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Abstract The basal and intermediate decollements play an
important role in structural style of fold-and-thrust belts.
The decollement units, or different mechanical stratigraphy
within the rock units, are not uniform throughout the ZFTB
and show a strong spatial variation. The Lurestan region
with varied thickness of the intermediate decollement in
its northern and southern parts is one of the most impor-
tant parts of the Zagros fold-and-thrust belt, regarding its
hydrocarbon exploration—extraction projects. Thickness
variation of the intermediate decollement in different parts
of the Lurestan region allows us to address its role on fold-
ing style. Based on scaled analogue modeling, this study
outlines the impact of thickness and facies variation of sed-
imentary rocks in the northern and southern parts of this
region on folding style. Two models simulated the mechan-
ical stratigraphy and its consequent different folding styles
of the northern and southern parts of the region. In the
models, only thickness of the intermediate decollement
(thick and thin) for the northern and southern parts of the
Lurestan region was varied. Detached minor folds above
the intermediate decollement were created in response to
the presence of the thicker intermediate decollement, north-
ern part of the study area, which consequently deformed
complexly and disharmonically folded, in contrast to poly-
harmonic folding style in the section, compared to polyhar-
monic folding style in the southern part, where thin inter-
mediate decollement exists. The model results documented
that thickness variation of intermediate decollement lev-
els could explain complex and different folding styles in
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natural examples which must be taken into account for
hydrocarbon exploration throughout these areas.

Keywords Zagros fold-and-thrust belt - Intermediate
decollement - Analogue modeling - The Lurestan region

Introduction

Recent regional studies have shown that mechanical stra-
tigraphy (Mukherjee and Biswas 2015; Mukherjee and
Mulchrone 2015; Mulchrone and Mukherjee 2015) has
an essential role in governing the fold style in the Zagros
(Blanc et al. 2003; Homke et al. 2004; Koyi et al. 2004;
Sherkati and Letouzey 2004; Molinaro et al. 2005; Sep-
ehr et al. 2006; Sherkati et al. 2006; Farzipour Saein
et al. 2009). There are many fold-and-thrust belts where
the basal and intermediate decollements play an impor-
tant role in their structural style, e.g., Zagros (Koyi et al.
2004; Farzipour Saein et al. 2009), Po Basin (Massolli
et al. 2006), Pyrennese (Koyi and Sans 2003). The effect
of decollement has been studied by different workers using
field observations and analytical, numerical and analogue
modeling approaches (Chapple 1978; Davis and Engelder
1985; Butler et al. 1987; Cobbold et al. 1989; McClay
1989; Price and Cosgrove 1990; Buchanan and McClay
1991; Dixon and Liu 1992; Liu et al. 1992; Talbot 1992;
Treloar et al. 1992; Weimer and Buffler 1992; Cobbold
et al. 1995; Harrison and Pattern 1995; Letouzey et al.
1995; Sans and Vergés 1995; Blanc et al. 2003; Homke
et al. 2004; Koyi et al. 2004; Sherkati and Letouzey 2004;
Molinaro et al. 2005; Sepehr et al. 2006; Sherkati et al.
2006; Farzipour Saein et al. 2009; Vergés et al. 2011;
Farzipour Saein and Koyi 2014). Several studies docu-
mented that detachment folding was affected by different

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00531-016-1364-6&domain=pdf

1526

Int J Earth Sci (Geol Rundsch) (2017) 106:1525-1537

decollement units in the Zagros fold-and-thrust belt, ZFTB
(e.g., O’Brien 1950, 1957; Sherkati and Letouzey 2004;
Farzipour Saein et al. 2009; Vergés et al. 2011; Farzipour
Saein and Koyi 2014). The decollement units, or differ-
ent mechanical stratigraphy within the rock units, are not
uniform throughout the ZFTB and show a strong spatial
variation (Koyi et al. 2004; Sherkati et al. 2006; Farzipour
Saein et al. 2009; Farzipour Saein and Koyi 2014). The
role of various decollement levels on structural style is
well documented in many folded belts (e.g., Koyi 1988;
Davis and Engelder 1985; Letouzey et al. 1995; Cotton
and Koyi 2000; Bahroudi and koyi 2003; Bahroudi and
Koyi 2003; Nilforoushan et al. 2008; Farzipour Saein et al.
2009; Vergés et al. 2011). Using scaled analogue models,
Farzipour Saein and Koyi (2014) documented the effect of
lateral thickness variation of an intermediate decollement
on the propagation of deformation front. However, thick-
ness variation of the intermediate decollement in different
parts of the Lurestan region (Farzipour Saein et al. 2009)
allows us to address its role on folding style. The struc-
tural style of the folds from the central part of the Lurestan
region has been studied by balanced cross sections, geo-
logical maps, seismic profiles, stratigraphic surface sec-
tions and well data which highlight difference in folding
style across the area (Farzipour Saein et al. 2009). The ver-
tical and lateral changes in folding style indicate mechano-
stratigraphy within the sedimentary units (Farzipour Saein
et al. 2009; Vergés et al. 2011).

