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A B S T R A C T

Salt diapirs are prominent geological features, formed by the piercing of buoyant salt within overlying strata, 
with implications for basin evolution, tectonic deformation, and resource accumulation. In this study, we 
investigate the Shurab salt diapirs in northwestern Central Iran—an area with five known near-surface dia
pirs—whose subsurface geometries and interconnections at depth remain unclear due to the complex structural 
settings. To address these challenges, we generated a 3D electrical resistivity model from an array of 183 
magnetotelluric (MT) measurements. Phase tensor and resistivity phase tensor analyses confirmed the presence 
of multidimensional conductivity structures. A range of modeling tests were performed to ensure a robust result, 
and final models were validated against seismic data and borehole logs, as well as previous 2D electric modeling. 
The resulting 3D resistivity model provides new insight into the geometry, depth, and interconnectedness of the 
salt diapirs and superior resolution of diapir flanks compared to seismic data. High resistivity zones at shallow 
depths correspond to dry salt, while lower resistivity at greater depths indicates brine-saturated regions. Notably, 
Diapirs No. 4 and 5 were found to be interconnected at depth, sharing a root zone and likely originating from a 
common evaporite layer. Tectonic analysis suggests that active fault systems—including the Sen-Sen, Ab-Shirin, 
and Dehnar faults—have played key roles in guiding salt migration and shaping diapir structures. This study 
highlights the effectiveness of using MT data to image complex salt structures and underscores the importance of 
integrated geophysical approaches in tectonically active regions.

1. Introduction

Salt diapirs are unique geological structures formed by the move
ment and displacement of salt masses beneath the Earth’s surface (e.g., 
Warsitzka et al., 2015; Gou and Liu, 2024). This phenomenon occurs 
primarily due to the physical properties of salt, such as its low density 
compared to the surrounding rocks and high deformability. The salt 
layers transformed into salt diapirs typically originate from evaporite 
deposits (e.g., Alsop et al., 2012; Jackson and Hudec., 2017) which were 
created by the evaporation of ancient saline waters. Over time, a number 
of effects, including the pressure from overlying sedimentary layers, 
causes the salt layer to deform and appear to migrate upward, forming 
structures like salt domes, salt pillars, or salt curtains (Gou and Liu, 
2024).

Salt tectonics shapes regional tectonic and sedimentary frameworks. 
Diapirs, typically composed of lower-density materials like salt or 

gypsum, move upward toward the surface under tectonic pressure 
(Jackson and Hudec, 2017). This process can influence the formation of 
fold structures, causing changes in their shape and distribution, while 
thrust faults can push diapirs upward. These interactions lead to the 
development of unique features such as doubly-plunging folds and 
diapiric domes, contributing to the formation of mineral deposits and 
distinctive tectonic patterns in these regions (in the Pyrenean and Car
pathian regions, for example, Santolaria et al., 2014; Stefanescu et al., 
2000). Such studies highlight the dual role of diapirs as both active 
geological agents and passive markers of tectonic stress. Additionally, 
these features have implications for regional fluid dynamics and mineral 
deposition, further emphasizing their geological importance (e.g. Wu 
et al., 2016).

The study of salt diapirs also advances fundamental geological 
knowledge. Their dynamic evolution, from initial formation to eventual 
deformation under tectonic stress, offers a natural laboratory for 
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understanding broader processes such as crustal deformation, sedi
mentary basin evolution, and fluid migration (Jackson et al., 2015; 
Henke et al., 2020). Comparative studies across global diapir provinces 
further enrich our understanding of these processes.

Salt diapirs play a pivotal role in basin dynamics, influencing sedi
ment deposition and creating favorable conditions for hydrocarbon 
accumulation. Their ability to pierce overlying strata makes them prime 
sites for traps that can house oil and gas reserves, as observed in regions 
such as the Santos Basin and Gulf of Mexico (Mrlina and Beránek, 2024; 
Zhdanov et al., 2011). The complex interplay of buoyancy, tectonics, 
and sediment loading drives their formation, with each factor contrib
uting to the diversity of diapir geometries across different basins. Un
derstanding these dynamics is crucial for optimizing hydrocarbon 
exploration strategies.

Salt diapirs are increasingly recognized for their environmental and 
industrial applications. Their impermeable nature and stability under 
pressure make them ideal for storing hazardous materials, including 
radioactive waste and CO₂ (e.g., Van gent et al., 2011; Teofilo et al., 
2016). An understanding of internal deformation and stress distributions 
ensure their safe use in such contexts, and these geomechanical analyses 
must start with proper definition of the boundaries and geometry of the 
salt structures.

The study of salt diapirs integrates insights into tectonic processes, 
resource exploration, and environmental applications, showcasing their 
interdisciplinary importance. However, accurate imaging of salt diapirs, 
especially those with very complex structures, remains a huge challenge 
(e.g. Davison et al., 2013).

