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Article history The Lachinag synformal anticline is located to the northwest of the Mil anticline
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Accepted: .5 July 2023 and the western end of the Dochah Fault in northern central Iran. This synform
Keywords: includes the terminal members of the Qom Formation (members E and G) and the

The Lachinag Synformal ; L . .
Anticline, Dochah fault, Qom Upper Red and Pliocene conglomerates. Additionally, with an axial surface plunge

Formation, Central Iran. from the northwest to the southeast, this fold trends toward the southeast, resulting
in its asymmetric geometry. In this synform, the deformable marl and gypsum layers
of the E and G members of the Qom Formation have contact with the competent
conglomerate and sandstone layers from the Upper Red Formation. The juxtaposition
of these layers and the occurrence of deformation phases resulted in the migration of
ductile layers as well as a significant increase in the thickness of the marl and gypsum
deposits of the Qom Formation (particularly in the E member). Due to the migration
of these layers towards low pressure areas and their substantial thickening at the hinge
of the Lachinag synformal anticline, the layers as well as the limbs of this fold were
overturned. Finally, a synformal box fold was formed. Structural investigations have
revealed that this fold initially formed as a result of the right-lateral strike-slip shear
parallel to the Dochah Fault. This process occurred during the post-Miocene under
the influence of counterclockwise left-lateral strike-slip shear forces around a pole
axis at approximately 135 degrees from the north. Consequently, the fold acquired a
synformal geometry. The left-lateral shear force may be due to the clockwise rotation
of the South Caspian basin and the application of left-lateral shear forces on the
northern parts of Central Iran, similar to what has been observed in the Kushk-e
Nosrat Fault.

The Lachinag synformal anticline is
located to the northwest of the Mil anticline
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and the western end of the Dochah Fault in
north-central Iran. The presence of a
detachment level and the development of
thrust faults throughout multiple stages of
progressive deformation within this sub-zone
resulted in the complex geometry of the folded
structures. According to Berberian and King
(1981), the formation of the Qom sedimentary
basin in Central Iran could be linked to the
subduction of the Neotethys oceanic
lithosphere beneath the continental crust of
Central Iran during the Late Cretaceous. Based
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on Cenozoic stratigraphic and
sedimentological studies, three distinct
sedimentary formations can be identified in
the Qom basin. The Lachinag fold complex
was formed at the termination of the Dochah
Fault and within the deposits of the Qom and
Upper Red formations with a shortening in the
area between the Qom and Indes Faults. The
marly beds of member E of the Qom
Formation lie in the core of the Lachinag fold
complex (Fig. 1b).
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Fig. 1. a) Main structural zone of Iran. The rectangle shows the location of the study area in Central Iran. b)

Location of the Dochah Fault and the Mil anticline.

In this research, the field observations of
the Lachinag folding were taken into account.
This information was integrated with remote
sensing analysis. The primary objective of this
work was to study the geometry and
mechanical stratigraphy of this fold and to
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examine the existence of an underlying
evaporite detachment surface. Additionally,
the effect of this detachment surface on the
folding characteristics was evaluated. Another
aim of this research was to investigate the
reason for the increase in the thickness of the
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Qom Formation in the northwestern part of the
Mil anticline and its effect on the formation of
the Lachinag disharmonic fold. Furthermore,
the studies and results from experimental tests
performed to date were used to determine the
effect of the detachment surface on the
formation of structures at the northwestern end
of the Mil anticline. This was followed by a
general description of these experiments and
an analysis of their results. A further focus was
on understanding the effects of the interaction
of the marl layer with the folding process and
the coeval deformations during the
accumulation of Cenozoic  sediments.
Previous studies have defined the Dochah
fault zone as a domain of thrust and right-
lateral strike-slip motion (Huber, 1976, 1978;
Nogol-e-Sadat, 1991; Nogol-e-Sadat, 1993;
Nogol-e-Sadate, 1985). However, field
evidence, such as the orientation of the axial
surface effect and the geometry of the
Lachinag folds, suggests more recent left-
lateral strike-slip motions along the Dochah
Fault as corroborated by 1:25000-scale
geological maps (Zamani, 2016b; Zamani,
2016c).
Materials and Methods

