of 
the Valhazir formation is the development of thermal alteration 
in trachea-andesitic rocks.

The fault system and linearity are studied by.4 In general, they have 
categorized and grouped the faults in the region into two groups of 
linear faults structures and arcuate fault structures: For linear fault 
structures, most of Sabalan linear structures have NW-SE and NE-
SW orientation. A significant and long fault in the region with NW-SE 
orientation located in the west and northwest of Sabalan is the leading 
cause for forming the Moeil Valley (with the trend of NW-SE). The 
arcuate structure of this arcuate fault around the Sabalan volcano is 
more or less in line with the crater of the volcano and is visible at 
the site of a sudden change in the topographic slope. The formation 
of this fault is associated with volcanic activity and has led to the 
penetration of volcanic masses. The set of these faults are shown in 
Figure 1 with a simplified geological map of the region. In Figure 2, 
the curve for fault stretches is shown for the study area. The main 
stretches are toward NW and NE. These fault sets are derived from 
geological maps and digital maps of Sabalan’s geothermal field.12

Figure 1 Location of MT stations and simplified geological map of the Sabalan 
region. 
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Figure 2 Curve for fault stretches in the study area. 

Methods
The magnetotelluric method is a passive surface geophysical 

procedure which uses natural Earth electromagnetic fields to 
investigate the structure of substrate electrical resistance.2 In this 
method, electromagnetic waves acquire information from depths 
of the earth according to their frequency and specific resistance of 
the layers. Using the impedance tensor, which relates the horizontal 
components of the magnetic field to the horizontal components 
of the electric field, one can extrapolate the characteristic specific 
resistance and impedance phase to interpret the magnetotelluric data. 
The tensor analysis provides an impedance analysis of the degree of 
heterogeneity in the environment and distribution of the MT field with 
heterogeneity, which allows the determination of geological structures 
and the calculation of their size and extension:13 
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Where Z represents the apparent impedance at a specified 
measuring station. can be calculated using eq.2. 
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Where . .i j x y= and EiØ , HiØ  are the electric and magnetic field’s 

phases, respectively, and the impedance phase is obtained by eq.3, 
within a homogeneous field.

                                det XX YY XY YXZ Z Z Z Z= −
                                           (3)

This tensor provides information for conductivity, strike and 
the dimension of conductor structures. The time series measured in 
different frequency bands are converted to the frequency domain. The 
transverse power spectrum is calculated to estimate the impedance 
tensor as a function of frequency. The determinant of the impedance 
tensor, known as effective impedance, is defined by eq.4.14 

                        det XX YY XY YXZ Z Z Z Z= −                                    (4)

By using the determinant of impedance tensor, the apparent 
velocity is calculated (see eq.5) where 0µ  and ω  are magnetic 
permeability of free space and angular frequency respectively.
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In a two-dimensional ground, electrical conductivity is constant 
along a horizontal direction (if it is specified; the same direction as the 
Strike in the geological plane). The Maxwell equations are partitioned 
into two independent polarization modes of TE (electric field parallel 
to the geological Strike) and TM (flow current perpendicular to 
geological Strike). On Earth, a hypothetical coordinate system 
is considered, in which the x-axis is parallel with the strike of the 
structure (the y-axis is along with the profile), and the profile is 
perpendicular to the z-axis and faces downward. In this situation, the 
components of the magnetic field and the electric field in TE mode are 
Hz, Hy, and Ex, respectively. In this mode, the electrical currents are 
parallel to the subsurface structure. The magnetic and electrical field 
components described in TM mode are Ey, Hz, and Hx, respectively. 
In a one-dimensional and two-dimensional fields where the field data 
components are acquired along, and perpendicular to the strike, the 
components of the primary diameter of the impedance tensor have 
zero values. Generally, the TE mode is useful for detecting deep, 
and nonconductor structures and TM modes are useful for detecting 
shallow and conductive structures.15 Diagnosis of TE and TM modes 
was performed using polarization diagrams in each sounding for this 
study.