Advancements in geophysical imaging have significantly improved 
the characterization of salt diapirs. Methods such as seismic reflection 
(Leveille et al., 2011; Jones and Davison, 2014; Montazeri et al., 2020), 
magnetotellurics (MT) (den Boer et al., 2000; Key et al., 2006; Aleksa
nova et al., 2009; Rubinat et al., 2010; Baikpour et al., 2016; Moradi 
et al., 2019; Henke et al., 2020; Filbandi Kashkouli et al., 2025), and 
gravity modeling (e.g., Pinto et al., 2005; Mrlina and Beránek, 2024) 
have been used to glean information about these complex structures. For 
example, both 3D seismic reflection data and MT data have provided 
detailed insights on the possible structures, such as anticlines, synclines, 
and boudinage, in the Zechstein and North Sea salt systems (Van Gent 
et al., 2011; Avdeeva et al., 2012). However, some methods can struggle 
in certain environments to accurately define salt diapirs, such as the 
seismic reflection method that is ineffective in delineating overhangs 
and steeply dipping salt flanks (Avdeeva et al., 2012; Zhdanov et al., 
2011). Geophysical imaging methods, and their combination (Henke 
et al., 2020; Filbandi Kashkouli et al., 2025), can help resolve features 
that traditional geological and structural mapping miss, enabling better 
predictions of diapir behavior and associated risks.

1.1. Study aim

Our research focuses on the Shurab salt diapirs, situated in the 
northwestern region of Central Iran. This area, part of the Great Kavir 
Desert that is characterized by an arid climate with minimal rainfall and 
high surface evaporation, is home to five salt diapirs. Their locations are 
known from geological surface mapping. Their subsurface geometries 

Fig. 1. (a) Map of the Shurab area with geological units (modified from Moradi et al., 2019). (b) Geological cross section across Diapir No. 4 and Diapir No. 5 
(redrawn from Moradi et al., 2019). (c) Location of study area in the Central Iran.
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and interconnections at depth are not well understood due to the com
plex structural and tectonic characteristics associated with these diapirs. 
These complexities arise from their interactions with nearby fault sys
tems and pull-apart extensional structures, which result in intricate 
deformation and compartmentalization (Morley et al., 2009; Arian, 
2012; Baikpour et al., 2016). Furthermore, the physical connections 
between these diapirs contribute additional layers of complexity, mak
ing it challenging to fully interpret their subsurface geometry (Moradi 
et al., 2019).

Seismic data acquired in the area have failed to provide clear 
boundaries for the diapirs, primarily due to poor resolution and the 
inherent difficulties of imaging steeply inclined or overhanging 
geological formations (Davison et al., 2013; Baikpour et al., 2016). 
Simplified 2D modeling of MT data improved the understanding of these 
features, determining the locations, diameters, and depths (Filbandi 
Kashkouli et al., 2025). However, the full 3D structure and complex 
geometry of the diapirs across the region remained unknown.

Full 3D modeling provides a powerful tool for imaging and inter
preting subsurface structures with greater accuracy and resolution. In 
the context of salt tectonics, it enables the visualization of complex 
spatial relationships between salt diapirs and surrounding geological 
features, such as fault zones and adjacent diapirs. Unlike a 2D approach, 
which may oversimplify subsurface geometries due to limited perspec
tive, full 3D modeling captures the true three-dimensional shape and 
extent of these bodies. Ideally, it can highlight how individual diapirs 
are connected at depth, whether through feeder systems, welds, or 
intervening salt sheets, and how fault systems may have influenced or 
been influenced by salt movement.

In this study, we aim to address how 3D modeling can provide a more 
accurate understanding of the structure and geometry of salt diapirs and, 
specifically, how it can reveal information about their interconnections, 
in essence, revealing the nature of their roots. To do this we generate a 
three-dimensional electrical resistivity model using data from an array 
of 183 MT measurements across the area.

2. Geological background

The Shurab region is located in the eastern part of the Central Iran 
Block and forms a segment of the Urumieh-Dokhtar magmatic belt 
(Sonder, 1954). This belt, which resulted from tectonic activities 
following the closure of the Neo-Tethys Ocean, is characterized by 
extensive volcanism and the intrusion of igneous bodies during the 
Eocene (Berberian and King, 1981). The tectonic setting of the area has 
significantly influenced its geological evolution, with magmatic activity, 
structural deformation, and tectonic events playing pivotal roles (e.g., 
Morley et al., 2009). The region’s position along the eastern margin of 
the Central Iranian Plateau and its proximity to major fault systems have 
contributed to the development of complex structural features such as 
anticlines, strike-slip faults, and salt domes (e.g., Morley et al., 2009).

