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ARTICLE INFO ABSTRACT

Keywords: Reservoirs of interest for resource exploration, including geothermal and hydrocarbon reservoirs, commonly
Electrical Resistivity have an impermeable cap, which traps fluids below. Identifying this boundary is important for resource devel-
Magnetotellurics opment. The cap rock for hydrocarbon reservoirs in southwest Iran contains evaporites and thus some
:Z;:ir:ify geophysical exploration methods, specifically seismic reflection, have faced problems recovering subsurface
Cap Rock information in this environment. As an alternative, we generate an electrical resistivity model from magneto-
Evaporite telluric (MT) data. Furthermore, we consider three-dimensional triaxial electrical anisotropy, which is rarely

done. The study objectives are to a) define and map the boundary between the cap rock and the principal
reservoir, b) characterize geological and tectonic formations in the area, and c) analyze the tectonic factors
influencing the evolution of the region. A total of 359 MT measurements were acquired across the Sarab field in
an array consisting of five profiles separated by >2000 m with a measurement spacing of >200 m. Transient
electromagnetic (TEM) measurements were co-located with the MT measurements at 181 locations and used to
correct for static shifts. Isotropic and anisotropic inversions of the MT data were performed, using all impedance
tensor elements. The anisotropic electrical resistivity model exhibits both a significantly better alignment with
the depths of geological formations known from drilling data and a better fit to the data. Therefore, the boundary
between the primary cap rock and principal reservoir, the Gachsaran and Asmari formations, is defined and
mapped across the survey area. In addition, major tectonic and fault-related features in the region are identified.

Zhdanov et al., 2011). In these situations, a successful exploration pro-
gram should take alternative and/or complementary approaches (Strack
et al., 1991; Martini et al., 2005; Jones and Davison, 2014).

1. Introduction

The use of geophysical methods is an essential requirement for a

better understanding of subsurface structures, and this is also true for
characterizing regions for resource exploration, including geothermal
and hydrocarbon reservoirs (Johansen et al., 2005; Constable and Weiss,
2006; Liang et al., 2012; Sun et al., 2015; Rajab and Tarazi, 2017; Al-
Farhan et al., 2019). The seismic reflection method is a standard
exploration tool; however, despite its successes, there are situations
where the seismic reflection method cannot provide reliable information
about subsurface structures (e.g., Oz Yilmaz, 2001). These situations can
occur, for example, when a high velocity layer or a plastic layer causes
signal attenuation and/or de-focusing of the seismic waves (e.g.,

* Corresponding authors.

In recent decades, among various geophysical methods, electro-
magnetic (EM) methods have received particular attention to comple-
ment seismic data suffering from the shortcomings listed above (e.g.,
Zhdanov et al., 2011). Various EM methods have been used in the
exploration for resources, and, in particular, the magnetotelluric (MT)
method — which allows deep soundings — is efficient and inexpensive
in comparison to seismic methods (Watts and Pince, 1998; Matsuo and
Negi, 1999; Travassos and Menezes, 1999; Hoversten et al., 2000;
Hoversten et al., 1996; Martini et al., 2005; Xiao and Unsworth, 2006;
Zhang et al., 2014; Strack, 2014; Mansoori et al., 2015, 2016;
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Sarvandani et al., 2017).

The Sarab field is located in the Gachsaran region, southwest Iran,
and is the second largest hydrocarbon-producing region in Iran (e.g.,
Murris, 1980; Edgell, 1996). The Gachsaran Formation is characterized
by significant lithological diversity — predominantly composed of cyclic
deposits of marine carbonates, nodular gypsum-anhydrite, and red or
variegated marls — and thickness variations, due to tectonic processes
such as faulting and thrusting (Gill and Ala, 1972; Mahmoodabadi,
2020). While the formation's original sedimentary thickness is uncer-
tain, estimates suggest it can reach up to 3500 m in certain areas (e.g.,
James and Wynd, 1965). Towards the basin margins, clastic facies
dominate with thicker limestone and marl intervals, whereas the basin
centre features more expansive evaporite deposits and thinner clastic
layers. These variations reflect the asymmetric basin's depositional
environment, with greater subsidence and evaporitic activity central-
izing halite and anhydrite deposition (Gill and Ala, 1972; Mahmooda-
badi, 2020). A map of the geological formations in the study area is
shown in Fig. 1 and an example of a lithostratigraphic column for the
Gachsaran formation is shown in Fig. 2.

The existence of evaporites in the formation acts to reduce the
quality of seismic data, creating challenges for exploration. In terms of
electrical resistivity, there is a large contrast between the cap rock for-
mation (Gachsaran) and the reservoir layer below it (the Asmari for-
mation), and thus electrical methods can provide useful information (e.
g., Key et al., 2006; Zhdanov et al., 2011; Moorkamp et al., 2016). In
recent years it has become increasingly clear that subsurface electrical
anisotropy — that is, a dependence of the electrical resistivity with di-
rection — is not uncommon and is associated with the processes that
shape sedimentary basins and tectonic structures (e.g., Lee et al., 2024).
Layering, preferential mineral orientation, aligned fractures, and fault-
related deformation can all produce electrical anisotropy (whether on
a micro or macro scale) and influence MT responses (e.g., Marti, 2014).

sss Fault
— Geology section

e MT Station
® Well
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Ignoring anisotropy may lead to artefacts in isotropic models or to a
misplacement of formation boundaries (Bedrosian et al., 2019; Kong
et al., 2021; Lee et al., 2024). In regions dominated by evaporites the
potential for electrical anisotropy is particularly high because the ductile
flow of salt and fault-controlled deformation introduces inherent fabrics
and heterogeneity in the subsurface that act to preferentially guide
electrical currents (e.g., Melendez Martinez and Schmitt, 2013).
Therefore, by explicitly incorporating electrical anisotropy into sub-
surface models, it is not only possible to improve the fit between
modelled and observed data but also to obtain a more geologically
realistic model.