The main aim of this paper is to investigate folding style
in the Lurestan region (Fig. 1) based on scaled analogue
modeling, to outline the impact of thickness and facies
variation of sedimentary rocks in the northern and south-
ern parts of this region on folding style. This work uses
results of scaled sandbox models shortened from one end
to explain the variation in folding style between areas with
thick versus thin intermediate decollement, sharing similar
basal friction.

The prototype

The Zagros basin was part of the stable supercontinent of
Gondwana in Paleozoic time, a passive margin in the Mes-
ozoic, and a convergent orogeny in the Cenozoic (Stocklin
1968; Berberian 1995; Bahroudi and Koyi 2004; Farzipour
Saein et al. 2009; Casciello et al. 2009; Vergés et al. 2011,
Farzipour Saein et al. 2013).

The ZFTB, as a part of the extensive Alpine-Himalayan
orogeny system, can be divided into several zones, with dif-
ferent structural styles and sedimentary history, reflecting
different deformation accommodated along the belt (Falcon
1969; Stocklin 1968; Falcon 1974; Haynes and McQuil-
lan 1974; Berberian and King 1981; Motiee 1994; Berbe-
rian 1995; Bahroudi and Koyi 2004; Farzipour Saein et al.

@ Springer

Fig. 1 a The location map of the Lurestan region (the study area)p
with the main structural features, subdivision of the Zagros fold-and-
thrust belt and the location of the simplified structural cross sections
throughout the Lurestan region. b The generalized mechanical strati-
graphic column and potential decollement levels for the study area,
based on stratigraphic surface sections, well data and field observa-
tion (modified after Farzipour Saein et al. 2009)

2009, 2013; Farzipour Saein and Koyi 2014; Fig. 1a). The
simply folded zone as one of the important structural zones
of the ZFTB can be divided, along strike from the east to
the west, into the Fars, Izeh, Dezful embayment and Lur-
estan regions (McQuillan 1991; Berberian 1995; Farzipour
Saein et al. 2009; Farzipour Saein and Koyi 2014; Fig. 1a).
The Lurestan region in NW of the Zagros fold-and-thrust
belt (ZFTB) has a long history of hydrocarbon exploration
and production (Farzipour Saein et al. 2009). The eastern
limit of the Lurestan region is separated from the Dezful
embayment and the Izeh zone by the Balaroud Fault during
Jurassic—Cretaceous (Hessami et al. 2001a, b; Blanc et al.
2003; Sepehr and Cosgrove 2004; Farzipour Saein et al.
2009; Casciello et al. 2009; Vergés et al. 2011; Farzipour
Saein and Koyi 2014). To the NW, the Lurestan region
is separated from the Kirkuk embayment by the Khana-
qin Fault (Farzipour Saein et al. 2009, Fig. 1a). Structural
style in different parts of the Lurestan, disharmonic fold-
ing style, during Oligocene to Tertiary (Berberian and King
1981; Ahmadhadi et al. 2007), in the south and polyhar-
monic in the north, are very well documented based on the
field, seismic and well data (Farzipour Saein et al. 2009;
Casciello et al. 2009).