From a stratigraphic perspective, the Shurab area exhibits consid
erable lithological diversity. The Eocene volcanic units, composed of 
intermediate to acidic volcanic rocks, constitute the geological basement 
of the region (Sonder, 1954). Overlying these units is the Qom Forma
tion (QF), with a thickness exceeding 1200 m, consisting of limestone, 
marl, and evaporitic layers, deposited during the Oligocene to Miocene. 
Lithologically, this formation includes various zones of carbonate rocks, 
colored marls, and salt evaporites, indicative of a shallow, evaporitic 
depositional environment (e.g., Reuter et al., 2007; Furrer and Suder, 
1955). Beneath the QF lies the Lower Red Formation (LRF), approxi
mately 1000 m thick, comprising alternating layers of gypsum, anhy
drite, and other evaporitic rocks consistent with the environmental 
conditions of hot, arid marginal sedimentary basins. Above the QF is the 
Upper Red Formation (URF), which is subdivided into two distinguish
able units: the lower evaporitic unit, consisting of anhydrite and marl, 
and the upper unit, composed of red and light yellow sandstone and 
marl. This stratigraphic diversity reflects a complex history of sedi
mentation over various geological periods in response to climatic 
changes, tectonic activity, and basin evolution. A simplified geological 
map of the Shurab area is shown in Fig. 1.

Fig. 2. Observed apparent resistivity (top row) and impedance phase (bottom row) for each impedance components (a–d; Zxy, Zxx, Zyx, and Zyy).
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3. MT data

MT data comprise surface measurements of the horizontal electric 
and magnetic fields, which are related through an impedance tensor (Z) 
that reflects the subsurface electrical resistivity structure of the Earth (e. 
g., Berdichevsky and Dmitriev, 2008). Variations in the fields arise from 
natural sources, including interactions between the solar wind and the 
Earth’s magnetosphere and ionosphere and activity in the atmosphere 
from worldwide lightning discharges (e.g., Unsworth and Rondenay, 
2012). Apparent resistivity and impedance phase are derived across a 
wide range of frequencies, giving sensitivity to multiple spatial scales: 
the higher frequencies (i.e., shorter periods) provide information about 
shallower depths and the lower frequencies (i.e., longer periods) probe 
deeper structures.

In 2013, MT data were collected within the study area in the form of 
an array consisting of six profiles. The measurement sites were spaced 
approximately 200 m apart along each profile, with a profile-to-profile 

separation distance of 1500 m. The instrument used for data acquisi
tion was the MTU V5–2000 from Phoenix Geophysics, Canada. The 
perpendicular horizontal electric field components and magnetic field 
components were measured. In addition, the vertical magnetic field was 
recorded at some locations (approximately every second or third site), to 
provide induction vector or tipper data. The recorded data, shown in 
Fig. 2, covered a range from 0.0033 s (~300 Hz) to 2500 s.

To estimate the maximum depth of electromagnetic penetration at 
each site along each profile, we applied the Niblett–Bostick depth 
approximation method (Niblett and Sayn-Wittgenstein, 1960; Bostick, 
1977; Jones, 1983). The validity of this approach relies on the prereq
uisite that the impedance tensor can be accurately decoupled into 
transverse electric (TE) and transverse magnetic (TM) modes, and that 
both modes exhibit equivalent penetration depths under the assumption 
of 1D conductivity structure. The resulting penetration depth estimates 
for the TE and TM modes at each site are presented in Fig. 3 and in 
Fig. S1 in the Supplementary Material file. The penetration depths 

Fig. 3. Depth estimation using the Niblett–Bostick transformation in TE and TM modes for six profiles: 15, 18, 21, 23, 25, and 28 (a–f). Left columns is for TE mode 
and right is for TM mode.
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exceed 20 km at nearly all sites.

3.1. Phase tensor and resistivity phase tensor analysis

Before carrying out modeling of the collected data through a non- 
unique inversion processes, it is crucial to carefully analyze the data 
(e.g., Booker, 2013). This study utilizes the phase tensor (PT) (Caldwell 
et al., 2004) and resistivity phase tensor (RPT) (Hering et al., 2019).

The PT, a second-rank tensor, encapsulates the phase relationships 
between the horizontal electric and magnetic field components in MT 
data (Caldwell et al., 2004). It is particularly valuable in 3D settings, as it 
retains regional phase information despite (galvanic) distortions from 
near-surface conductivity variations. The PT is characterized by three 
coordinate-invariant parameters: the maximum (ϕmax) and minimum 
(ϕmin) principal values and the skew angle (β). The principal values 
quantify the tangent of phase differences between the electric and 
magnetic fields along the principal axes, while the skew angle indicates 
the dimensionality of the conductivity structure. The orientation of the 
PT’s principal axes, given by the angle α, reveals the strike direction of 
the conductivity structure. It is often represented graphically as an 
ellipse.