The purpose of this study is to generate electrical resistivity models
from MT data in order to identify the distribution of different geological
formations, especially the Gachsaran cap rock and Asmari reservoir
formations, and to characterize the (controlling) tectonic structures in
the area of the Sarab field. Therefore, data from the Sarab field is used as
a case study to show that addressing electrical anisotropy is not merely a
subtle refinement of standard practice, but is an essential step towards
reducing uncertainty in subsurface imaging and reservoir exploration.

2. Geological background

The vast majority of hydrocarbon reservoirs in Iran are located in the
Zagros region (Motiei, 1995). The region was formed by continuous
sedimentation, with only minor interruptions, from the Triassic to the
Miocene periods (e.g., Sherkati and Letouzey, 2004). Lack of volcanic
and metamorphic phenomena, low scattering of Paleozoic rock out-
crops, and a large number of relatively big anticlines along small syn-
clines are other geological features of the Zagros region. The Zagros
region is located in the western and southwestern parts of Iran, on the
eastern coast of the Persian Gulf. It has a northwest-southeast geological
trend and extends for more than 1500 km.

46° 50° 540 58° 62°
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Fig. 1. Map of the study area. Geological formations are coloured. The Mountain Front Fault, the TS1 fault, and the TS2 fault are marked with dashed red lines. A
geological section runs along the thin black line. The locations of several drilling wells are marked with black dots. MT + TEM measurement locations are marked
with grey circles. Map adapted from O'B Perry and Setudehnia (1966) and Narimani et al. (2012). The inset map shows the tectonic setting (modified from Filbandi
Kashkouli et al., 2025) with the red square indicating the study area. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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Formation | Member #| Thickness(m) | Lithology Lithology description
Mishan Marl and Marly Limestone
7 140 Alternating Anhydrite, Marl, Marly Limestone
Alternating Anhydrite, Red Marl and Limestone,
6 225
Salt
5 323 Marly Anhydrite Alternating with Limestone
Thick salt beds Alternating with Marl, Limestone
4 874 .
or Anhydrite
Gachsaran
3 229 Anhydrite with Salt and Limestone
2 114 Salt with thin Limestone and Anhydrite
1 40 Thick Anhydrite and Limestone
Asmari Limestone, Dolomitic Limestone

Anhydrite Salt

Limestone Marl

Fig. 2. An example of a lithostratigraphic column for the Gachsaran Formation, prepared in the Rag-e Sefid field (modified from Mahmoodabadi, 2020).

The Zagros region is located on the boundary of the Eurasian and
Arabian continental plates and was formed by collision and orogeny
during the Cenozoic era (e.g., Takin, 1972; Agard et al., 2005). A large
number of parallel folds along the northwest-southeast direction were
formed by the collision. They are now seen as anticlines and mountains
with high peaks reaching up to 3600 m above sea level. Most of the
hydrocarbon reservoirs in the Zagros basin are related to calcareous and
carbonate reservoirs (Motiei, 1995). The most important reservoirs are
those embedded in the Asmari Formation of Oligocene-Miocene age,
followed by the Sarvak Formation (below; part of the wide-spread
Bangestan Group) with Cretaceous age (Sherkati and Letouzey, 2004).

In fact, the Asmari Formation contains one of the largest hydrocar-
bon reservoirs in the world, varying in thickness from a few meters to
over 500 m (James and Wynd, 1965; Colman-Sadd, 1978). This for-
mation is mainly composed of dense limestone and dolomite. Above the
upper horizon of the Asmari Formation lies the Gachsaran Formation,
which contains anhydrite, marl, salt, and a small amount of limestone
and shale. It covers more than 90 % of the study area and, according to
Motiei (1995), the evaporites in the formation make it an ideal cap rock
for preserving the hydrocarbon reservoirs of the Asmari Formation
below, due to their very low permeability and porosity.

In this region, the most significant structural feature is the Mountain
Front Fault (MFF) (Falcon, 1961; Berberian, 1995), which is located in
the northeastern part of the study area (see the map in Fig. 1). The TS1
fault is present in the southwestern part of the study area (Narimani
etal., 2012) and a small segment known as the TS2 fault is located in the

central part of the study area. The Mountain Front Fault, which is pri-
marily a thrust fault, is one of the key tectonic structures in the Zagros
region, marking the boundary between the Zagros Fold-Thrust Belt (to
the north; with evidence for thin-skinned and thick-skinned deforma-
tion) and the Khuzestan Basin sedimentary plains (to the south) (e.g.,
Falcon, 1961; Berberian, 1995). Additionally, this fault is considered the
main basement fault, characterized by strong topographic variations and
structural prominence along its length, serving as the primary focus of
major seismic activity (Berberian, 1995; Talebian and Jackson, 2002).
The influence of the Mountain Front Fault in the central Zagros (Izeh and
Dezful embayment) has been well studied (e.g., Sherkati and Letouzey,
2004; McQuarrie, 2004; Sepehr et al., 2006).

