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Abstract

Using diapirs as liquid or gas storage structures has increased because salt formations are considered to be extremely imper-
meable and non-reactive. The process of delineating the diapirs’ structures ends in lots of challenges due to their geological
complexity. Therefore, the integration of different geophysical methods seems to be necessary to cover different physical
characteristics of the diapirs. Shurab diapirs located at the NW of Kashan in Qom basin of Central Iran have been considered
as candidates for the first natural gas storages in Iran. A previous 2D seismic survey across the diapir No. 4 of Shurab could
not resolve the diapir structure properly and some ambiguities left unresolved. The main goal of this paper is to resolve the
structure of diapir No. 4 by employing a cooperative inversion of the seismic and magnetotelluric (MT) data and a compari-
son with the joint inversion of transverse electric (TE) and transverse magnetic (TM) modes of the MT data. Both inversion
schemes show the salt and sedimentary sequences of the stratigraphy of the Qom basin. The sequences of formations from
the surface to depth are classified as upper red formation (URF), Qom formation (QF) and lower red formation (LRF). The
results also show that the salt body has originated from the LRF. It is worthwhile to mention that the results from the coop-
erative inversion provide more details especially on the flanks and overhangs of the diapir No. 4. In addition, we have come
to the conclusion that the right lateral strike-slip fault system is the most responsible phenomenon for the development of
the diapirs in the survey area and the Sen—Sen fault plays a basic role as an elevator to pushing the salt up. The results are
in good agreements with the resistivity and density logs of the boreholes. Moreover, the information from the geology, the
cooperative inversion results on diapir No. 4, and the coincidence of the path of the Sen—Sen fault with the outcrops of the
diapirs No. 1, 3 and 4 obviously provide that the tectonic scenario of the existence for diapir No. 4 could be appointed to the
diapirs No. 1 and 3 equally. Another probable consequence would be the under surface continuation of the salt bodies all
along the Sen—Sen fault, the verification of which requires regional MT surveys in a regular grid.
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Introduction

Salt formations are extremely impermeable and non-reac-

tive. The impermeability of the salt arises from the tightness

of its structure and the absence of open natural joints and

54 B. Oskooi fissures. Moreover, flowing liquids and gases through open
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of the salt rocks. Viscoplastic deformation is an important

reaction of salt against differential stresses. So this behavior
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is not subject to changes due to the environmental events

happening around it. Thus, using salt diapirs as liquid or gas
storage have frequently been reported e.g. Boraiko (1985).
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Salt comes up through the overlying sediments in the
shape of long, finger-like structures. In the area of study, in
addition to the salt outcrops, the intruded salt structures exist
in different depths even down to more than 3000 m (Whiting
1981). The lateral spread of the top of the salt diapirs ranges
from about 750-4000 m (Chilingarian et al. 1989). Apart
from the shape and dimensions, there are essential geologi-
cal and geographical factors that determine whether or not a
reservoir or salt cavern will make a suitable storage facility
(Baikpour et al. 2016).

A salt structure in Nasr-Abad at the NW of Kashan
(Fig. 1a) has been considered for the first natural gas storage
project in Iran. This structure belongs to a group of diapirs
so-called Shurab diapirs (SD) that have pierced the ground
surface. Diapir No. 4 (the target diapir), marked by a group
of hillocks, was first investigated by a 2D seismic profile
(Fig. 1b). Seismic data were measured by National Iranian
Oil Company (NIOC) in 1999 (ZAPCE 2016; Letouzey
et al. 2006; Mokhtari 2006). The weakness of the seismic

surveys to provide a clear image of the salt structure and
the tectonics around diapirs are usually compensated by
the magnetotelluric (MT) data. The considerable resistivity
contrast between the salt bodies and surrounding sediments
makes MT as an applicable tool for mapping geological and
tectonic structures of the salt diapirs (Rubinat et al. 2010).
The results from MT data are employed to fill the gap of
geological information out of seismics by the use of either
integrated interpretation or cooperative inversion schemes
(Takam-Takougang et al. 2015). Thus, a high-resolution MT
survey was carried out in 2013 in the Nasr-Abad area to map
the subsurface resistivity distribution aiming at resolving the
structure of the diapir No. 4 form Shurab diapirs. The coop-
erative inversion algorithm proposed by Takam-Takougang
et al. (2015) and Le et al. (2016) has been implemented to
improve the interpretation of the geophysical data on the
diapir. The followings are the key geological questions of
importance to this work. What is the source of the salt body?
What is the role of the main fault of Sen—Sen regarding the
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ment of Ab-Shirin and Sen—Sen faults show a dextral right lateral
strike-slip fault system. Sen—Sen fault is coincident with the eastern
front of diapir No. 4

