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Avrticle info Abstract

Article history Deformation of microcontinents occurs during collision with a larger stable
iizzg’t:z (Z)gmlr‘;yzégi“ continent. Deformation is usually concentrated at the boundaries of the deforming
Keywords: microcontinent and depends on mechanical stratigraphy and pre-existing structures.
Alborz, Numerical modeling, ~ 1he Alborz Mountains, located in the northern margin of central Iran underwent
Detachment effect, Mountain  various deformations including Cimmerian, Laramide and Alpine compressions
front displacement. since Triassic and its highest exhumation occurred in Cenozoic, as a result of the
Alpine orogeny. Relocation of the Alborz Mountain front is visible in the satellite
images in the Qazvin-Rasht area, where the geophysical maps also indicate changes
in the basement at the subsurface. The aim of this study is to investigate possible
factors responsible for this large displacement of the mountain front, using 2D
numerical modeling. We designed and run five 2D models considering different
parameters, such as the presence of basal and middle detachments and the effect of
their thickness as well as involvement of basement faults. The experiments show a
faster movement of the deformation towards the foreland in the presence of basal
detachment compared to the case without basal detachment. The addition of
intermediate detachment intensifies this process. Increasing the thickness of the
middle detachment increases the exhumation and deformation, especially towards the
foreland. The model with a pre-existing basement fault shows very clear localization
of deformation on the basement fault which causes developing the deformation
towards the foreland. According to the cross sections constructed across the area on
the both sides of the change in the mountain front, there is an increase in the thickness
of the Jurassic shale (Shemshak Formation) as a detachment level in the central
Alborz, where higher exhumation and extensive outcrops of Paleozoic rocks is
observed compared to the western Alborz. The numerical models with different
thickness of intermediate detachments (1 and 2 km) have simulated this difference
between the central and western Alborz. Considering the larger displacement of
deformation front toward the foreland in the numerical model in the case of a pre-
existing fault, the presence of a basement fault in the western Alborz could be
assumed causing the larger southward displacement of mountain front compared to
the central Alborz.
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Introduction
The Alpine-Himalayan orogenic belt,

extending from the Atlantic to the Pacific, is
composed of a myriad of smaller plates. These
micro-plates (or micro-terranes; tectonic
fragments) are weaker compared to the major
cratonic plates (e.g. Burke, 2011; van
Hinsbergen et al., 2020; Scotese, 2021). The
occurrence  of different  deformations,
especially those that underwent more than one
Wilson cycle, leads to a challenge in
understanding the evolution of deformation.
The Central Iran Microplate (as defined by
Takin, 1972; Stocklin, 1974, Figure 1) has
undergone repeated extension and
convergence since the Early Paleozoic, during
the opening and closure of the Paleo-and Neo-
tethyan oceans. The Late Cenozoic collision of
Arabia and Eurasia resulted in strong
deformation, especially along the Alborz and
Zagros mountains. Rigid Caspian basin
supposedly played an important role in the
formation of the arcuate shape of the Alborz
Mountains (Alavi, 1996; Berberian, 1983;
Brunet et al.,, 2009). Positive inversion
tectonics as well as large displacement of
transcurrent faults have also influenced the
deformation style and evolution of Alborz
Mountains (Butler et al., 2006; Maadanipour
and Yasaghi, 2009; Morley et al., 2009; Ter
Borgh et al., 2011; Zanchi et al., 2006).

The Paleozoic rocks consisting mainly of
Cambrian, Devonian, Carboniferous and
Permian siliciclastics and limestones, mainly
crops out in the central Alborz. While, the
Mesozoic  outcrops  include  Triassic
carbonates and sandstones, siliciclastics of
Jurassic as well as sandstones and limestones
of Cretaceous. The Cenozoic outcrops are
mainly composed of Eocene volcanics and
volcaniclastics, usually overlain by Late
Cenozoic clastic rocks.
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The southern and northern margins of
Alborz show a large frontal displacement in
the Qazvin and Lahijan areas, respectively.
Berberian (1983) suggests the N-S trending
Lahijan fault at the location of this
displacement while Ehteshami-Moinabadi
(2016) considered it as a basement strike slip
fault. Rezaeian et al. (2020) defined it as a
boundary fault for the Talesh Mountains to
explain the post Eocene rotation. Using 2D
numerical modeling, this study investigates
the possible controlling factors  for the
displacement of the mountain front.