A notable elevation difference is observed across the fault, reaching
up to 600 m within a horizontal distance of approximately 500-1500 m.
Several studies have attributed this surface elevation difference to
basement uplift in the hanging wall (Sherkati and Letouzey, 2004;
Sepehr et al., 2006). The topographic and structural front of the fault,
with its irregular geometry, reflects embayments and salients along its
trace (Sherkati and Letouzey, 2004). The absence of surface thrusting
and the limited availability of high-quality seismic data along the fault
have complicated its interpretation (Narimani et al., 2012). Berberian
(1995) referred to concealed segments of this thrust fault, with lengths
ranging between 15 and 115 km, extending over a total length of 1350
km along the Zagros Belt. McQuarrie (2004) attributed the formation of
this fault to the accumulation of Hormuz Salt beneath the Zagros hin-
terland and the Fars Arc, proposing that this thrust fault exhibits a ramp-
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flat geometry in the Fars Arc and the Dezful Embayment.

The TS1 fault is located in the footwall of the Mountain Front Fault,
with a roughly parallel orientation, trending approximately N127°E.
This fault is predominantly covered by alluvial deposits; however,
careful field observations can confirm the presence of this thrust fault.
The TS1 Fault has, in places, caused the Gachsaran Formation to be
thrust over the Mishan Formation (Narimani et al., 2012). The TS2
Fault, trending approximately N125°E, is located in the footwall of the
Mountain Front Fault, approximately 4 km away from it. This fault has a
limited surface exposure in the study area and is largely covered by al-
luvial deposits in various sections. A significant portion of the TS2 Fault
passes through the Gachsaran Formation (Narimani et al., 2012).

3. Data and method
3.1. Basics of the MT method

The MT method is a passive, frequency-domain electromagnetic
method (Tikhonov, 1950; Cagniard, 1953). The natural sources for MT
arise from external sources in the form of geomagnetic pulsations
(complex interactions between the solar wind and the Earth's magne-
tosphere and ionosphere) and atmospheric electrical activities
(including worldwide lightning discharges, which propagate in the
Earth-ionosphere waveguide), providing signals in a broad frequency
range (e.g., 10~* to 10* Hz). By utilizing this wide range of frequencies,
MT surveys can probe different depths of the Earth's subsurface.

The ratio of the components of the measured horizontal electric and
magnetic fields forms a complex impedance tensor Z, a transfer function,
as follows:

(B ] = [Fe) 2o | [ "

Where x and y are perpendicular directions (e.g., northwards and
eastwards), Ey and Ey, denote the electric field components, Hy and H,
denote the magnetic field components, and o is the angular frequency
(0 = 2xf).

The apparent resistivity and impedance phase are effectively ob-
tained through the magnitude and argument of the impedance tensor,
respectively. A common representation is as follows, the apparent re-
sistivity (units of Qm) is determined from:

1 2
Poj(@) = m‘zij(“’) I, @)

and the impedance phase (units of °) is obtained from:

Im(Zs(w) )

Re(Zj(w))’ 3)

¢y(w) = tan

where ij denotes the respective elements of the impedance tensor and y,,
is the magnetic permeability.

3.2. Acquisition and processing of MT data

MT data at 359 stations, in an array of 12 km by 18 km, were
collected in 2013. They had an average spacing of approximately 200 m
along five profiles, each separated by 2000-3000 m. The profiles had a
southwest-northeast orientation (i.e., approximately N45°E) so that they
were nearly orthogonal to the principal geological structures, including
the trend of the Zagros Fold and Thrust Belt (see Fig. 1). The MT data
were measured in two perpendicular directions (North and East). Af-
terwards, the data were mathematically rotated to a preferred coordi-
nate system. We define the x- and y-directions as along the profiles and
across the profiles (with the latter corresponding to approximately along
the principal regional geological structures).

MT data were acquired in the range of 0.003-3000 s over a recording

Journal of Applied Geophysics 246 (2026) 106077

time of 12-15 h. Time series processing of the MT data was performed
using the SSTM software provided by Phoenix Geophysics Canada based
on standard robust processing techniques (e.g., Jones et al., 1989). A
remote reference site (located ~100 km from the survey area) was used
to eliminate uncorrelated noise and improve data quality (e.g., Jones
et al., 1989).

The data were typically of high quality. See Fig. S1 of the Supple-
mentary Material for apparent resistivity and impedance phase curves
for all sites. At some sites, noisy long period data was removed. A
handful of sites displayed out-of-quadrant phase responses. The causes
of out-of-quadrant phase responses can be diverse but are thought to
depend on local geological factors; they may arise from complex sub-
surface structures, such as heterogeneities or strong resistivity contrasts,
and, in some cases, electrical anisotropy can also play a role in pro-
ducing this effect (e.g., Heise et al., 2006; Marti, 2014). In this dataset,
the out-of-quadrant phase responses were located within the footwall of
the mountain-front fault and were attributed to the associated strong
lateral resistivity contrasts.