In the Lurestan region, Early Paleozoic sediments rest
directly on the highly metamorphosed Proterozoic Pan-
African basement (Farzipour Saein et al. 2009; Letouzey
et al. 1995). Sediments of the Lurestan salient are mostly
pelagic carbonates, rich in organic materials, marine shale
and evaporates (Fig. 1b). In this region, there are several
formations that, based on their lithology and structural evi-
dences (Farzipour Saein et al. 2009), have acted as decol-
lement levels (e.g., Pabdeh, Gurpi, Surgah, Sarvak, Garau,
Gotnia, Alan, Adaiyah, Dashtak and Lower Paleozoic sedi-
ments; see Fig. 1b for their lithology and age). The gen-
eralized stratigraphic framework through the Lurestan
region showed that there are lateral facies changes within
the main formations comparing the north part of the region
to its southern part which consequently has caused differ-
ent mechanical stratigraphy characteristics between the
two parts (Farzipour Saein et al. 2009; Fig. 2a, b). Far-
zipour Saein et al. (2009) documented that thickness and
facies changes of some formations that may have acted
as intermediate decollement unit across the region cause
lateral variation in folding pattern. From the north, where
increased thickness of the intermediate decollement has
led to decoupling at different structural levels, strongly
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Fig. 2 a Simplified structural cross sections in Lurestan region show-
ing variable thickness of the intermediate decollement and different
structural styles in the northern and southern parts of the region. See
(Fig. 1a) for the location (modified after Farzipour Saein et al. 2009).

disharmonic folding changes to polyharmonic folds in the
south, where the different structural levels are not strongly
coupled due to the thinner intermediate decollement unit
(Fig. 2a, b). The folding styles of the discrete domains
across the variable substrates resemble structural cross
sections from the northern part (with thicker intermediate
decollement) and southern part (with thinner intermediate
decollement) of the Lurestan region (Fig. 2).

Modeling strategy

Different evidences indicate that there is a clear difference
in the thicknesses of the intermediate decollement hori-
zons between the northern and southern parts of the Lur-
estan (Farzipour Saein et al. 2009). On this basis, this study
focuses on modeling of changes in thickness of the inter-
mediate decollement (one model with thicker decollement

@ Springer

b A conceptual model explaining distribution of the folding patterns
(disharmonic vs. polyharmonic) from north to south across the Lur-
estan region

2 cm, simulating the northern part, and the other one with
thinner, 0.5 cm, intermediate decollement simulating the
southern part of the Lurestan region). Both models have
similar configuration of basal decollement. Two models
were run in order to simulate the mechanical stratigraphy
and its consequent different folding styles of the northern
and southern parts of the region. Both of these models were
shortened from one end with the same speed simulating the
shortening in the ZFTB. In the models, only thickness of
the intermediate decollement (thick and thin) for the north-
ern and southern parts of the Lurestan was varied (Fig. 3).

Material and model setup

Dry loose sand, viscous silicon putty (polydimethylsi-
loxane, PDMS) and glass beads were used to simulate a
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Fig. 3 The models setup and Fixed wall
also schematic sections through-
out modeling materials for the
models 1 and 2. The only differ-
ence between the two models is
existence of the thicker (20 mm)
intermediate decollement within
model 1 comparing the thinner
(5 mm) intermediate decolle-
ment for model 2

=00

HRTL BS

12|lqm

Bulk Shortening 00%

Model 1 (Northern part of the Lurestan)

A B
4 mm Loose sand Competent unit
20 mm Middle decollement
Micro glass beads
10 mm Loose sand Competent unit
10 mm Basal decollement
Model 2 (Southern part of the Lurestan)
A B
4 mm Loose sand Competent unit
5mm Micro nlass'sa'geads Middle decollement
10 mm Loose sand Competent unit
10 mm | s e Basal decollement

competent sedimentary layer, basal decollement and inter-
mediate decollement, respectively, as has been the case
in many previous models (Davy and Cobbold 1991; Wei-
jermars et al. 1993; Cotton and Koyi 2000; Bonini 2001;
Costa and Vendeville 2002; Bahroudi and Koyi 2003; Nil-
foroushan et al. 2008; Farzipour Saein and Koyi 2014). The
bulk density of the sand (white and gray in color) used in
the models was p = 1550 kgm™~> with a cohesive strength
C = 140 Pa, coefficient of internal friction = 0.73 and an
average grain size of about >35 pm (Cotton and Koyi
2000). The Newtonian viscous material PDMS (manu-
factured by Dow Corning Ltd., Manchester, UK) has a
density of p = 987 kg m~ and an effective viscosity of
n =35 x 104 Pas at room temperature at ~20 °C (Weijer-
mars 1986). Indeed, glass microbeads have been regarded