Methods

Three cross sections (Fig. 3), two in N-S
direction on either side of the change along the
Alborz  deformation front (along the
interpreted Lahijan fault), parallel to the
change and perpendicular to the structures,
and one in E-W direction, perpendicular to the
change, are drawn based on geological map
data to understand the style of deformation. 2D
Move software has been used to construct the
balanced cross sections (Figs. 4 and 5).

This study uses numerical modeling by a
Matlab code based on finite-difference method
and rheology of visco-elastic (Maxwell-type)
(Ruh et al., 2012; Ruh and Verges, 2018). All
of five models have been generated based on
different parameters. Four models testified the
role of detachments at the base or in the middle
of models detachment. Another parameter is
the change in thickness of the detachment
layers. One model considers the effect of a
pre-existing basement fault and the basement
fault initially formed during the deformation
(Table 1, Fig. 7).

The model geometry is a 125 km x25 km
box with a numerical resolution of 421x121
nodes. Each cell contains 16 Lagrangian
markers. The rock pile is 10 km and composed
of competent and incompetent (detachment)
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layers. Considering the Alborz sedimentary
sequence and for investigating the changes in
the structures of the study area, a 1.5 km thick-
basal detachment (comparable to the
Cambrian shales) and an intermediate
detachment (comparable to the Jurassic
Shemshak shales) with 1 and 2 km thickness
have been designed in some of the models.
The intermediate detachment has higher
plasticity (lower viscosity; n= 10 Pa.s) than
the basal detachment (n= 10%° Pa.s). A 16 km-
thick layer with a very low density and
viscosity (called sticky-air) is considered over
the rock column, which acts as a semi free
surface at the interface of rocks and air with a
negligible shear stress along it (Crameri et al.,
2012). To simulate the horizontal shortening
in the models a constant velocity of +0.005
m/yr and in some models 0.01 m/yr is applied
to the left side of the models, or the right side
in the case of the models with a fault. The right
side of the models (except for the models with
faults) has a velocity of zero and a boundary
condition of no slip to simulate the back stop
of the Caspian Sea. Considering an initial
velocity of +0.005 m/yr from the left side for
the bottom boundary condition also helps to
simulate the back stop to the right side of the
model. The vertical velocity depends on the
horizontal velocity and the dimension of the
model box.

To simulate a pre-existing basement, fault
a zone with a lower internal friction angle of
¢=10 compared to ¢=30 for the basement is
designed (Fig. 18) and the deformation is
forced to start in this zone by designing a
velocity discontinuity at the base of the model.
By skipping the previous extension phase
creating this weak zone in the basement, we
had to design such a setting to be able to
simulate the structures as much as possible
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similar to the natural prototype; which is a
modeling limitation in this research.

In all models the stress-strain relation is
linear (n=1) in the sedimentary cover and non-
linear (n>1) in the basement which is related
to lithological characteristics and temperature
(see Flow law equation in Ruh and Vergés,
2018 for the details). The basement has a
rheology of wet quartzite, which is common
for the upper lithosphere. The tempreture for
the botom of the rock column in the models is
considered 600° C by considering the rock pile
thickness and the geothermal gradient of 30°
C/km).

Results and Discussion

The model without any detachment layer
(model 1) was the simplest model and has used
as a reference model for comparison with
other models. After about 24% shortening of
the model, a main anticline has formed near
the hinterland with a gentle fold on its frontal
part while thrust faults (the zones with higher
strain rates) have formed throughout the
model (Figs. 8 and 9). The back thrust
development is limited to the hinterland part
of the model (Fig. 9).

The model with a 15 km- basal
detachment, simulating the effect of the
Cambrian shales (model 2), shows a main
anticline with a minor folding in its front limb
and increasing the number of thrusts towards
the foreland after 24% shortening, compared
to model 1 (Figs. 10 and 11). The back thrusts
are still limited to the hinterland. The model
with a thin intermediate detachment (1 km
simulating the Jurassic shale, model 3)
produces an anticline close to the hinterland
similar to those formed in models 1 and 2,
however with subsidiary folding on its
forelimb. Increasing the number of thrusts and
back thrusts results in more exhumation in this
model, especially near the hinterland where
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the main anticline formed (Figs. 12 and 13).
Doubling the thickness of the intermediate
detachment in model 4 (2 km) leads to an
increase in the amplitude of the main anticline,
compared to model 3 with a 1 km-thick
detachment layer. The number of folds and

faults increases towards the foreland
compared to all previous models (Figs. 14 and
15).