The range in apparent resistivity recorded at the highest frequency
varied from 1 Qm to 1000 Qm (see Fig. S1 of the Supplementary Ma-
terial). This was, in part, attributed to static shift effects. Galvanic
distortion effects, that are caused by near-surface resistivity structure at
a small spatial length scale, can cause a constant, frequency-independent
shift in the local apparent resistivity sounding curve, known as a static
shift (e.g., Jones et al., 1989). To correct the static shifts observed in the
MT measurements, co-located transient electromagnetic (TEM) sound-
ings at 181 sites with an average spacing of 450-600 m were acquired
with instruments from Phoenix Geophysics Canada. These were ac-
quired within a time window of 0.1-10 ms.

An apparent resistivity model was generated from the TEM data with
the WinGLink software suite from Geosystem SRL. When the TEM model
and the MT apparent resistivity data at the highest frequency (lowest
period) did not match, a correction — that is, a constant scaling factor
for the apparent resistivity amplitude — was computed for the MT data.
For about half of the MT measurements, a match with the TEM model
was observed and no correction was required (see Fig. S1b of the Sup-
plementary Material). Fig. 3 shows the (corrected) data for several
representative measurement sites as apparent resistivity and impedance
phase curves.

Fig. 4 presents the MT data for each measurement location, displayed
as pseudo-sections along five profiles with distance on the horizontal
axis and period on the vertical axis. The impedance tensor components
are presented as apparent resistivity and impedance phase. The Z,,, and
Zyx components appear to have strong differences; this suggests the
presence of complex structures. Pseudosections of the Zy, and Z, com-
ponents are provided in Fig. S2 of the Supplementary Material. For pe-
riods greater than about 1 s the phase decreases below 45°, indicating an
increasing electrical resistivity at depth, which is attributed to the
principal reservoir of the Asmari Formation.

3.3. MT data analysis

It is crucial to determine the dimensionality of subsurface structures
by analysing the MT data, as this will determine the level of complexity
required for the inversion. Dimensionality analysis will determine
whether the resistivity of the Earth must be modelled as 1D, 2D, or 3D;
that is, in which direction the resistivity changes, only in the vertical
direction, vertically and along one horizontal axis (across the geo-
electric strike), or vertically and in two horizontal directions. There
are various methods for dimensionality and directionality analysis of MT
data. We use the distortion-free phase tensor (PT) (Caldwell et al., 2004)
and the resistivity phase tensor (RPT) (Hering et al., 2019) in this work.

The phase tensor is characterized by the magnitudes of the maximum
phase (¢pmax), minimum phase (¢min), and values of a and f, which
represent the main direction of the shape axis and the skew angle,
respectively. The phase tensor can be graphically represented by ¢pmax,
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tary Material.

®min, and o-p magnitudes using an ellipse (Caldwell et al., 2004). The
different forms of the phase tensor can be represented by their actual
shape or by normalizing the large axis with other values such as ¢« O
1/dmax-

In a 1D subsurface, the phase tensor is reduced to a circle (dmax =
dmin) with p equal to zero. In a 2D subsurface, f is close to zero and the
strike direction aligns with one principal axis (¢pmax O ¢min)- In a 3D
subsurface, the phase tensor is characterized by large values of § and
plots as an ellipse. Phase splitting — i.e., large differences between the
values of ¢pmax and Pmin — can be diagnostic of the presence of electrical
anisotropy (e.g., Heise et al., 2006; Marti, 2014). This can be visualized
as an elongated phase tensor ellipse or one with highly contrasting

colours. Often this pattern is consistent over a large area. However,
phase splitting can also be caused by lateral variations in resistivity from
2D isotropic structures (e.g., edge of a fault zone), although these effects
may be very localized.

The phase tensor magnitudes for each station and each period are
shown as pseudo-sections for each profile in Fig. 5. In general, at short
periods (e.g., less than 1 s; which represent shallow depths) most sta-
tions show ellipses that represent 1D and 2D structures, whereas at
longer periods 3D structures appear. At periods of about 0.03-1 s the
phase tensor magnitudes are more than 45° and at periods of 1-100 s the
phase tensor magnitudes are generally less than 45°. This implies that
the data are sensing structures at greater depths that have a higher
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electrical resistivity.

The resistivity phase tensor (RPT) was introduced by Hering et al.
(2019) and can be used to determine the dimensionality of subsurface
structures. In a pure 1D structure, ¢ max = $a,min (the principal axes) and
it can be graphically represented by a circle. There are two modes when
structure is 2D: « = 0° and p = 0°, « = 90° and § = 0°. Where p defines
the position of the major axis relative to a reference axis, and o defines
the position of the reference axis relative to the coordinate axes.

As can be seen in Fig. 6, for all profiles between 0.03 and 1 s, a
relatively low resistivity structure is implicated by the increasing mag-
nitudes of the resistivity phase tensor. Between 1 and 100 s, i.e., at
greater depths, the magnitudes are negative and indicate the influence
of higher electrical resistivity structures. The relatively low resistivity
structure is likely related to the Gachsaran Formation (cap rock) and the
high resistivity structure is attributed to the Asmari Formation and the
deeper Sarvak formation. In this way, the observed data itself helps to
identify the boundary between the cap rock and reservoir.

4. Results
4.1. Three-dimensional modelling

In recent years, 3D inversion of MT data has had rapid progress due
to advancements in computational power. In this study, we use the

ModEM algorithm (Egbert and Kelbert, 2012; Kelbert et al., 2014) to
generate 3D electrical resistivity models. We implement a modified

version that can account for electrical anisotropy (Kong et al., 2021).
This modified version has previously been used on field data by Lee et al.
(2024) to explore a region of geothermal potential. Accounting for 3D
electrical anisotropy is rarely done, but may hold great potential for new
developments. For simplicity we allow only tri-axial anisotropy. In
contrast to general anisotropy, tri-axial anisotropy assumes the chosen
coordinate system is aligned with the electrical anisotropy axes; there-
fore, the anisotropy strike, dip, and slant angles are zero. When inverting
for electrical anisotropy three resistivities — py, py, and p, — are
determined at every position (for directions x, y, and z).