Fig. 1 a Location of Nasr-Abad region in the north of Kashan city on
the map of important tectono-sedimentary zones of Iran (after Agha
Nabati 2004) on, b geology map of Nasr-Abad area and ¢ geological
section across salt diapir No. 4 (ZAPCE 2016). Direction of displace-
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uplift of the salt body? Which part of the diapir is suitable to
be used as cavern? What are the reasons of piercing diapirs
No. 1, 3 and 4 in the eastern side of Sen—Sen fault?

In the following sections, we introduce the geology and
tectonic of the region and then continue with inversion
results of the MT data and also cooperative inversion of the
MT data and seismic results.

Geological setting

Central Iran (CI) is one of the most important tectonic
regions in Iran due to the potential of the Qom basin and
salt diapirs therein providing perfect structures of the oil
reservoirs and natural gas storages (Mostofi and Gansser
1957; Abaie et al. 1963; Rosenberg 1975) so that numer-
ous geological investigations have already been conducted
in the region (Gansser 1960; Reuter et al. 2007; Jackson
et al. 1990; Amini 1997). The Nasr-Abad area encompasses
parts of the Urmia-Dokhtar Magmatic Arc (UDMA) and
CI geological provinces in its southwestern and northeast-
ern sectors, respectively. Therefore, it partly maintains the
characteristics of both provinces of the Iran Plateau. Fig-
ure la shows the location of Nasr-Abad area on the map
of tectono-sedimentary zones of Iran. Qom basin occupies
the western part of the CI province on the northeastern side
of the UDMA and is characterized by lower red forma-
tion (LRF), Qom Formation (QF) and upper red formation
(URF). Figure 1b and c show the simplified geology map of
the survey area and a geological section crossing the diapir
No. 4, respectively.

The oldest rock units in the map area belong to the vol-
canic and volcaniclastic sequences of the Eocene age which
is covered by LRF and mostly consists of silty shale and
gypsiferous marl (Furrer and Suder 1955). Thick bodies of
rock salt associated with the LRF are known to occur in
embryonic salt plugs in the same area. LRF is overlaid by
QF with sequences of marl, limestone, sandstone, shale and
Gypsum (ZAPCE 2016). QF is covered by URF which is
mostly consisting of mudstone, marl and sandstone (Stoklin
and Setudehnia 1977); Gansser (1960) and Jackson et al.
(1990) believe that all the salt structures of the CI region
include two major salt sequences: a clean and white salt with
lower Oligocene age, and a rhythmic sequence of variegated
salt of upper Miocene age. These sequences are separated
by QF (Abaie et al. 1963) which are not emergent in the salt
structures (Talbot and Aftabi 2004).

The main tectonic evidence of the evolution of the
region is known as a consequence of the collision of the
Arabian and Eurasian plates in Oligocene—Miocene. The
tectonic system which is probably responsible for the
main development of the Shurab group of salt diapirs is

probably a dextral (right-lateral) strike-slip fault system
(Fig. 1b). The most important faults regarding the dia-
pirism are Ab-Shirin and Sen—Sen faults. Ab-Shirin fault
has a reverse mechanism, and should have a right-lateral
strike-slip component of movement (Amini and Emami
1996). Sen—Sen is an active fault and marks the northern
and eastern margins of diapirs No. 1, 3 and 4 (ZAPCE
2016). So, it is possible that the diapirs are connected in
depth with Sen—Sen fault. This being the case, diapirs No.
1, 3 and 4 are piercement of salt canopy instead of scat-
tered diapirs. Therefore, in-depth information on diapir
No. 4 would shed more light on this hypothesis.