When ϕmin exceeds 45◦, it suggests the possible presence of subsur
face conductors (Caldwell et al., 2004; Bibby et al., 2005). In the survey 
area, we observe that at most measurement sites, periods of less than 
approximately 3 s display ϕmin values greater than 45◦, and periods 
greater than approximately 10 s display ϕmin values less than 45◦, 
indicating a transition from a near-surface conductive layer to a deeper 
non-conductive zone (e.g., the basement) (see Fig. 4). However, it is 
notable that this simple layered structure is broken at certain locations 
along the profiles when this transition occurs at shorter periods (e.g., 
profile 18 at a distance of − 2 km and period of 0.3 s and 1 s). This in
dicates an anomalous (resistive) feature in an otherwise horizontally 
layered subsurface.

The RPT is derived from the complex apparent resistivity tensor and 
quantifies the phase relationships between the observed electric field 
and the apparent current density (Brown, 2016; Hering et al., 2019). 
This makes the RPT sensitive to vertical resistivity gradients, providing a 
more nuanced understanding of subsurface structures. The RPT is also 
free from static distortions under the same conditions as the PT. In fact, 
the RPT exhibits a higher sensitivity to resistivity contrasts compared to 
the PT (Hering et al., 2019). This is especially true in anisotropic and 
multidimensional environments. For instance, in 1D isotropic models, 

Fig. 4. Phase tensor ellipse pseudo-sections shown as six profiles (a–f). The ellipses are color-filled to represent ϕmax with a colored bar indicating ϕmin.
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the RPT shows steeper gradients and larger amplitude variations, which 
can improve the resolution of thin conductive layers (Hering et al., 
2019). In anisotropic environments, the RPT aligns with the principal 
axes of anisotropy, providing clear insights into the direction and 
magnitude of resistivity changes. In 2D and 3D environments, the RPT is 
highly responsive to vertical boundaries and associated charges, making 
it a valuable tool for identifying horizontal resistivity gradients (Hering 
et al., 2019).

For 1D structures, the principal axes of the RPT satisfy ϕa,max= ϕa,min, 
and the tensor is represented by a circle (Hering et al., 2019). For 2D 
structures, two distinct modes exist: one where α=0◦and β=0◦, and 
another where α=90◦ and β=0◦. Here, β represents the orientation of the 
major axis relative to a reference axis, while α defines the position of the 
reference axis relative to the coordinate axes.

The results of the RPT analysis are presented in the Fig. 5. For periods 
less than 1 s, the data are 1D and 2D across all measurements. For pe
riods in the range of 1–10 s there is the start of a transition and for pe
riods of 10–100 s the data are indicated to be 3D. For periods greater 
than 100 s, the data are 2D and 3D across all measurements. In these 
period intervals, where a transition has occurred, sub-surface anomalous 

features are anticipated.
Vertical and layered variations in resistivity are not distinctly 

observed in the PT sections. In contrast, the RPT sections—due to their 
sensitivity to vertical resistivity variations—clearly reveal vertical 
stratification and associated resistivity changes. In the PT sections, it is 
possible to distinguish two layers: one smaller than approximately 3 s 
and another greater than 10 s. However, in the RPT sections, several 
layers can be well distinguished based on their values and shapes. One 
layer appears in the time window of less than 1 s, characterized by 
positive values exceeding 40 degrees. In the 1–10 s range—particularly 
in the central and southwestern parts of the profiles—RPT values 
become negative, indicating 3D structures. In the 10–100 s range, 
another mainly 3D structure is observed, and beyond 100 s, yet another 
distinct 3D structure is present.

4. 3D data modeling

In this study, MT data within the study area were inverted using the 
ModEM code (Egbert and Kelbert, 2012; Kelbert et al., 2014), producing 
a 3D electrical resistivity model. This inversion algorithm can handle 

Fig. 5. Frequency-dependent resistivity phase tensor (RPT) pseudo-sections derived from the MT array data are shown for six profiles (a–f). Each ellipse is filled with 
a color indicating the value of the major axis, while a colored bar represents the minor axis. Significant features are directly observable within the data.
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different types of data. We tested different data types including the full 
impedance tensor, the off-diagonal components of the impedance tensor 
only, the full impedance tensor jointly with tipper data, tipper data only, 
and phase tensor data (see Fig. S2 in the Supplementary Material file for 
testing of the data type). Since the objective of this study is to focus on 
depths up to 4000 m, data with periods ranging from 0.0033 s to 1090 s 
were selected for modeling. In addition to testing different data types, 
we tested various modeling parameters including the covariance pa
rameters for smoothing and the initial model (Table 1).

With regards to selecting an initial model, we tested homogeneous 
half-space models (with resistivity values of 1, 3, 10, and 30 Ωm), as well 
as two- and four-layer models based on a 1D model generated from the 
data (see Hersir et al., 2013; Comeau et al., 2021; Robertson et al., 
2020). The results of these tests indicated that a homogeneous half- 
space with a resistivity of 3 Ωm was the most suitable initial model 
(see Fig. S3 in the Supplementary Material file for testing of the initial 
model).