In model 5 with a pre-existing basement
fault, a gentle fold forms with a vergence
towards the foreland (Figs. 17 and 18).

Based on the first four models, we can see
how the role of basal and intermediate
detachment as weak layers affects the
evolution and style of deformation in an area.
Increasing the thickness of detachment layer
results in a faster deformation propagation
towards the foreland and increases the folding
in the model as well as exhumation, especially
near the hinterland (Fig. 16). For model 5,
which include basement faults, the folds form
more towards the foreland compared to the
model without basement fault (model 1) (Fig.
19).

Increasing the thickness of intermediate
detachment in model 4 shows higher
exhumation compared to the other models,
which is similar to the situation observed in the
cross section across the central Alborz (cross
section BB’; Fig. 4). The displacement of the
deformation front in the Western Alborz in the
Qazvin area indicates the influence of the
basement fault in this area, which is
comparable with the results of model 5.
Conclusions

Model with the geological cross sections

show that:
- The presence of a basal detachment is one of
the most important parameters to change the
style of deformation compared to the model
without that.
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- Adding second detachment (in Models 3 and
4), the amount of displacement and the number
of folds and faults increase.

- Increasing the thickness of intermediate

detachment (Model 4), increases the

exhumation and deformation, which is
comparable to cross section BB’ across the

Central Alborz.

- A Pre-existing basement fault (Model 5) is

able to form structures partly similar to flower

structures happened in the central Alborz.

Additionally, it can move the highest

topography further to the foreland, which is in

good agreement with the situation observed in
the western Alborz.
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Structures (Anticline & syncline axis)
Lithology

Geo_unit
Q
Ng
[InNgv
B &
[ ev
B «s
- Kv
B s
[ w
Il s
B R
B Fs
I:] Piv
==
[ I
I ~:
I cm
I rc

Recent fluvial gravel and sand deposits

Red to brownish tuffaceous claystone, siltstone with basal ic mudstone and, red beds

Dark gray pyroxene andeitic basalt , trachyandesite , lithic tuff shale and sanytuff

Alternation of red marl and sandstone with conglomerate interlayers (Fajan, Ziarat F.)

Dark grey trachyandesitic-basaltic lava (Karaj F.)

Light grey,thin bedded to massive,orbitolina bearing limestone (Tizkuh F.)

Dark grey diabasic lava with a few beds of orbitplina bearing limestone

Alternation of dark grey shale and sandstone, conglomerate, limestone (Shemshak, Lar, Shaal, Delichai F.)
Dark grey andesite-basaltic lava & tuff, volcanic rocks and coal lenses

Light grey to yellow shale and marl in lower part and grey dolomitic limestone in upper part (Elika F.)
Dark green to brown andesitic basalt,partly amigdaloide

Dark grey,thin to thick bedded, fetide limestone and marly limestone and shale (Doroud, Ruteh, Nesen F.)
Purplish grey, intermediate to basic volcanic rocks

Drak grey to black,thin bedded to massive limestone,in part with shale (Mobarak F.)

Basic to intermediate slightly metamorphosed volcanic rocks (Jiroud F.)

party Silurian and Ordovisian deposite

Red purple micaceous shale and sandstone, dolomite and sandstone (Zaigun, Lalun, Barout, Mila F.)
Shale with limestone, massive dolomites, green and grey sandstone (Kahar , Soltaniyeh F.)

[ caspan sea

|

Light gray-granular, syncollisional . sheard granitoid with tormaline and magnetite veins

Residential_area

Green,basic to intermediate doleritic dyke
Olivine gabbro-norite
Monzonite-tonalitic dome or small bodies
Granite-granodiorite(Post-Eocene)

Red marl interbedded with sandstone ,

and gypsum

49°30'E
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.(1990a; Baharfiruzi et al., 2003; Saidi, 2004

Fig. 3. Geological map of study area redrawn from the geological maps of Langroud, Rasht, Bandar-e-Anzali,
Roudbar, Jirandeh, Abhar, Takestan and Qazvin at the scale of 1:100000. Locations of cross sections are shown
on the map with black lines (Emami, 1990b; Emami, 1990a; Baharfiruzi et al., 2003; Saidi, 2004).
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Fig. 4. Cross sections of the study area. Cross section AA" is located in western Alborz and BB' is located in
central Alborz. Their locations are indicated in Figure 3.