For the modelling we used the MT stations with collocated TEM data
available for static shift corrections, as these were deemed most reliable.
This reduced the available stations to 181 with a maximum spacing of
600 m. A modelling mesh was created with rectilinear cells, having 102
and 122 cells in the horizontal directions (y and x) and 40 cells in the
vertical direction (z). The inner part of the mesh had horizontal cell
dimensions of 300 m by 300 m (covering an area of approximately 22 by
28 km), and in the outer part (15 padding cells in every direction) the
dimensions increased geometrically at a rate of 1.5 in both directions.
Vertical cell dimensions started with a thickness of 20 m (just below the
surface) and increased geometrically at a rate of 1.2 downwards (z di-
rection). This gives vertical cell dimensions >200 m at depths >1000 m.

All four complex components of the impedance tensor were used for
the inversion. Data within a range of 0.003-100 s were used, with 31
discrete periods (logarithmically spaced). Data errors were used in
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combination with an error floor of 5 % of /| ZxZyx| for the off-diagonal

impedance components and 10 % of /|ZxZy,| for the diagonal com-

ponents. Choices for the above values were based on many studies that
have used the ModEM algorithm in both similar and different environ-

ments (Slezak et al., 2019; Robertson et al., 2020; Comeau et al., 2021;
Wang et al., 2022; Sheng et al., 2023; Unsworth et al., 2023; Boukhalfa
et al., 2024).

To test the robustness of the model, various parameters must be
tested in different model runs, such as the model covariance and the
starting model resistivity. The covariance parameter controls the
smoothness or roughness of the inverted subsurface resistivity model,
acting as a regularization term to balance fitting the observed data
versus producing a geologically simple model (for more detail see
Robertson et al., 2020). Covariance parameters from 0.2 to 0.7 were
tested. The fit of the model to the data was computed as a normalized
root mean square (nRMS) misfit. Overall, the model misfit was reduced
from a starting value of 39 to a final value of 2.0-2.8 within 118-149
iterations. Table S1 shows the misfit and number of iterations for each
model and Fig. S3 of the Supplementary Material shows the resulting
electrical resistivity models. The model with a covariance parameter of
0.5 provided the best data fit and appeared to be geologically plausible
and was thus chosen as the final model.

It is optimal to choose a starting model resistivity near the average
resistivity value of the dataset. For testing this parameter, modelling
tests were carried out with starting models that consisted of a

homogenous half-space with 1, 10, 100, and 1000 Qm. The results of
these tests showed that a homogeneous half-space of 100 Qm was able to
best represent the average resistivity value of the data. The prior model
was the same as the starting model (typical with the ModEM algorithm).
All models used the same initial damping factor lambda, which was
equal to 10 (for all directions; Kong et al., 2021).

The nRMS values for each site and each component of the impedance
tensor as well as total values of nRMS for the anisotropic inversion are
shown in Fig. 7. For comparison, the nRMS values are also displayed for
the isotropic inversion in Fig. 8. The anisotropic inversion had 135 it-
erations and a final total nRMS misfit of 2.02, having decreased from a
starting nRMS of 39.2. The isotropic inversion ran for 93 iterations and
achieved a final total nRMS misfit of 2.89, having decreased from a
starting nRMS of 39.2. The nRMS values for each iteration of the
isotropic and anisotropic inversions (the convergence curve) is shown in
Fig. S4 of the Supplementary Material.

4.2. Comparison of isotropic and anisotropic models

The isotropic 3D electrical resistivity model and the anisotropic
model are illustrated in Fig. 9. The (triaxial) anisotropic model has three
resistivity values, py, py, and p, that are aligned with the model coor-
dinate system axes (x, y, and z). In this study the coordinate system axes
(x, y, and z) are defined to be along the profiles, across the profiles, and
downwards, respectively. There are visible differences in the modelled
structures and resistivity values between the isotropic and anisotropic
models. The nRMS misfit value in the anisotropic model is lower than in
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the isotropic model, suggesting a better fit of the final model to the
measured data. However, it should be emphasized that a lower nRMS
value does not necessarily indicate a more accurate representation of the
subsurface structures.

Because one of the objectives of this research is to define the
boundary between the Gachsaran and Asmari formations with electrical
resistivity models, we examine which model best fits the available
drilling data and geological information. Along profile 7, four wells have

been drilled, with the relevant data summarized in Table 1 (Sarvandani
et al., 2017). It was observed that the top of the Asmari formation is
located at depths of approximately 2400 m (Well 1 and 2), 2164 m (Well
3), and 2535 m (Well 4) below surface. Above this, the Gachsaran for-
mation is observed with a thickness of approximately 800-2500 m. The
observed variations in formation thickness and depth among the wells
indicate lateral and vertical heterogeneities within the subsurface,
which may be attributed to structural deformation such as folding,
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faulting, or differential subsidence. These structural complexities are
likely related to regional tectonic processes.