The model covariance parameter, a value between 0 and 1, is 
effectively a trade-off between a smooth and a rough model (see Rob
ertson et al., 2020; Comeau et al., 2021). The covariance parameter was 
varied from 0.2 to 0.7. Although it did have an influence on the final 
model result, the main structures remained consistent. With regards to 
the covariance parameters, we found a value of 0.6 was ultimately 
preferred for both the horizontal and vertical directions (see Figs. S4 in 
the Supplementary Material file for testing of the covariance parameter).

Modeling of different data types produced remarkable similar 
models. Notably, modeling only the off-diagonal components of the 
impedance tensor or the full impedance tensor produced models with 
very similar structures and resistivity values. The phase tensor data also 
produced a very similar model. These tests give a good indication of the 
robustness of model features and the uncertainty in the modeling pro
cedure. Overall, the tests described above suggest that the main struc
tures and resistivities observed in the model are required.

To achieve the best fit between observed and predicted data, error 

Table 1 
Model parameters for each inversion test.

Test Number Core mesh dimension (m) Initial model resistivity (Ωm) Covariance Data type Iterations nRMS starting nRMS final

1 165*165 1 0.5 Impedance 92 5.71 1.28
2 165*165 3 0.5 Impedance 71 6.80 1.34
3 165*165 10 0.5 Impedance 76 15.8 1.30
4 165*165 30 0.5 Impedance 100 32.6 1.18
5 165*165 3 / 30 (2-layer) 0.5 Impedance 69 8.13 1.29
6 165*165 3 / 1 / 3 / 10 (4-layer) 0.5 Impedance 79 5.42 1.21
7 165*165 3 0.2 Impedance 92 6.80 1.37
8 165*165 3 0.3 Impedance 85 6.80 1.27
9 165*165 3 0.4 Impedance 92 6.80 1.13
10 165*165 3 0.5 Impedance 71 6.80 1.39
11 165*165 3 0.6 Impedance 77 6.80 1.43
12 165*165 3 0.7 Impedance 80 6.80 1.69
13 165*165 3 0.5 Off-diagonal impedance 63 4.72 1.04
14 165*165 3 0.5 Impedance 71 6.80 1.34
15 165*165 3 0.5 Tipper 62 8.24 2.26
16 165*165 3 0.5 Impedance+tipper 76 4.89 1.57
17 165*165 3 0.2 Phase tensor 69 6.23 2.07
18 165*165 3 0.3 Phase tensor 68 6.23 2.01
19 165*165 3 0.5 Phase tensor 64 6.23 2.25
20 165*165 3 0.7 Phase tensor 66 6.23 2.56
21 100*100 3 0.6 Phase tensor 40 6.23 2.62
22 100*100 3 0.5 Impedance 83 6.82 1.12
23 100*100 3 0.6 Impedance 69 6.82 1.28
24 100*100 3 0.7 Impedance 69 6.82 1.38

Fig. 6. Figure panels show the discretization of the 3D modeling mesh: a plan view (a) and two vertical cross-sections (b and c) presented at different scales. Black 
circles in the plan view denote the positions of MT measurement sites.
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floor values were applied to the data. These were set as follows: 10 % of 
⃒̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
⃒Zxy

⃒
⃒
⃒
⃒Zyx

⃒
⃒

√

to Zyy and Zxx, and 5 % of 
⃒̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
⃒Zxy

⃒
⃒
⃒
⃒Zyx

⃒
⃒

√

to Zyx and Zxy. For 
tipper and phase tensor data, an absolute error floor of 0.05 was applied. 
We can then compute the root-mean-square (RMS) misfit, which is used 
as a criterion to determine overall model fit.

For the modeling grid, topography was not used because the terrain 
in the study area is relatively flat. The depths therefore represent depths 
below surface level (which is approximately 600 m above sea level). The 
site spacing ranged from 160 to 600 m. A rectangular modeling grid was 
designed for modeling. It was aligned with the profile directions (and the 
data were rotated accordingly). The modeling grid consisted of a central 
core area of interest and an outer area. Within the central core area of 
the final model, the horizontal cell size was 100 × 100 m2, corre
sponding to approximately 25–30 % of the site spacing, a typical value 
(Robertson et al., 2020). The selected cell size for the central part of the 
model ensures numerical accuracy in the forward modeling. Moreover, 
it gives the model the ability to resolve fine structures. Outside the 
central core, 18 padding cells were added for computational stability of 
the inversion algorithm (Weaver, 1994), with a growth factor of 1.3. 
This configuration extends the model dimensions to approximately 120 

Fig. 7. Normalized root mean square (nRMS) misfit between observed and 
predicted data from the preferred model. Colored dots represent the misfit 
values at individual MT measurement sites. The overall nRMS is 1.28.