Magnetotelluric method

The magnetotelluric method was explained by Tikhonov
(1950) and Cagniard (1953), and it is widely used in vari-
ous applications such as oil and gas exploration (Mansoori
et al. 2015), geology and tectonic (Oskooi et al. 2014,
2015), geological structures like salt diapirs (Oskooi et al.
2018), geothermal (Oskooi et al. 2005), mineral explora-
tion (Takam-Takougang et al. 2015; Le et al. 2016), etc.
Based on the assumption that the natural electromagnetic
(EM) waves are plane waves, Maxwell’s equations are
used to extract the wave equation (Vozoff 1991; Simpson
and Bahr 2005). Dependency of EM waves’ attenuation
to the subsurface conductivity and frequencies of the EM
waves shows the diffusive nature of EM waves. So the
depth that the amplitude of EM wave is reduced by e~ is
called skin depth, 8, and is calculated by:

p
6=503,/=,
y:

where ¢ in meters, p is the resistivity in ohmm (Qm) and fis
the frequency in hertz.

From the inducing electric and magnetic fields, appar-
ent resistivities and phases of a given frequency can be
calculated through Eqgs. 2 and 3:

1 2

E
b @
and

E
Q= phase<ﬁ>, 3)

where, 41, the magnetic permeability of free space (Oskooi
et al. 2014). The apparent resistivities and phases data can
then be inverted to estimate geoelectrical resistivity models
via inversion schemes.
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MT data acquisition and processing

High-resolution MT data were acquired under the super-
vision of National Iranian Gas Company (NIGC) along a
profile coincided with a previous seismic line (Fig. 1b).
The location of MT profile (profile S) was selected in such
a way to provide optimal coverage of diapir No. 4 struc-
ture in the central part of the survey area (Fig. 2). Along
with this profile, 28 MT and one AMT-MT station (sta-
tion 23_08250) on top of the salt body were measured.
The average spacing between MT stations along profile
S are 500 m except for the sites on top of the diapir No.
4 where reduced to 250 m. The azimuth of the profiles
were chosen N55°E which is almost perpendicular to the
main trend of regional tectonic of Sen—Sen fault. MT data
were collected by the use of V5-MTU systems from the
Phoenix Geophysics Ltd. The MT and AMT-MT data were
measured within the period range of 0.001-1000 s and
0.0001-1000 s, respectively, for 8—12 h per each station.
Also MT data were measured far away at about 10 km
distance to be used for remote reference processing. The
field array (magnetic sensors and electric lines) were set
up according to the strike of the main tectonic boundaries
considering the general strike direction of 330° which was
corresponding to the X component, while the azimuth of
60° was corresponding to the Y component.

MT impedance tensor and magnetic transfer function
were calculated for logarithmically spaced periods using
the statistically robust method of Egbert and Booker
(1986). Some examples of the result of data process-
ing for the MT stations of S_1000, 23_08250, S_3250,
S_6500 and S_08500 are shown in Fig. 3 from top to bot-
tom, respectively. The xy notation defines the impedance
estimated from E, and H,, and yx denotes the impedance
computed from E; and H,. The signal period increases to
the right, corresponding to the increasing depth of penetra-
tion in the Earth. Small-scale, near-surface structures can
distort the electric fields and shift the apparent resistivity
curves of the MT data up or down (Jones 1988; Vozoff
1991).

Physical principles governing EM distortions due to near-
surface inhomogeneities have been understood for several
decades and many methods have been proposed to correct
the distortions. One of them is the statistical approach and
it has been used for many years especially by Russian geo-
physicists (Berdichevsky and Dmitriev 2008). This method
could be effectively used when the distance between the sites
is small enough (comparable with the length of the receiving
lines). The statistical correction of a static shift is based on
spatial averaging of impedance along the lines. In this study,
we use statistical approach to suppress the static effects on
the MT data.

MT and Seismic profiles {

' f_uiﬂ"‘— 3

Fig.2 Location of MT and previous 2D seismic profiles and Shurab diapirs (diapirs No. 1-5) on Google earth image (ZAPCE 2016)