as suitable materials for simulating weak layers (Massoli
et al. 2006). This material consists of almost perfect spheri-
cal grains and has an angle of internal friction, consist-
ently lower than the quartz sand. The glass microbeads,
provided by CBC Ytfinish Ab, are almost perfect (simu-
lating the incompetent intermediate rock units) spherical
grains composed mainly of quartz glass (with minor com-
ponents of sodium and calcium glass) with a grain size
ranging between 100 and 105 microns and a bulk density
of 1.5 g cm™>. Their coefficient of friction is u = 0.37
(¢ = 20°, Farzipour Saein and Koyi 2014). The layered
sand simulated the competent sedimentary units in the
Zagros fold-and-thrust belt, whereas the glass microbeads
simulated the intermediate decollement, and PDMS simu-
lated a viscous substrate (e.g., Hormoz Salt; Mukherjee

@ Springer
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et al. 2010). Indeed, the base of each model was horizon-
tally resting on a flat metal basal the crystalline basement.

Two rectangular models were prepared with glass walls,
and initial dimensions of 590 x 450 mm placed horizon-
tally on a metal sheet representing a rigid flat basement. A
square grid acting as passive markers (12 x 12 mm each
one) was imprinted on the surface of the models. Boundary
effect was visible within a 2- to 3-cm-wide zone along the
boundary of the box. However, my observations were made
along vertical cross sections, which were cut in the middle
of the models (40 cm wide), after 8.5, 20.4 and 23.8 % bulk
shortening (see Eq. 1 in “Appendix”) for each model, away
from the boundary effect. Avoiding boundary effect in ana-
logue models (Mukherjee et al. 2012) is a standard process
in laboratory-based structural geological studies.

The models were shortened from one side at an average
rate of 20 mm h~! (simulating 6-10 mm year~! in nature)
to a total bulk shortening of 23.8 %. The moving wall
extended down to the “basement” and shortened the basal
PDMS layer as well as the whole package of the sand and
glass beads resting above it.

In model 1, which simulated the northern part of Lur-
estan region, one-cm-thick viscous layer of PDMS, simu-
lating Hormuz salt (or Paleozoic shale), was acting as a
viscous basal decollement the model (Fig. 3). The PDMS
layer was then covered with layers of loose sand and glass
beads. A 2-cm-thick layer of glass beads simulated a thick
intermediate decollement in northern part of the Lurestan
region (Fig. 3).

In model 2 (simulating the southern part of the Lurestan
region), a similar 1-cm-thick viscous layer of PDMS was
placed at the base of the model resting on the flat metal
sheet. A 0.5-cm-thick layer of glass beads simulated a thin-
ner intermediate decollement (Fig. 3).

The models are scaled with a geometric similarity (length
ratio) of approximately 10> such that 1 cm in the models sim-
ulates 1 km in nature. For dynamic similarity between a model
and its natural prototype, a set of dimensionless ratios, which
related to physical properties of the model materials and rocks,
should be similar (Koyi and Petersen 1993; Weijermars et al.
1993; Nilforoushan et al. 2008). To achieve dynamic similar-
ity in model and nature, the intrinsic material properties, such
as cohesion (t,) and coefficient of internal friction (1), need
to be equal (Koyi and Petersen 1993; Weijermars et al. 1993).
The internal friction angle of the upper crust rocks (<10 km)
is averaged to 40° (Brace and Kohlstedt 1980), which gives
a coefficient of internal friction of 0.84. The internal friction
angle of uncompact loose sand used in the models is 36°, giv-
ing a coefficient of internal friction of 0.73. Cohesion, how-
ever, is scaled by equality between the non-dimensional shear
strength both in the model and in nature:

(plg/To)m = (plg/To)n @))]