We undertook a 17-day field mapping
expedition covering 20 locations within the
Lachinag fold to collect structural data. Our
analysis included the measurement and
assessment of various structural elements such
as the fault slip criteria, the bedding direction,
and the major folds. The field and geological
data were then integrated and analyzed to
produce a comprehensive map of the studied
area and to develop three descriptive-
interpretive cross-sections. A total of 30 meso-
scale fault planes cutting through Eocene and
Oligocene-Miocene units were identified and
measured. Additionally, using the
methodologies outlined by Ramsay (1967) and
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Fleuty (1964), approximately 142
measurements were performed on the layering
planes for the analysis of the regional folds.
For the stereographic analysis of the structural
complications such as folds and faults,
specialized software including Daisy,
Geocalculate, and FaultKin were utilized.
These software tools were chosen for their
ability to differentiate all  structural
complications based on their trends and to
demarcate the fault data based on their specific
type of movement. Photoshop and
CorelDRAW software were also employed for
image rendering purposes. In addition, a
tectonostratigraphic ~ chart  incorporating
previously published data was developed. This
chart allowed us to establish the relative
timing of the activities of the major faults from
the fault cross-cutting relationships and their
interactions with the sedimentary sequences.
Results and Discussion

The Lachinag synformal anticline,
comprising the end members of the Qom
Formation (members E and G), the Upper Red
Formation, and the Pliocene conglomerate, is
situated in the northwest of the Mil anticline
along the northwest-southeast axial direction.
Field investigations in this region have
revealed an overturned sedimentary sequence
within this structure. Specifically, the member
G of the Qom Formation overlies younger,
south-dipping members. Although the core of
this folded complex remains concealed under
alluvial sediments and mineral tailings, the
sequence of the older layers of the Qom
Formation indicates its location. Overall, the
anticline shows older formations in its central
region and younger formations in its
periphery, leading to the formation of a box
fold as a result of varying viscosity of the low-
resistance materials (such as marl and
evaporites) and the adjacent sedimentary
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units. The box fold developed within a shallow
detachment horizon at an approximate depth
of 1-2 kilometers and affected a set of low-
resistance strata. This fold has three hinges and
its bedding dip at the center (middle limb) is
between 75 to 80 degrees. However, the dips
on the limbs are less, about 35 to 50 degrees,
so that they range from 40 to 50 degrees on the
northern side and from 35 to 47 degrees on the
southern side. The direction of the bedding dip
in the central limb and the northern limb is
towards the south, whereas in the southern
limb, it is towards the north. This complex,
located at the western termination of the
Dochah Fault, was folded under the influence
of right-lateral and left-lateral strike-slip
movements. Structural cross-sections were
prepared based on information obtained from
the region to measure the relevant fold
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parameters and create stereographic diagrams.
It became clear that the Lachinag synformal
anticline is a non-cylindrical fold type due to
its differing ridge lengths and slopes as well as
the asymmetry of the ridges compared to the
hinges. The evaluation of the interlimb and
folding angles as well as the calculations
describing the bluntness folding across all
structural cross-sections further classified the
Lachinag folds as closed folds in Fleuty’s
classification. The curved axial surface of the
Lachinag synformal anticline is approximately
430 meters in length, while its average width
is one kilometer. The main axis of the
Lachinag synformal anticline is characterized
by a southwest slope direction at 340.80, with
the other two axes positioned at 090.85
(sloping northwest) and 320.75 (sloping
southwest).

50°44'30'E

ARG S
PoCHAN FAT -

500 m
&

2] b |
\ Late Miocene
M,

34°42'0'N

7

34°41'0"N

Pliocene

a’