Fig. 8. Normalized root mean square (nRMS) misfit between the measured and calculated MT data from the preferred model. Panel (a) shows the normalized 
residual for all impedance components. Panel (b) and (e) show the normalized residuals for the diagonal impedance components (Zxx and Zyy) and panel (c) and (d) 
show the normalized residual for the off-diagonal impedance components (Zxy and Zyx). Panel (f) and (g) show the nRMS misfit as a function of period for the 
diagonal impedance components (Zxx and Zyy) and the off-diagonal components (Zxy and Zyx).
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km in the horizontal directions.
In the vertical direction, the thickness of the grid cells smoothly 

increased with depth. Starting from an initial thickness of 50 m, they 
increased by a factor of 1.1, and extended to a total depth of approxi
mately 120 km. The total number of cells in the x, y, and z directions is 
120, 178, and 60, respectively. This implies that at the target depths of 1 
km and 2 km, the maximum thickness of the cells is 140 m and 230 m, 
respectively, while at a depth of 4 km it is 410 m. This thickness ensures 
that the final model can effectively capture the detailed structures in the 
region. Note that in order to speed up the computations while testing 
various parameters (as above), the horizontal cell size was 165 m and 
the vertical increase factor was 1.2. Fig. 6 shows views of the modeling 
mesh discretization for 3D modeling. Fig. 6a presents a plan view of the 
mesh, while Fig. 6b and c display two different scales of the mesh in the 
vertical direction.

It is important to note that a low nRMS value does not necessarily 
indicate the suitability of an inversion result (e.g. Tietze et al., 2023; 
Comeau et al., 2021; Robertson et al., 2020; Grayver et al., 2013; Tietze 
and Ritter, 2013). Detailed comparisons between the measured and 
modeled data indicate that the models accurately represent both the 
diagonal and off-diagonal impedance components. Additionally, the 
quality of the fit is fairly uniform across all measurement sites, implying 
that no single site disproportionately affects the model. Likewise, the fit 
seems to be reasonably balanced across the different data components.

The final model selection for interpretation should be based on prior 
studies and the geological characteristics of the study area. Accordingly, 
we selected as the preferred model the model based on impedance data 
with a covariance value of 0.6 for our final interpretation. Fig. 7 shows 
the total nRMS values for each measurement site, and Fig. 8 displays the 
nRMS normalized residuals for each impedance component and the fit 
with period. A pseudosection of the data and the model along Profile 21 
is shown in Fig. 9 (see Figs. S5–S10 in the Supplementary Material file 

for pseudosections of all data).

5. Discussion

5.1. General description of model results

The modeling results are shown in Fig. 10 as vertical sections along 
each profile, for the full impedance tensor model, which is the preferred 
model, as well as the phase tensor model and the off-diagonal impedance 
tensor model. Horizontal slices of the full impedance tensor model are 
shown in Fig. 11. Model sensitivity testing (Fig. S11) showed that the 
models are sensitive to features at depths of 2 km and 4 km, but lose 
sensitivity for depths of 10 km and 20 km.

To support the interpretation of the results, we examine a geological 
cross-section (Fig. 1b) that passes through the survey area, constructed 
using surface geological observations (see Moradi et al., 2019). Com
parison between the resistivity models and the geological cross-section 
reveals that lithological variations are the primary controls on the 
observed resistivity contrasts. The geological cross-section indicates that 
the eastern portion of the study area is characterized by regularly 
bedded strata, reflecting minimal tectonic disturbance. In contrast, the 
western section exhibits a more complex geological architecture, shaped 
by tectonic deformation associated with the Sen-Sen, Ab-Shirin, and 
Deh-Nar faults.

Across the survey area, a near-surface layer with moderate to high 
resistivity (1–50 Ωm) is consistently observed, showing greater re
sistivity in the southwestern region compared to the northeast. This 
layer, ranging in thickness from 50 to 150 m, corresponds to Quaternary 
deposits and Pliocene conglomerates. Beneath it lies a very low re
sistivity layer (<1 Ωm), most prominent in the northeastern section, 
reaching up to 1000 m thick. This zone corresponds to highly saline 
mudstones and marly sandstones of the Miocene-aged Upper Red 

Fig. 9. Pseudo-sections of the observed data (top rows) and the preferred model response (bottom rows) for Profile 21. (a) Data and (b) model response for xy and yx 
(off-diagonal) components. (c) Data and (d) model response for xx and yy (diagonal) components. A comparison reveals a close and satisfactory fit between the two.
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Formation (URF). Below the URF, a layer of marly limestones and shaly 
sandstones from the Qom Formation (QF) exhibits moderate resistivity 
(<3 Ωm). Further below, a higher resistivity layer (3–30 Ωm) is attrib
uted to the Lower Red Formation (LRF), composed of mudstone, marl, 
and anhydrite. This unit is significant as it hosts the region’s salt diapirs, 
whose depths and configurations vary across profiles. The sharp contrast 
between the high-resistivity salt diapirs and surrounding low-resistivity 
sediments makes them ideal for electromagnetic imaging. At greater 
depths, a high resistivity zone (>30 Ωm) marks the presence of Eocene 
volcanics and older basement rocks. The transition to this basement is 
gradual in the models and occurs at depths ranging from approximately 
1 km in the southwest to about 3 km in the northeast, aligning well with 
the known geological structure of the area.