The model for py exhibits the best correlation with the drilling data.
That is, it best delineates the boundary of the bottom of the Gachsaran
formation (the primary cap rock) and the top of Asmari formation (the
principal reservoir) through the strong contrast in electrical resistivity,
from relatively low to high electrical resistivity. The y-direction is ori-
ented perpendicular to the profiles, south-eastward; it is oriented
approximately parallel to the principal geological features (e.g., the fault
zones).

5. Description and discussion
5.1. General description

The results of the 3D electrical resistivity modelling were shown for

10

an isotropic model and anisotropic models (with py, py, and p,) in Fig. 9.
As noted above, the anisotropic model for p, exhibits the best correlation
with the drilling data and the expected geological formations. Thus, for
conciseness and simplicity, we focus on interpretation of this profile.
The results from this model are presented along each profile in Fig. 10.
Fig. 11 presents the profiles in a 3D view and Fig. 12 shows an
isosurface.

To facilitate the interpretation of the results, a geological cross-
section is taken as a reference (Fig. 13), which is located between pro-
files 7 and 8 and is based on drilling data as well as surface geology. A
comparison of the resistivity models with the geological cross-section
indicates that lithology primarily governs the variations in electrical
resistivity. The geological cross-section indicates a sharp boundary be-
tween the Gachsaran and Asmari formations, which has been displaced
by several faults. The thickness of the Gachsaran Formation ranges from
approximately 1500 m to 3000 m. The Asmari Formation has a
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Table 1

Information about formation boundaries from drilled wells (N.1.S.0.C., 2001;
Sarvandani et al., 2017). Note that the surface elevation varies from approxi-
mately 810 m above sea level (a.s.l.) for Well 1 and 2 to approximately 680 m a.s.
1. for Well 3 and 4.

Formation Depth (m a.s.l)

Gachsaran 770 to —1446
Well 1 Asmari ~1584

Gachsaran 770 to —900
Well 2 Asmari ~1600

Gachsaran —500 to —1280
Well 3 Asmari ~1484

Gachsaran 677 to —1710
Well 4 Asmari —1855

relatively uniform thickness of approximately 500 m throughout the
region. Its top is at a depth below surface of approximately 2000-3000
m. Additionally, the Sarab anticline and the Jafar Abad anticline
(possible fluid traps), along with surface synclines, are identified in the
central part of the geological cross-section.

Although folds are visible in the region, severe erosion has prevented
the surface exposure of parts of faults (e.g., Narimani et al., 2012),
limiting the identification of such structures. Nevertheless, in addition to
the folds mentioned above, the sudden disappearance of interbedded
limestones, the widespread occurrence of salt and anhydrite, and the
correlation with discontinuities in adjacent structures have led to the
identification of thrust faults TS1 and TS2 (Narimani et al., 2012).
Moreover, in the southern outcrop of the Gachsaran Formation, thrust
fault TS2 has caused deformation of the Gachsaran Formation. Sepehr
et al. (2006) proposed a model for detachment surfaces in the Zagros,
demonstrating that deep structures are separated from small-scale sur-
face folds by the thick incompetent detachment layer of the Gachsaran
Formation.

11

The presence of broad-wavelength anticlines with low-angle back-
limbs and steep forelimbs in the Dezful Embayment at depth is attrib-
uted to the shortening of the Zagros Fold-Thrust Belt (e.g., Sherkati and
Letouzey, 2004). To accommodate this shortening and folding, apart
from the gravitational and diapiric movements occurring in the region,
surface and subsurface structures have formed within the Gachsaran
Formation (Narimani et al., 2012). In any case, the development of
competent structures and units at depth results in the formation of folds
in the upper layers, particularly within the weaker units (Narimani et al.,
2012).

Across all profiles, moderate resistive bodies (with resistivity values
ranging from 70 to 500 Qm) are observed at very shallow depths of <1
km (see Figs. 10 and 11). In the southwestern sections, these bodies
correspond to the Aghajari Formation; in the central portions of each
profile, they are associated with the Mishan and Bakhtiari Formations.

In the northeastern parts of the study area, large resistive bodies
(with resistivity values ranging from 100 to 1000 Qm), which are quite
distinct, are observed across all profiles. These features correspond to
the Sarvak Formation, which is visible at the surface in the study area.
The position of these features is very consistent with the trace of the
Mountain Front Fault (see Fig. 10); that is, the features are located north-
east of the fault location, and at depth the fault appears to truncate these
features with a sharp boundary, indicating its control on the geological
layers and formations in this area.

Beneath these resistive bodies, a relatively low resistivity layer with
values ranging from 1 to 10 Qm is identified, varying in thickness across
the survey area. This layer corresponds to the Gachsaran Formation. The
Gachsaran Formation comprises seven distinct members (see Fig. 2),
each likely exhibiting different resistivity values. This variability is
clearly reflected in the resistivity model which shows a heterogenous
layer (despite this, the individual member units cannot be separated
accurately).

It is worth noting that the Gachsaran Formation, which contains
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evaporite-rich stratigraphic layers including anhydrite (an evaporite
mineral related to the deposition of brines in sedimentary basins)
interbedded with other materials including marl (a clay and carbonate-
rich mudstone), has a relatively low electrical resistivity. This is in
contrast to massive salt structures (salt domes or diapirs) that are
composed of halite (i.e., rock salt), which are well known in central Iran
as well as the Gulf Coast of North America, and that, when dry, exhibit a
very high electrical resistivity (Key et al., 2006; Filbandi Kashkouli et al.,
2025).