—$— Anticline axis

Synformal anticline axis

o, Stratigraphy age symbole

2. Vertical fold

l Post-Pliocene
- Present

3. Synformal anticline

Fig. 2. a) The Geological map of the region showing the increase in the thickness of member E of the Qom
Formation at the tip of the Mil anticline towards the north. b) Schematic model of the rotation of the Lachinag
anticline. Transformation of sedimentary layers into an anticline (step 1), transformation of the anticline into a
vertical anticline (step 2), and transformation of the vertical anticline into a synformal anticline (step 3). c)
Structural section of the Mil-Dochah anticline and the Lachinag synformal anticline.
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In the Lachinag synformal anticline, the
motion of the Dochah Fault, akin to a sidewall
motion, coupled with the low shear stress
resistance at the base due to the presence of
members E and G of the Qom Formation
bordering the Upper Red Formation, resulted
in stress transfer within the layers. This stress
concentration caused the separation and
forward thrust of layers at the end of the
separation surface, ultimately forming folds
and increasing stability at the end of the
Dochah Fault. The plunge of the current fold
which is approximately 30 degrees implies a
rotation of about 130 degrees in a
counterclockwise direction, as illustrated in
Fig. 2. The Mil anticline was formed during
the Eocene to the end of the Miocene (Fig. 2a).
Subsequently, the Lachinag synformal
anticline developed in the northern part of the
Mil anticline during a period when the Dochah
Fault was active with a right-lateral strike-slip
motion. Later, a right-lateral shear zone
formed between the detachment surface and
the Dochah Fault (Fig. 2b). Afterward, a left-
lateral strike-slip fault became active,
resulting in the rotation of the Lachinag
synformal anticline. Based on the structural
cross-sections of this fold, the marl and
evaporite units of the Qom Formation form an
intermediate detachment surface which affects
this folding deformation. The geometry of the
Lachinag synformal box fold and the inclined
sections in the limbs probably indicate the
existence of an intermediate detachment
surface at depth (member E of the Qom
Formation) in the cross-sections. The right-
lateral strike-slip motion of the Dochah Fault
continued until the late Pliocene. However,
due to the rotation of the Caspian Plate relative
to the Eurasian Plate, the motion of the
Dochah Fault changed from right-lateral to
left-lateral strike-slip (Khodaparast et al.,
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2020a; Khodaparast et al., 2020b). During this
transition, the Dochah Fault caused the
Lachinag  anticline to undergo a
counterclockwise rotation around a pole axis
(approximately 135 degrees), resulting in the
formation of a synformal structure.
Conclusions

The development of the Lachinag anticline
is due to the right-lateral strike-slip motion
along the Dochah Fault zone during the
Middle to Late Miocene epoch. This period
prompted a counterclockwise rotation of the
Lachinag anticline (estimated at 135 degrees)
relative to the pole of the axial plane from the
north. Subsequently, the anticline adopted a
synformal structure. It is plausible that the
more recent left-lateral strike-slip movement
along the Dochah Fault corresponds to the
clockwise rotation of the Caspian Plate. This
tectonic shift likely exerts a shear force upon
the northwest-southeast faults in the north-
central Iran and induces a minor reorientation.
In this locale, the orientation of the Dochah
Fault has a northeast-southwest trajectory.
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Fig. 2. Stratigraphic column along with the thickness changes of the Lower Red Formation, Qom Formation,
and Upper Red Formation in the west of Qom (Khodaparast et al., 2020a; Khodaparast et al., 2020b; Nogol-e-

Sadate, 1985; Vahdati Daneshmand, 1976).
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Table 1- Drawings to measure the geometrical parameters on the reference horizon (Qom Formation) in the

structural cross-sections.
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Fig. 5. Classification of the folds. a) Classification of the interlimb angle (Fleuty, 1964). Geometry of the folds
is shown on the LR diagram. b) The diagram adopted from Hudleston’s classification (Hudleston, 1973). The
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Fig. 6. a) General view of the drag folds of the evaporite unit of the member G of the Qom Formation. b and c)
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Fig. 7. a) Stereographic image of the faults measured in the Lachinag area. In this study, the RHR method was

used to measure the faults. b) Contour diagram of the faults measured in the Lachinag area. ¢) Frequency
diagram of the dip angles of the measured fault plane. d) Frequency diagram of the rake angle of slickenlines

and their contour diagrams.
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Fig. 8. a) General view of one of the Lachinag extensional faults with a right-lateral strike-slip mechanism along
with the stereographic image of the measured faults. b) A fault plane with a right-lateral strike-slip mechanism
along with its slickenline. ¢) The Lachinag extensional faults with a right-lateral strike-slip mechanism as well
as the stereographic image of the measured faults. d) A fault plane with a right-lateral strike-slip mechanism

along with its slickenline. e) The Lachinag extensional faults with a right-lateral strike-slip mechanism as well
as the stereographic image of the measured faults. f) A fault plane with a right-lateral strike-slip mechanism

along with its slickenline. g) Stereographic image of the right lateral strike-slip faults in the region.
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Fig. 9. The Lachinag fault zone. a) Satellite image of the Lachinag fault zone. b) General view of the Lachinag
fault zone from the west. ¢) A view of the Lachinag fault from the west along with the location of the

slickenlines. d) The Lachinag fault plane along with the stereographic image of the measured fault.
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Fig. 10. a) Geological map of the region showing the increase in the thickness of member E of the Qom
Formation at the tip of the Mil anticline towards the north. b) Schematic model of the rotation of the Lachinag
anticline showing transformation of sedimentary layers into an anticline (step 1), transformation of anticline
into a vertical anticline (step 2), and transformation of the vertical anticline into a synformal anticline (step 3).

c) Structural section of the Mil-Dochah anticline and the Lachinag synformal anticline.
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