5.2. Roots and interconnection of diapirs No. 4 and 5

As shown in Figs. 10 and 11, the diapirs exhibit high electrical re
sistivity at depths shallower than 3 km due to the dry nature of the salt. 
At greater depths, however, they display low electrical resistivity, which 
is attributed to interconnected pores and permeability associated with 
saline brines (e.g. Lewis and Holness, 1996; Henke et al., 2020). Fig. 12

presents the 8 Ωm isosurface, delineating the interconnection between 
the two diapirs and revealing their underlying roots. The isosurface re
veals a prominent zone of morphological continuity between the two 
main diapiric structures, suggesting a potential interconnection at 
depth. This could represent either a sedimentary or structural bridge 
formed by deformation between the rising salt masses or the result of 
coalescence of two originally separate diapirs due to lateral salt flow. 
The geometry implies a phase of convergent diapirism or mutual influ
ence during ascent. The tapering of both diapir roots into a common 
depth horizon supports the interpretation that both bodies may origi
nate from a shared evaporite layer. This observation aligns with regional 
models of salt tectonics, where an extensive autochthonous salt layer 
feeds multiple diapiric intrusions. The merging roots also suggest a 
highly mobile salt layer capable of flowing laterally to support multiple 
piercement structures. The root morphology of the diapirs—narrow, 
deep-reaching features that appear to converge—suggests focused ver
tical salt flow, possibly through pre-existing zones of weakness such as 
faults or fractures. The absence of lateral broadening at the base implies 
a relatively confined source zone, potentially indicative of localized 
loading or differential sedimentation as the primary diapirism trigger. 
The spatial arrangement and interconnection between the diapirs 

Fig. 10. Vertical sections from the resulting 3D electrical resistivity models along six profiles, Profiles 15, 18, 21, 23, 25, and 28 (rows) for the phase tensor model, 
the full impedance tensor model, and the off-diagonal impedance tensor model (columns).
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indicate a significant influence of subsurface tectonic structures. The 
alignment of the diapirs along a specific azimuth suggests control by an 
active fault system or pre-existing structural boundaries. According to 
Filbandi Kashkouli et al. (2025), extensional tectonics and active strike- 

slip faults in the region have played a primary role in the positioning and 
orientation of diapirs. Their study demonstrates that salt migration and 
diapir localization have been guided along preferential pathways 
created by normal and strike-slip fault zones.

Fig. 11. Horizontal slices at different depths through the preferred 3D electrical resistivity model (full impedance tensor). Panels c and d are annotated with the 
approximate surface locations of faults (black lines) and salt diapirs (white lines). Note that there is limited resolution where the site distribution is not dense.
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In particular, Diapir No. 4 appears to have formed within a 
compressional zone induced by right-lateral strike-slip fault systems. 
This diapir is situated in a region where fault interactions have led to 
stress accumulation, promoting focused salt ascent. Moreover, the Sen- 
Sen Fault on the eastern boundary of Diapir No. 4 acts as a structural 
elevator, facilitating the upward movement of the salt body. These ob
servations underscore the critical role of fault systems in controlling the 
emplacement and evolution of salt diapirs in this area. Additionally, 
Diapir No. 5 is strongly influenced by the Ab-Shirin thrust fault. This 
thrust structure has generated a compressive environment conducive to 
diapir formation. The concentration of stress and deep-seated displace
ments along this fault likely created favorable conditions for salt 
mobilization and vertical intrusion in this location.

5.3. Comparison of 3D modeling results with seismic data

Comparing structural features obtained from different geophysical 
methods—which are based on distinct physical parameters and, conse
quently, different rock properties—can enhance subsurface interpreta
tion. Electrical resistivity and seismic velocity frequently exhibit clear 
correlations, even over large scales (e.g. Zhdanov et al., 2011; Takam 
Takougang et al., 2015; Cordell et al., 2020; Comeau et al., 2022; Long 
et al., 2020; Zhou et al., 2025). Owing to the distinct physical principles 
underlying various geophysical methods, evaluating their respective 
sensitivities is essential for meaningful model comparison (e.g. Schnaidt 
and Heinson, 2015; Unsworth et al., 2023).

Fig. 13 presents seismic reflection data along profile 21 (Filbandi 
Kashkouli et al., 2025). Moreover, the seismic data has only been able to 

Fig. 12. A 3D perspective view of a 8 Ωm isosurface highlighting the structure of the high resistivity features, which are attributed to the salt diapirs to the east and 
the basement rock at depth and to the west. The black circles show the MT measurement locations at the surface.