The next layer, which is located below the Gachsaran Formation,
corresponds to the Asmari Formation. This layer exhibits resistivity
values ranging from 50 to 80 Qm. Thus it has a higher electrical re-
sistivity than the layer above it. This formation, composed of limestone

12

Journal of Applied Geophysics 246 (2026) 106077

25

1.5

Log10(Resistivity 2m)

Depth (Km)

f— o 5' 1
asting (Km ) 10

Fig. 11. A 3D perspective view of the study area across the Sarab field with
vertical slices from the anisotropic 3D electrical resistivity model for py. The
Mountain Front Fault and TS1 Fault are marked by black lines. Four drilling
wells are shown on profile 7.

Depth (km)
& b b oo

Fig. 12. An isosurface of 10 Qm from the py, model highlights the variability in
the conductor interpreted to be the Gachsaran formation across the survey area.
The black circles show the MT + TEM measurement locations.

and dolomitic limestone with high porosity and permeability, is recog-
nized as one of the most important hydrocarbon reservoirs in the Zagros
Fold and Thrust Belt (e.g., James and Wynd, 1965).

5.2. Detailed description of each profile

5.2.1. Profile 5

At depths of 0-1000 m along this profile, the Bakhtiari and Mishan
Formations are observed 4-6 km from the profile starting point. The
Mishan Formation, at depths of 0-200 m, has surfaced as a result of the
activity of the TSI fault. This structural displacement highlights the
significant role of the TS1 fault in bringing formations, such as the
Mishan, to the surface along the profile. In the northeastern segment of
the profile, the activity of the MFF has caused the Asmari and Sarvak
Formations to reach the surface. The Gachsaran Formation exhibits a
greater thickness in the southwestern segment of the profile compared to
its northeastern segments. Its thickness may reach beyond 2000 m in the
southwestern area. At shallow depths in the central area, the electrical
resistivity is moderately low rather than low (as in the southwestern and
northeastern segments) and thus this area is thus difficult to attribute to
the Gachsaran Formation.

5.2.2. Profile 6
Along this profile, at depths of 0-500 m the activity of the TS1 and
MFF faults has resulted in the presence of the Mishan, Asmari, and
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Sarvak formations in the southwestern and northeastern segments,
respectively. The maximum thickness of the Gachsaran Formation along
this profile is approximately 2000 m. The distinct resistivity values of
the Gachsaran Formation's members make it somewhat heterogenous.
The depth of the Asmari Formation at a distance of 11 km from the
profile starting point has decreased abruptly due to the activity of the
MFF fault. This sudden change highlights the significant influence of
fault activity on the stratigraphic architecture and structural deforma-
tion along the profile. The Sarab anticline and the Jafar Abad anticline
are clearly observed 6-10 km from the profile starting point.

5.2.3. Profile 7

Based on geological data and the obtained electrical resistivity
model, we can deduce that the formations along this profile exhibit
distinct geological and tectonic characteristics. The Mishan Formation is
observed at the surface 6-8 km from the start of the profile at depths of
0-250 m, likely due to the activity of the TS1 fault. The Bakhtiari For-
mation outcrops across the profile at similar depths, while the Gach-
saran Formation shows a variable thickness ranging from 500 to 3000 m.
In the northeastern section, the activity of the MFF fault has caused the
Sarvak and Asmari Formations to reach the surface. Additionally, the
Sarab anticline and the Jafar Abad anticline are identified 6-12 km from
the profile starting point. The significant contrast in resistivity values
between the Gachsaran and Asmari Formations (as well as between the
Asmari Formation and the underlying layers such as the Sarvak), is a
critical factor for delineating the boundary between these formations.
This boundary is represented by dashed lines in the interpreted sections
(Fig. 10). The depth to the top of the Asmari formation identified in the
drilling data (see Table 1) is consistent with the inferred depth from the
electrical resistivity model.

5.2.4. Profile 8
In this profile, the Mishan Formation is likely observed in the central
part at depths of 0-400 m, influenced by the activity of the TS1. The
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Asmari and Sarvak Formations, due to the MFF fault, emerge at the
surface in the northeastern end of the profile. Unlike profiles 5, 6, and 7,
the Gachsaran Formation along this profile has a significant thickness,
reaching up to approximately 3000 m in the southwestern section. This
thickness gradually decreases towards the northeast, reducing to about
1200 m at a profile distance of 11 km. The Asmari Formation has a
thickness of approximately 500 m along this profile and, based on its
resistivity, is clearly distinguishable from the Gachsaran.

5.2.5. Profile 9

Along this profile, the impacts of the TS1 and MFF faults are clearly
evident. The Bakhtiari, Mishan, and Asmari Formations are observed at
depths of 0-500 m in the central and northeastern parts of the profile.
The Gachsaran Formation exhibits a thickness of approximately 1000 m
up to a profile distance of 8 km. Beyond this point, its thickness appears
to possibly increase towards 2000 m and then decrease towards the
northeast, reaching a thickness of approximately 1000 m at a profile
distance of 14 km. This variability in thickness reflects the tectonic and
depositional influences along the profile. However, it is possible that the
imaged conductor has a smooth bottom in the model, although models
that used different covariance parameters (Fig. S3 of the Supplementary
Material) showed the same feature.