@ Springer



Environmental Earth Sciences (2019) 78:341 Page50f14 341

panel 1: S_1000

10
S-10000 $-10000
80 —
T
3% £
g )
= =z 1
g 40 £
= =
B 2
&
20
0 0.1
0.001 0.01 0.1 1 10 100 1000 10000 0.001 0.01 0.1 1 10 100 1000 10000
T (s) T(s)
panel 2: 23_08250
1000
23-8250 23-8250
80 Phasesy ey
Phaseyn 100 ’\/\_\_/ v
E}l -
g S
= = 1
g 40 Z
£ £
e E 0.1
20
0.01
0 0.001
0.0001 0.001 0.01 0.1 1 10 100 1000 10000 0.0001 0.001 0.01 0.1 1 10 100 1000 10000
T (s) T(s)
panel 3: S_3250 100
§-a25 $-3250
% e e
o
~ 60 E
F E
g )
g a0 £
= =
B 7]
E 1
&
20
[} 0.1
0.001 0.01 0.1 1 10 100 1000 0.001 0.01 0.1 1 10 100 1000
T(s) T(s)
panel 4: S_6500 10
S-6500 S-6500
80 Phase-ry 05
P
~ 60 E
Eﬁn =
g S
% 40 g !
2 2
& 2
&
20
0 0.1
0.001 0.01 0.1 1 10 100 1000 10000 0.001 0.01 0.1 1 10 100 1000 10000
panel 5: S_08500 T® 0 TE
S-8500 S-8500
0 e
~ 60 E
=0 =
g )
> 1
2 40 £ \
£ %
g
20
0 0.1
0.001 0.01 0.1 1 10 100 1000 10000 0.001 0.01 0.1 1 10 100 1000 10000
T() TE)

Fig. 3 Resistivity and phase curves for stations No. S_1000, 23_08250, S_3250, S_6500 and S_08500 from top to bottom, respectively. Resistiv-
ity and phase curve of station 23_08250 is distorted due to 3D condition at the top of the diapir No. 4
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Dimensionality and strike analysis

The dimensionality analysis of MT data is an important
stage as it helps to determine the class of interpretational
model (Berdichevsky and Dmitriev 2008; Chave and
Jones 2012). A number of schemes for calculating the
principle components of the impedance tensor and cor-
responding azimuths have been proposed to determine the
dimensionality and strike (e.g. Bostick 1984; Swift 1967,
Vozoff 1991; Eggers 1982; Groom and Bailey 1989, 1991;
Bahr 1988, 1991). The main parameters to be analyzed
are inhomogeneity parameter of N, Bahr’s skew (Bahr
1988, 1991), Swift’s skew (Swift 1967), and f which is
called phase parameter (Berdichevsky and Dmitriev 2008).
These parameters have different sensitivity to different
types of distortions, especially in respect to near-surface
distortions, which are often called “geological noise”.
The inhomogeneity parameter of N and the Swift’s skew
behavior at long periods can be screened by near-surface
features, while the phase split # and Bahr’s skew are more
representative.

The analysis of the inhomogeneity parameter pseudo-sec-
tion confirms that the impedance tensor is 1D for the periods
less than 10 s practically everywhere, except around station
23_08000 and 23_08250 where the heterogeneity starts from
the period about 0.001 s. In this zone outcrop of salt diapir
No. 4 is pierced on ground surface.

In Swift’s skew pseudo-section, an almost 1D impedance
tensor is a good approximation for period range less than
10 s except around stations 23_08000 and 23_08250 (out-
crop of diapir No. 4). In this area, Swift’s skew shows an
anomalous part for all period range, while the phase split
p anomalies are mostly localized in longer periods. Thus,
we are faced with galvanic distortions between stations
23_08000 and 23_08250 corresponding to the piercing of
the salt structure.

The values of the most representative Bahr’s skew are
low in general and only for the longer periods at the south-
western part of the profile S reach a value of 0.3. Also a little
effect of 3D condition is seen in resistivity and phase curve
of station 23_08250 due to measurement on the top of diapir
No. 4 (Fig. 4).

The dimensionality analysis employing data from all
sites and periods show a dominant 2D conductivity struc-
ture with the lowest degree of 3D distortion (Fig. 4). To
proceed in matching the true geological strike, we focused
our investigation on periods exceeding 10 s, since for the
short periods the conductivity structure could be treated as
1D. Strike analysis around the salt outcrop slightly indicates
a 3D condition. The results of the strike analyses could be
supported by the surface geological observations so that tak-
ing an azimuth of 330° for the strike direction was attributed
quite reasonable for applying further 2D inversion schemes.

@ Springer

Inversion results

By completing the dimensionality/strike analysis and static
shift correction, 28 MT and one AMT-MT stations were
inverted using 2D inversion approaches. The inversion
strategy for this profile includes the following steps, 1D
inversion of TE and TM modes, bimodal (TE + TM) 2D
inversion and cooperative inversion with adding geology
and seismic results.