Fig. 13. Comparison of electrical resistivity models with seismic data along profile 21. (a) 3D electrical resistivity model generated from MT impedance data in this 
paper. (b) 2D electrical resistivity from Filbandi Kashkouli et al. (2025). (c) Seismic data along the same line (Filbandi Kashkouli et al., 2025). (d) A simplified 
structural section is shown for reference, with colors indicating expected electrical resistivities, based on the geological cross section that crosses the array 
(see Fig. 1).
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delineate the eastern and western flanks of the diapirs, but have failed to 
determine their roof and depth. This is typical and is a known limitation 
(e.g., Avdeeva et al., 2012). The 2D electrical resistivity model presented 
by Filbandi Kashkouli et al. (2025) could provide a general view of the 
layering and geometry of diapirs No. 4 and 5; however, it was not suf
ficient for fully resolving their geometry. In contrast, 3D (full imped
ance) electrical resistivity model has more accurately defined the 
geometric features—namely the roof, flanks, and depth—of the diapirs. 
Furthermore, it has more clearly revealed the stratification of different 
geological formations.

5.4. Comparison of 3D modeling results with well-logging data

To further evaluate the 3D model, we compared the results with data 
from the only borehole drilled in the study area. The borehole is located 
near station 23_08250. Fig. 14 presents the borehole-derived resistivity 
and density logs, along with the resistivity sounding extracted from the 
3D inversion model.

The resistivity values obtained from borehole logging exhibit sig
nificant fluctuations. Notably, high resistivity values are observed in the 
intervals between 400 and 550 m and 650–730 m depth, which are 
associated with the presence of dry salt. In other intervals, the resistivity 
values are likely reduced due to the presence of clay-rich units. The 
density values vary from 1.9 g/cm3 to 2.7 g/cm3. A sharp increase in 
density is observed between 550 and 600 m depth, which corresponds to 
the presence of an andesite layer. In zones containing salt, the density is 
relatively low, around 2.1 g/cm3.

Fig. 14d presents a vertical electrical resistivity sounding extracted 
from the 3D model below station 23_08250. It illustrates the general 
trend of resistivity variations with depth down to approximately 2.5 km. 
It also emphasizes that the 3D inversion approach does not attempt to 
resolve sharp resistivity boundaries, but rather smooth structure to fit 
the data (e.g., Wang et al., 2022).

The electrical resistivity sounding indicates a high resistivity in the 
near-surface layers at depths between 250 and 370 m, consistent with 
the presence of dry salt layers. With increasing depth, a decrease in 
resistivity is observed. This is attributed to the transition into clay-rich 
units or rocks saturated with saline water. A comparison between the 
3D electrical resistivity model and borehole electrical resistivity data 
reveals that, despite the limited resolution and smoothing of the 3D 
model, its general trend aligns well with the borehole results. This 

correlation validates the geophysical modeling and highlights its capa
bility to identify subsurface salt domes. This comparison highlights the 
value of integrating or constraining multiple data sets to enhance sub
surface interpretation and it also shows the challenge to do that with 
data of different sensitivities.

6. Conclusion

This study aimed to develop a comprehensive 3D electrical resistivity 
model to better understand the structure and geometry of the Shurab salt 
diapirs in northwestern Central Iran. To achieve the objectives of this 
study, MT data from a total of 183 measurement sites were analyzed. 
Data analysis in the form of PT and RPT revealed the presence of a 
complex subsurface features embedded in a layered background struc
ture. Subsequently, 3D electrical resistivity models were generated 
through inversion of the MT data. To ensure a robust modeling outcome, 
a variety of tests were conducted using different parameters, datasets, 
and approaches.

Interpretation of the electrical resistivity model was aided by a 
geological section and borehole data. The model reveals compelling 
evidence for structural connectivity and shared origins among the salt 
diapirs. The observed continuity suggests that the diapirs may originate 
from a common source layer, mobilized through lateral salt flow influ
enced by regional tectonics. The narrow and vertically concentrated 
roots of the diapirs indicate focused upward migration likely guided by 
pre-existing fractures and fault zones. They may also reflect conductive 
faulted regions or fluid pathways, hinting at potential hydraulic con
nectivity between the diapirs. Tectonic analysis reveals that Diapir No. 4 
developed within a compressional zone associated with right-lateral 
strike-slip faulting, with the Sen-Sen Fault on its eastern boundary 
acting as a structural elevator aiding salt ascent. Furthermore, Diapir 
No. 5 is strongly influenced by the Ab-Shirin thrust fault, which provides 
the compressional conditions necessary for salt intrusion. Collectively, 
these findings underscore the dominant role of active tectonics not only 
in salt mobilization but also in shaping the geometry, alignment, and 
interconnection of the diapiric system.
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