The components of the  impedance (Z) tensor are obtained 
from the mixed ratios of orthogonal elements of horizontal electric 
and magnetic fields in the frequency domain. In our case, all the 
measurement stations are located over a line. The data only allows 
the application of a two-dimensional interpretation process which 
requires identification of TE and TM modes agreeing to electric 
and magnetic fields parallel to the geological strike, respectively. 
Because the geological strikes are not known in priorly, the elements 
of electromagnetic fields are measured in geomagnetic or optional 
directions, and the impedance tensor is rotated to main axes. The 
direction of strike often changes with depth in the field and, therefore, 
the rotational angle changes at each frequency. For two-dimensional 
structures, there are various conditions and consequently, many 
potential schemes to determine the rotational angle.1 Here, we have 
decreased the diagonal elements of the impedance tensor. There 
are two potential strike directions for a specific frequency, and the 
interpreter identifies the TE and TM modes employing geological 
and geophysical information. In the MT method, the properties of 
the rocks resistivity tensor are determined by measuring the natural 
time of vertical components in magnetic and electrical fields. In these 
measurements, two components of the electric field (Ex and Ey) and 
three components of the magnetic field (Hx, Hy, and Hz) are measured. 
Two sets of non-polarizing electrodes measure the electric fields, and 
two sets of perpendicular inductive coils measure the magnetic field. 
The arrangement of electrodes and electromagnetic coils in the MT 
data acquisition is presented in Figure 4. The magnetotelluric data 
was acquired in the Sabalan region with MTU-5A instrument with a 
frequency range of 0.003 to 380 Hz. The location of MT stations and 
the designed profile MM is shown in Figure 4. The MT data were 
acquired using three sets of MTU-5A equipment, two roving sites 
within Mt. Sabalan and one remote reference site. The raw time series 
data were processed using the Phoenix Geophysics, Ltd. SSMT2000 
software16 and the resulting EDI files were edited, analyzed and 
modeled using the Geosystem’s WinGlink software.17 Overall, the MT 
data obtained were of good quality down to 0.01 Hz. 
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Figure 3 Arrangement of electrodes and coils in MT data acquisition. 

Figure 4 The topography map including the location of stations, Faults and the MM Profile in the region. The black line shows the MM profile. 
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Results and discussion
Data processing consists of two general steps. In the first step, 

MT data is transmitted to the frequency domain. The second step 
involves calculating the components of the impedance tensor, using 
frequency spectra. The response function can be used to calculate 
models to limit the noise. The data was acquired in several stages to 
limit the model parameters of response functions. These operations 
include a study on the initial obtained values, sample diversity and 
signal-to-noise ratio.13 In an area consisting of homogeneous or 
horizontal layers without noise, the apparent resistivity is easily 
calculated by measuring the amplitude of the Ex and Ey at one time 
and frequency and multiplying it with the square ratio of the obtained 

values. This operation can be performed for all frequency portions in 
order to determine the curve values.14 For final editing and resistivity 
modelling in this research, the WinGlink17 software was used. The 
MM profile with an approximate length of 12 km is located east-
west at the southern part of the Sabalan volcano. The modelling was 
carried out on 13 stations along with it. Figure 5 shows the data of four 
stations, 220, 238, 244, and 248 in the form of resistivity and phase-
frequency for the frequency range. During the acquisition of MT data, 
at some stations, due to bad weather conditions (i.e. snow, wind) or 
situated along the steep and rocky flanks of the Sabalan mountain, 
some data were edited or deleted from the impedance tensor elements. 
After these considerations, the data was used for inversion.

Figure 5 The elements of the impedance tensor Zxy and Zyx for stations 220, 238, 244 and 248. In each subplot, the blue squares and the red circles stand for 
yx and xy respectively. 
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Based on18 for dimensional analysis of MT data from impedance 
tensor, the skew values were calculated for all stations at required 
frequencies. The result is shown in Figure 6. A maximum error of 
5% was applied to the impedance values of the 13 MT stations. This 
quantity shows the asymmetry in the environment. The results show 
that for most frequencies, this value is below 0.2, indicating that those 
structures are mostly 1-dimensional and 2-dimensional. The inversion 
accuracy is checked in Figure 7 by comparing the measured pseudo 
sections (field data) of phase and resistivity with calculated pseudo 
sections (model response). High diversity indicates a flaw in inversion 
results. The pseudo sections derived from inversion of MT data along 
the MM profile are shown separately for each of the TE and TM modes. 
These sections represent a good match between the field data and the 

model response, indicating an accurate in inversion. Dimensionality 
analysis of the measured data, based on the phase-sensitive skew,19 
reveals that skew values are less than 0.3 for most stations and periods 
and the whole data set may be regarded as 2D (Figure 6). The phase 
tensor scheme20 was employed to provide estimates of regional geo-
electric strike direction for all profiles evinces that a significant strike 
direction of 0˚ is quite reasonable for the study area. Accordingly, 2D 
inversions were applied to the un-rotated impedance data Figure 7. In 
Figure 8, the resistivity sections are derived from 2D inversion of MT 
for each mode of TE and TM. As mentioned, each of these modalities 
can be investigated for examining different structures. In this paper, 
using the combination of both TE and TM modes, the final resistivity 
section was modelled, examined and interpreted. 