In the first step, 1D inversion is done in TE and TM
modes separately by the use of MTS-Prof Inv software
from the Russian NORD-WEST Litd. It is an automatically
regularized OCCAM 1D inversion (Constable et al. 1987)
for the layered half space based on Tikhonov regulariza-
tion (Tikhonov et al. 1983). Results of the 1D inversion
of the TM and TE modes data are shown in Fig. 5. The
inversion result of TM mode (top panel in Fig. 5) shows
horizontal discontinuity in the eastern and western part of
diapir No. 4. While the inversion results of the TE mode
(bottom panel in Fig. 5) demonstrate the deep structures
more distinctly.

TE and TM modes have a potential to resolve deep and
shallow structures, respectively. Because the TE and TM
modes are sensitive to different features (Berdichevsky et al.
1998), 2D joint inversion of TE + TM mode data was also
performed to obtain the most detailed image of the subsur-
face conductivity. TE mode is less sensitive to static shift
effects and more robust to 3D effects caused by resistive
structures (Berdichevsky et al. 1998). Therefore, low error
floor is assigned for TE mode, to decrease the 3D effect and
static shift effect due to the piercing of the LRF on the top
of diapir No. 4. The error floors for phase and resistivity
data were fixed at 2.5% and 5%, respectively, for all data
modes. It is considered lower for the phase data because the
phase data are less sensitive to the distortion effects than the
resistivity data. To check the convergence and stability of the
models, we used half-spaces with varying resistivity as ini-
tial models. We also tested different vertical and horizontal
smoothing weights (Constable et al. 1987; deGroot-Hedlin
and Constable 1990). Since the 1D inversion results of TE
mode show a considerable correlation with the geological
section, the inverted resistivity section from TE mode is
selected as a starting model and equal horizontal and vertical
weight was used for 2D inversion. In this step, we use both
the REBOCC code of Siripunvaraporn and Egbert (2000)
and the non-linear conjugate gradient (Rodi and Mackie
2001) algorithm included in the MT2DTools. The results of
the 2D bimodal inversion resolve the location of the salt dia-
pir properly (Fig. 6). Also conductive members of URF and
LRF are separated by the resistive part of QF. Comparison
of the results from 2D inversion with geological information
shows that the eastern boundary of the diapir No. 4 is not
completely delineated in the resistivity model.
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To improve the inversion of the MT data in the coopera-
tive inversion scheme, the seismic horizons and the locations
of the faults were added as constraints while running the
REBOCC code. Geological information and seismic hori-
zons are added by the use of Le et al. (2016) approach. Then
to achieve a lower root mean square (RMS) error, the final
results of the constraint inversion in REBOCC were used as
the starting model for the MT2DTools software. In this step,
we decrease the value of the Lagrange multiplier to resolve
the model parameters in more details (Fig. 7).

The convergence to a possible minimum RMS misfit was
achieved after about 150 iterations for all stages in 2D inver-
sion. The data misfits for almost all the data-modes were
generally satisfactory indicating that the observed data are
well-fitted to the forward responses. TM mode is more sen-
sitive to 3D effect and also to the static shifts resulted from
the resistive bodies. So, the more weight in inversion (equal
to lower error floor) is put on TE mode. As a result of this
inversion strategy, a neglecting mismatch is seen in period
range 0.01-100 s and stations s_01000-s_03250 of TM
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Fig.8 Difference between the resistivity section from the 2D bimodal
inversion and the cooperative inversion results depicted in Figs. 6, 7,
respectively. The red color shows that the resistivity in the coopera-
tive inversion is increased while the blue is related to the decrease in
the resistivity value. It should be noted that the results of the coop-

erative inversion delineate the salt body in depth. In addition, coop-
erative inversion results increase the resolution of resistivity model in
the shallow part of diapir but reflects minor responses in the sedimen-
tary sequence at the rest of the section
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Fig.9 Observed MT data as the apparent resistivities and phases along profile S and corresponding model responses are shown

mode (Fig. 9). Cooperative inversion method along this pro-
file resolves a finger like shape of salt body and the eastern
and western boundaries of the diapir No. 4. more clearly. To
show the difference between these results, the numeric dif-
ference in resistivity values of the model parameters between
the two inversion models is shown in Fig. 8. The Difference
between the two resistivity values of the cooperative and the
2D bimodal inversion is large in the western part of the MT
profile at the depth range of about 2—-6 km.