Structure deformation zone

w E
o

Distance (km)
Legend
Q  Recent Deposite B kv Cretaceous Volcanic Rocks [ cM  Cambrian Ziagun, Lalun, Barut, Mila formation
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Fig. 5. Cross sections C-C' drawn by Move software in E-W direction, parallel to the mountain range. The
square indicates the proximate location of Lahijan Fault, where the mountain front shows a significant offset at
surface. See Figure 3 for the location.
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Age Formation | Thickness | Stratigraphy | Stratigraphy | Formation | Tickness
A B
Recent Variable Recent Vaniable
Quaternary deposite deposite
Q
Neogene(Ng) Hezar Hezar <70 m
Darreh Darreh Pirnian colision
Eocene (Ev) Karaj Karaj | ~3300m
Rifting
Eocene (Es) |Fajan, Ziarat Fajan, Ziara ~500 m
Laramid colision
Cretaceous | Volcanic Volcanic
(Kv) Rock Rock [ ~1000m
C'(el‘(“;m“s Tizkuh Tizkuh | ~470 m
s
= Rifti
- - = e
Jurassic(Js) | Dalichai, Dalichai, | ~1500 m
Shemshak Shemshak
Cimmerian colision
Triassic (TRs) Elka Elika ~295m
Doroud, Doroud,
Permian (Pr) | Ruteh Nesen Ruteb, Nesen | _ cop
Czh:gﬁrm Mobarak Mobarak | ~450m
Dormion i) "w Jroul ~Mm Possible early rifting
Zaigun, Zaigun,
Cambrian nnﬁthm Barut, | ~2450m
(Cm) Lalun, Mila
Kahar, Kahar,
Precambram | Soltanih Soltanieh ~2800 m
(FC)
Basement SN unknown

3 bcwebis) cal Cwbs B Gl by o Sawd w5l B-B7 9 A-A°

sloghy lalie sl gy F JS2

Fig. 6. Comparative stratigraphic column of cross-sections A-A’ and B-B’. The Shemshak Formation shows
different thickness in both columns (the thicknesses are extracted from geological maps of area).
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Table 1. Classification of the models on the basis of different factors. In all of the models, the tectonic regime
is considered to be compressional with 30% shortening and no erosion.

Factors Model | Basement Detachments _ Velocity (m/s) | Basement fault
Basal Intermediate

1 1 --- --- 0.005

% 2 1 1.5km --- 0.005

_g 3 1 1.5km 1km 0.005

§ 4 1 1.5km 2km 0.005

a}

Basement fault 5 1 0.005 1
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(Ranalli and Murphy, 1987; Ruh and Verges, 2018) la Jos sloay So35ls5, ,li, slagiwl 3 -Y Jso
Table 2. Rheological parameters of the layers in the models (Ranalli and Murphy, 1987; Ruh and Vergés, 2018).

Q Ap Cp K 3 < |2 Pw
Rock type |Rheology | 15 N ekt sy [tk [P &am) [n@as) (G |G |4 (Temp(9
Sticky air ~ |Linear 10% 1 3108 200 1 10% 0 273
Rocks Brittle
. 10% 1 1-10° 25 2600 10% 30 30 0.4 273
(competent) |(linear)
Ductile 10%
103 19 o o
Detachments (linear) 10t 1 1-10 25 2200 10 0 273
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7. The highest strain rate (log ¢ = —13 to — 14 1/s) belongs to the area with pre-existing fault.
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Fig. 22. Comparison of topographic diagrams for the models 1 to 4. According to the diagrams, the presence of

a thick intermediate detachment along with a basal detachment cause the highest topographic uplift (7700 m)
(blue curve).The effect of increasing thickness in intermediate detachment is comparable with cross section BB'

of the central Alborz where the topography is higher compared to the western Alborz.
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Fig. 23. Cross sections across central Alborz. All cross sections show the involvement of basement in
deformation and the influence of basement faults (Figures a and b are taken from Stocklin, 1974 and Allen et

al., 2003, respectively).
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Fig.24. Comparison of topographic plots for models 1 and 5. According to the topographic diagrams, the highest

topographic elevation of model 5, with a pre-existing fault shows an offset to the left (presumably to the
foreland) compared to that of the reference model 1. This can simulate the mountain front further to the south

in the western Alborz.
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