Figure 6 Skew Parameters for 13 MT Stations. 

Figure 7 Pseudo resistivity and phase sections derived from inversion of MT data on the MM profile, including TM and TE modes. a) Observed pseudo resistivity 
for TM mode, b) Observed pseudo resistivity for TE mode, c) Calculated pseudo resistivity for TM mode, d) Calculated pseudo resistivity mode for TE, e) 
Observed phase for TM mode, f) Calculated phase for TM mode, g) Observed phase for TE mode, h) Calculated phase for TM mode. 
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Figure 8 Resistivity section derived from inversion of MT data on the MM profile for a) TM method and b) TE method. 

The position of the primary faults FLM1, FLM2, FLM3, FLM4, 
FLM5, FLM6, FLM7, and FLM8 that interrupt the MM profile 
is shown on the topographic map of the area (Figure 4). Figure 9 
shows the results of the 2D inversion of MT data by combining TE 
and TM modes along with the MM profile to a depth of 4.5 km. The 
main characteristic of this section is the continuity of an anomaly 
(conductor) with a resistivity of lesser than 30 ohms at elevation 1000 
to 3000 meters above sea level, except in the eastern part of the block 
where a high-resistivity block is present from deep depth to lower 
depths. This conductive anomaly reflects the geothermal flow that 
extends from the southwest of Sabalan to the Moyel Valley in the west 
of Sabalan.21 There is a perfect match between the fault structures in 
the region with outcrops of the faults on land and the result of 2D 
MT data inversion. In the final electrical resistivity section (Figure 9) 
FLM5 and FLM1 faults located near stations 238 and 23, respectively, 
have been detected due to the presence of resistivity anomaly between 
30 to 100 ohms. Surface water penetrations from the surface to deep 
depths along the strike of these faults has made them visible in the 
resistivity section. The same feature is visible for the FLM6 fault 
located near station 232 with low resistivity contours.

Moreover, the FLM6 fault is detectable on the resistivity section 
with displacement and transportation of the low resistivity anomaly. 
Other faults (between station 6 and 244) detected by displacement 
and in some areas by the transportation of the low resistivity anomaly 
from depths 3000 above sea level to the surface. Figure 10 shows the 
geology of the region for the MM profile. This section is achieved 
by integrating the geological data of the region with the resistivity 
section resulting from an inversion of the MT data. According to the 
geological information of the area, the geothermal current observed 
in Figure 8 with a low resistivity of 20 ohms from ground level up to 
a height of about 1000 m above sea level can be due to the trachea-
andesite alteration flow that extends from the southern part of Mount 
Sabalan to the western and northern parts of Sabalan. On the other 
hand, in the resistivity section, in deeper depths, an intrusive mass 
with a high resistivity exists. This high resistive mass can also be an 
intrusive mass that is associated with volcanic activity in this area, 
such as a dome of Kasra21 which is shown in the geologic section as an 
intrusive multiphase complex. The geological formations of the area 
are also well-marked in the geology section.

Figure 9 The final electrical resistivity (TE+TM) along with MM profile. 
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Figure 10 The final geology section derived by the inversion of MT data and geological evidence for the MM profile. 

Conclusion
Since Faults can move the geological layers to a great depth 

inside the earth’s crust, the MT method can be beneficial for their 
investigation. In this research, the inversion of magnetotelluric data 
has well illustrated the faults of the southern volcano of Sabalan. 
Modelling along a magnetotelluric profile including 13 MT stations, 
the resulting resistivity from the inversion of these data was derived up 
to a rough depth of 4.5 km. The system of faults in the Sabalan region 
is generally arcuate and linear. These faults cut in MT profile in 8 
areas. Investigation and interpretation of MT resistivity profile clearly 
show that some of the faults in this region, including FLM5, FLM1, 
and FLM6 are detected with linear resistivity features along with the 
fault line. This feature is detectable due to the interface of surface 
water along with fault fractures. Other faults in the resistivity section 
are detected by sudden resistivity changes which coincide with the 
displacements of layers. The features and structures detected by the 
MT profile have consistency with the geology and field observations.
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