Interpretation and discussion

Previous seismic results on diapir No. 4 were of poor qual-
ity-especially at its overhangs and flanks-due to the com-
plex geological structure of the diapir. The complexity of
the geological structure arises from the exposure of hetero-
geneous gypsiferous sediments and dissolution cavities from
the surface to the depth of about 200 m. However, MT data
can produce complementary information due to the resistiv-
ity contrast of the salt and surrounding sediments. On the
other hand, diffusive nature of the electromagnetic waves
provides a smooth image of the salt body. It should be noted
that in most cases, sedimentary layers in a basin can clearly
be resolved by seismic data. Therefore, in our case, a coop-
erative inversion scheme is used to integrate any valuable
information from seismic data to the inversion process of

@ Springer

the MT data. In the following, first the results out of the 2D
bimodal inversion of the MT data are interpreted, then the
cooperative inversion of seismic and MT data is discussed.

2D resistivity models derived from the joint inversion of
the TE- and TM-mode data show the sequences of the geo-
logical stratigraphy properly. From the surface down to the
deep structures, a conductive (5—-10 Qm) near surface layer
corresponding to the fine quaternary sediments saturated
with brackish water, a more conductive (less than 5 Qm)
underlying layer correlated with the URF and marly part of
QF are resolved, respectively. Deeper down the resistivity is
increasing up to 20 Qm due to the limestones and sandstones
of the QF. Then the resistivity is decreasing to less than
1 Qm which is related to the shale and gypsum of the QF as
well as the marl and mudstone of the LFR. The very resis-
tive half space (more than 4000 Qm) at the deepest part of
the section is attributed to the andesitic to basaltic lavas, the
salt with gypsum and anhydrite of the LRF and the volcanic
rocks of Eocene.

Comparing the 2D bimodal inversion and the cooperative
inversion sections show that from the results of the coop-
erative inversion we can distinguish the western and east-
ern boundaries of the salt and simultaneously the general
shape of the salt body. In the resistivity sections of Figs. 6
and 7, we can see the conductive anomalies in the west-
ern and eastern sides of the diapir at the elevation of about
400 m down to the depth of 1600 m. Those parts consist of
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the sequentially layered sediments which show the lowest
changes (see Fig. 8) when applying the two different inver-
sion schemes. Flow of surface water and groundwater on the
top of or into the gypsiferous and salty media cause aggre-
gation of dissolution ions in groundwater (Nekouei et al.
2016). These zones are resolved as the conductive anomalies
in both sides of the diapir. It should be noted that cooperative
inversion can delineate the diapir geometry more accurately
in agreement with the geological information while the 2D
bimodal inversion provides a smooth image of the model
in depth. Also, cooperative inversion clearly shows that the
eastern front of the diapir is limited to the Sen—Sen fault.
In the following, we focus on the interpretation of the
cooperative inversion model only. As could be seen in
Figs. 10 and 11, the resistivity discontinuity in the eastern
part of the salt body coincides with the surface track of the
Sen—Sen fault. Integrated interpretation of the resistivity and
geology shows that Sen—Sen fault plays the role of uplifting
the salt. Location and the effects of this fault are not resolved
by seismics (Figs. 10 and 11). Comparison between a strike-
slip fault system (Fig. 1b) and up-coming pattern of a salt
body verifies the role of the dextral (right-lateral) strike-slip
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panel) and resistivity and den-

sity log and geology informa-
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fault system which can be extended to the especial situation
of the Sen—Sen fault.

The resistivity and density logs and geological infor-
mation from drilling location (Fig. 1b) from the depth of
400-900 m are compared with cooperative inversion results
(Fig. 10). Resistivity values in MT section is exceeded to
more than 4000 Qm for the salt formation due to the exist-
ence of cavities in the upper part of the diapir. It is also obvi-
ous that the sharp variation in the resistivity and density logs
is due to the existence of those cavities (Fig. 10). As could
be seen in the resistivity log, the highest resistivity value
is related to the salt body. Although thin layers of andesite
and claystone (less than 50 m) with lower resistivities are
reported in the resistivity log, they are not seen in the section
due to their small thicknesses. The density log shows varia-
tions through andesite and claystone layers but it shows the
lowest values through the salt body.