@ Springer

where p is density, [ is length, g is acceleration due to grav-
ity, and the subscripts m and n denote the model and nature,
respectively (Koyi and Petersen 1993; Weijermars et al.
1993; Nilforoushan et al. 2008). This non-dimensional ratio
was calculated for the 1-g models and nature using the shear
strength of sedimentary rocks to range between 1 and 10 MPa
(Hoshino et al. 1972). For clastic sediments, the shear strength
and the density have been taken 5 MPa and 2550 kg m~>,
respectively. The loose sand acquired cohesion during scrap-
ing (collecting extra unwanted sand from the top surface of
the sand layers in order to thickness adjustment). Its cohesion
is ca. 140 Pa, and its density is 1550 kg m~>. These figures
give the non-dimensional shear strength in Eq. (1) a value
of 1.6 x 107" and 7.5 x 10~ for model and nature, respec-
tively. These two ratios, which are within the same order of
magnitude, suggest that my 1-g models fulfill the criterion for
dynamic similarity. For the ductile layer, dynamic similarity
was achieved by simulating the ductile behavior of rock salt
(or over pressured shale) with the Newtonian viscous material
PDMS giving a viscosity scaling ratio of 2.9 x 10~ to (*19).
Very high viscosity of rocks in collisional orogens (Mukherjee
2013b) is not attempted to match with the model material in
analogue models.

Model kinematics and results

During shortening, all materials resting on the flat metal
sheet were deformed. Below, deformation of the two mod-
els (the “northern part of the Lurestan” and “southern part
of the Lurestan”) is described in section view at three dif-
ferent stages of bulk shortening (8.5, 20.4 and 23.8 %).

Model 1: viscous (PDMS) basement with thick
intermediate decollement layer simulating the northern
part of the Lurestan (Fig. 4)

The compressional structures (fore thrusts and fault-
related asymmetric folds) formed in the model where the
20-mm-thick intermediate decollement exists within the
cover layers after 8.5 % of shortening. Detached small
folds were formed in deformation front above the 20-mm-
thick intermediate decollement where deformation had
propagated faster comparing to the layers beneath the
intermediate decollement. The width of the deformation
zone in this section (WDZ, the distance between the mov-
ing wall and the deformation front) within the layers above
the intermediate decollement is further (ca. 9 cm) com-
pared to the layers beneath it, after 8.5 % of bulk short-
ening (Fig. 4). This difference in propagation between the
layers above and beneath the intermediate decollement
is manifested in disharmonic deformation of the section
from surface to deeper parts. This disharmony between
the layers above and beneath the intermediate decollement
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Small detached folds
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|
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BS =8.5%

Small detached folds

Model 1
e BS =20.4%

Fig. 4 Section view photographs from different stages of shortening
for model 1. Disharmony between the layers above and beneath the
intermediate decollement is accommodated by activation of 20-mm-

is accommodated by the activation of 20-mm-thick glass
beads layer as a weak horizon within the relatively more
competent layers of loose sand. After 20.4 % of bulk
shortening, the WDZ in the section was 192 mm, and
fore-and-back thrusts and fault-related folds were formed.
Backthrusting is common in collisional orogens (Mukher-
jee 2013a). No out-of-sequence thrusts (Mukherjee 2015)
were produced in the present models. Several small folds
detached above the intermediate decollements were visible
in sections (Fig. 4).

The WDZ reached 259 mm after 23.8 % of bulk short-
ening (Fig. 4). Although the main larger-scale fore-and-
back thrusts and their related folds seemed to be clearer at
this stage, several detached thrusts above the intermediate
decollement were still visible and demonstrated dishar-
monic deformation within the layers above and beneath the
intermediate decollement. Also faster propagation of defor-
mation within the layers above the intermediate decolle-
ment, compared with the layers beneath it, was clear.

Model 1
& BS =23.8%
Small detached folds

thick glass beads layer as a weak horizon within the relatively more
competent layers of loose sand (see "Discussion")

Model 2: viscous (PDMS) basement with thin intermediate
decollement layer simulating the southern part of the
Lurestan (Fig. 5)

In this model also, the first compressional structures (fore-
and-back thrusts, pop-up and associated folds) appeared
after 8.5 % bulk shortening. At this stage, there were no
detached folds above the intermediate decollement. Short-
ening produced sharp pop-up structures and symmetric
folds. The WDZ is 120 mm after 8.5 % of bulk shortening
which is further compared to model 1 at this stage. After
20.4 % of shortening, lack of detached folds is very domi-
nant compared to model 1 at the same amount of the bulk
shortening (Figs. 4, 5). In profiles, harmonic geometry of
deformation within the layers above and beneath the 5-mm-
thick glass beads was visible.