5.3. Discussion

For the hydrocarbon reservoirs of southwest Iran, knowledge of the
precise location of the Gachsaran (cap rock) formation is extremely
important for drilling due to evaporites in the formation, which creates
significant challenges when accessing the reservoir below. In this study,
the Gachsaran formation throughout the study area has been identified
based on its relatively low electrical resistivity values. As seen in
Figs. 10-12, this formation exhibits varying thicknesses across the area.

When modelling the electrical anisotropy, the anisotropy ratio can be
used as a measure to assess the degree of heterogeneity in the Earth's
structure. If this ratio equals one, it can be said that the Earth is elec-
trically isotropic; however, values either higher or lower than one in-
dicates the presence of anisotropy in the subsurface structures. Fig. 14
shows the ratio of py to py for each profile (Fig. S7 in the Supplementary
Material shows the ratio of p, to py). Along all profiles, the anisotropy
ratio is often far from one, which indicates strong electrical anisotropy
for some subsurface structures (in particular, those below and between
the TS1 and MFF faults).

This is an important result and shows that ignoring electrical
anisotropy during inverse modelling, e.g., proceeding with isotropic
standard modelling, may result in missing information and inaccurate
results (including misplacement of formation boundaries). The causes of
electrical anisotropy include layered lithologies, preferential mineral
orientation, aligned fractures or microcracks, and fault-related defor-
mation, all of which preferentially guide electrical currents and strongly
affect MT responses (e.g., Marti, 2014). In regions dominated by evap-
orites the ductile flow of salt and fault-controlled deformation in-
troduces inherent fabrics and heterogeneities.

The most important tectonic feature of the study area is located in the
northeastern section, where a prominent fault zone, the MFF, has caused
the underlying formations, especially the Sarvak formation which ex-
hibits very high electrical resistivity values, to be brought to the surface.
This was clearly observed across all profiles. The TS1 fault has been
identified in the southwestern part of the study area. Evidence shows
that it caused the Gachsaran Formation to be uplifted to the surface. The
Sarab anticline and the Jafar Abad anticline were imaged in the central
section of profile 7, based on their structural information. The results are
significant for two main reasons. Firstly, they allow us to better under-
stand the tectonic factors and geological processes influencing the for-
mation and evolution of the region. Secondly, they hold great
importance for resource exploration in the Sarab field, and these loca-
tions will be of great interest for future exploration.
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6. Conclusions

Reservoirs of interest for resource exploration, including geothermal
and hydrocarbon reservoirs, commonly have an impermeable cap that
traps fluids below. Identifying the depth and location of this boundary, i.
e., the top of the reservoir, can be very important. As a case study, we
used data from the Sarab field in southwest Iran, where the Gachsaran
Formation serves as the primary cap rock and the Asmari Formation is
the principal reservoir formation. Knowledge of their interface is of
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critical significance for drilling; however, past geophysical imaging,
specifically using seismic reflection data, faced problems recovering
accurate information, largely due to the evaporites in the cap rock
formation.

We utilized electromagnetic geophysical data, in the form of MT and
TEM measurements, to image the subsurface geological formations. The
particular focus was on the Gachsaran and Asmari Formations and the
boundary between them. In addition, we sought to gain information
about tectonic features and fault zones in order to analyze the tectonic
factors influencing the formation of the region as a whole. MT mea-
surements were acquired in array of 12 km by 18 km. At 181 locations,
co-located TEM measurements were collected. These were used to
control for static shift effects in the MT data. The MT data were analyzed
in the form of pseudo-sections of phase tensor and resistivity phase
tensor. This revealed a complex resistivity structure but also a clear
contrast in phase tensor amplitudes (in the frequency domain) that was
identified as the Gachsaran and Asmari Formations.

Fully 3D electrical resistivity models were generated by inverting the
MT data, including isotropic models and anisotropic models. Consid-
ering 3D electrical anisotropy is rarely done, but ignoring it can result in
missing information and inaccurate results. A comparison between the
isotropic and anisotropic electrical resistivity models demonstrated that
the anisotropic model had a significantly better alignment with the
depths of geological formations known from drilling data.

Specifically, among the anisotropic models, it was the model for p, —
that is, the model that is oriented approximately parallel to the principal
geological features including fault zones — that best fit the drilling data.
This model successfully delineated the Gachsaran and Asmari Forma-
tions and their boundary, which was our primary goal. This was aided by
the fact that the Gachsaran Formation, characterized by its relatively
low resistivity, was quite distinct from the Asmari Formation, which
exhibited higher resistivity values. We expect that the results and
knowledge from our case study with data from the Sarab field can be
applied to other regions worldwide and wish to highlight that ignoring
electrical anisotropy during inverse modelling may result in missing
information and inaccurate results, including misplacement of forma-
tion boundaries.

Furthermore, faults and anticlines in the region were identified. This
allowed us to analyze the tectonic factors influencing the evolution of
the region. The role of faulting in the northeastern part of the study area
was clearly observed across all profiles. This is attributed to the MFF that
clearly displaced the Sarvak and Asmari Formations. In the south-
western part of the study area, evidence shows that the TS1 Fault caused
the Gachsaran Formation to be uplifted to the surface, where it exten-
sively covers the region. Additionally, we were able to characterize and
map geological formations including the Sarab anticline and the Jafar
Abad anticline in the central part of the study area based on their
structural properties. This helps to further our understanding of the
geological and tectonic processes that shaped this area and is of great
importance to resource exploration of this region and can be applied to
other regions.
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