To compare all information including geology, resis-
tivity and post-stack depth migration (PSDM) section of
the seismic data, the 3D view of Fig. 11 is prepared. An
evaluation on the displacement directions of the Ab-Shirin
and Sen—Sen faults (two right-lateral strike-slip faults) and
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Fig. 11 Comparison between geology, seismic and resistivity and
density logs across diapir No. 4. Mention that the eastern boundary of
diapir No. 4 is resolved more precisely in the results of the coopera-
tive inversion and coincides with the surface track of Sen—Sen fault
(As could be seen in Fig. 8, the cooperative inversion results provide
more details of diapir structures, especially in depth.). Being the case,
the track of Sen—Sen fault is drawn in depth based on the resistivity

considering the effects of those faults causing the outcrops
of salt diapirs in the survey area (at the locations of diapirs
No. 1, 3 and 4 show that the tectonic scenario for diapir No.
4 can be extended to diapirs No. 1 and 3. In addition, results
from dimensionality analysis (Fig. 4) show the 2D behavior
of diapir No. 4. Again it is confirmed that the salt body in
depth is probably continuous along Sen—Sen fault. So it is
expected that we encounter a salt wall (salt canopy) instead
of dispersed diapirs (diapirs No. 1, 3 and 4).

Conclusion

Salt diapirs are used as liquid or gas storage because salt
formations are extremely impermeable and non-reactive
geological structures. Diapir No. 4 from Shurab diapirs
located at the NW of Kashan is selected as the first natural
gas storage in Iran. It was initially investigated using a 2D
seismic survey (ZAPCE 2016). Seismic results were of poor
quality at the overhangs and flanks of the diapir (Letouzey
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model of cooperative inversion. In addition, it should be noted that
the direction of displacement of Sen—Sen and Ab-Shirin faults and
the shape of salt diapir verify the role of the dextral (right-lateral)
strike slip fault system in uplifting the salt. It should be considered
that the effect of Sen—Sen fault is not resolved in the seismic section
while the good reflection from sedimentary horizons are coincident
with the resistivity section

et al. 2006) while the MT data could provide considerably
good results due to the sharp resistivity contrast between salt
body and surrounding sediments. So, 28 MT and 1 AMT
stations are measured along a profile coinciding with the
previous seismic profile. Apart from 2D bimodal inversion,
geophysical model is improved by adding seismic informa-
tion with cooperative inversion of the MT and seismic meth-
ods. Although the seismic survey could not depict diapir
structure properly, it could be used to justify the results of
2D bimodal inversion and cooperative inversion of seismic
and MT methods and minimize the ambiguities associated
with the interpretation of the diapir structure as well.

The results of the 2D bimodal inversion are compared
with cooperative inversion results as well. The results from
the 2D bimodal inversion show the finger shape of the salt
diapirs and the sedimentary sequences of the Qom basin’s
stratigraphy. In addition, it is confirmed that the origin of
the salt body is from the LRF and there is no evidence of
the conductive URF (in comparison with resistive salt body)
and QF. On the other hand, the results out of the 2D bimodal
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inversion could not delineate the eastern front of the diapir
and the location of the Sen—Sen fault precisely due to the
diffusive nature of electromagnetic waves. However, the
results from the cooperative inversion of the seismic and MT
data show not only the finger shape of the salt diapir more
properly but also the effect of Sen—Sen fault as the eastern
limit of the diapir No. 4 is delineated completely. Also the
up-coming pattern of the salt body verifies the role of the
dextral (right-lateral) strike slip fault system of the Sen—Sen
and Ab-Shirin faults.

A comparison between the resistivity values from the
inversion with the resistivity and density logs and the geo-
logical information from drilling shows a good agreement.
So it seems that the best location and depth for producing
cavern in the pure salt could be found based on the resistiv-
ity value. Comparing the direction of displacement of the
Ab-Shirin and Sen—Sen faults (two right-lateral strike-slip
faults) shows that the strike of the Sen—Sen fault coincide
with the outcrops of the salt diapirs No. 1, 3 and 4. This
shows that the tectonic scenario for diapir No. 4 could also
be matched with the diapirs No. 1 and 3 as well. In addi-
tion, the dimensionality analysis of MT data in the vicinity
of diapir No. 4, shows the presence of a 2D structure in
the region. So, it is probable that salt body is continuous
along the Sen—Sen fault. Based on this hypothesis, one can
expect the existence of a salt canopy along the Sen—Sen
fault instead of dispersed diapirs. We suggest conducting
aregional MT survey to identify the subsurface connection
between the diapirs indeed.
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