The WDZ within the section reached 183 mm after
20.4 % and 229 after 23.8 % of bulk shortening (Fig. 5).
These figures are less than those in model 1 with the same

@ Springer



1532

Int J Earth Sci (Geol Rundsch) (2017) 106:1525-1537

Shortening direction

——

Loose sand

3cm Model 2
memss— BS=8.5%

Model 2
BS=20.4%

3Cm
|

3Cm Model 2
I

BS=23.8%

Fig. 5 Section view photographs from different stages of shortening for model 2. Harmonic geometry of deformation within the layers above
and beneath the 5-mm-thick glass beads is dominant compared to model 1 (see "Discussion")

amount of bulk shortening. Pop-up structures (related to
fore-and-back thrusts), their relevant symmetric folds and
lack of detached folds above the intermediate decollement
were still visible at these stages also. In summary, follow-
ing different stages of bulk shortening in this model dem-
onstrated that by increasing the amount of shortening,
deformation disharmony between the layers above and the
layers beneath the intermediate decollement was very low
compared to model 1. In other words, opposite to model 1,
there is no complexity in surface folds relative to folding
style at deeper parts of the section.

Discussion

Several analogue modeling studies have focused on the
effect of different rheological decollements (frictional
and viscous) on deformation style in fold-and-thrust belts
(e.g., Chapple 1978; Davis and Engelder 1985; Koyi 1988;
Cobbold et al. 1989; Dixon and Liu 1992; Talbot 1992;
Letouzey et al. 1995; Cotton and Koyi 2000; Koyi et al.
2000; Costa and Vendeville 2002; Bahroudi and Koyi 2003;
Nilforoushan and Koyi 2007; Farzipour Saein and Koyi
2014). The effect of basal decollement on deformation and
kinematics of fold-and-thrust belts has been discussed for
different compressional belts; however, role of intermediate

@ Springer

decollement thickness change on folding style is less fre-
quently discussed (see Harrison and Bally 1988; Koyi and
Sans 2003; Bonini 2003; Koyi et al. 2004; Sherkati et al.
2005; Massoli et al. 2006; Farzipour Saein et al. 2009; Cas-
ciello et al. 2009; Vergés et al. 2011; Farzipour Saein and
Koyi 2014). The relatively well-known stratigraphy and
available surface structures in the northern and southern
parts of the Lurestan region make the area an ideal place to
apply model results to it. Natural weak basal or intermedi-
ate decollement horizons change gradually or abruptly to a
frictional or less viscous decollement due to facies and/or
simply thickness change, and such changes play a signifi-
cant role in deformation style of an area (Cotton and Koyi
2000; Farzipour Saein et al. 2009; Farzipour Saein and
Koyi 2014).

Our models, similar to other studies (e.g., Cotton and
Koyi 2000; Farzipour Saein et al. 2009; Farzipour Saein and
Koyi 2014), illustrate different deformation styles within
the cover units as a result of lateral changes in detachment
rheology. However, unlike Cotton and Koyi (2000) who
focused only on lateral facies change of the basal decolle-
ment layer and Farzipour Saein and Koyi (2014) who dem-
onstrated effect of lateral facies change in the intermediate
decollement on the deformation front, this study looks into
effect of different thicknesses of the intermediate decolle-
ment on folding style. The difference in deformation style
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Fig. 6 A minor detached folding in Asmari Fm. above the tectoni-
cally thickened intermediate decollements throughout the northern
part of the study area, representing detached small folds above the

thick intermediate decollement (southern flank of the Vardalan anti-
cline). See (Fig. 1), for the locations

Fig. 7 Different deformation styles within an incompetent unit (Pabdeh Fm.) and competent unit (Asmari Fm.) at eastern plunch of the Sartang
anticline, representing disharmonic folding at the northern part of the Lurestan. See (Fig. 1) for the locations

above frictional and viscous basal decollements has also
been known and acknowledged before (e.g., Davis and
Engelder 1985). Using geological and geophysical data,
Farzipour Saein et al. (2009) and Vergés et al. (2011) stud-
ied the effect of lateral change in the intermediate decolle-
ment for northern and southern parts of the Lurestan region
(Fig. 1). Folding style, laterally and vertically, showed two
distinct patterns for the southern and northern parts of the
Lurestan region (Farzipour Saein et al. 2009; Fig. 2).

In the models, since the same basal decollement but
thickness of the intermediate decollement was varied,
several minor detached folds formed above the thicker

intermediate decollement (model 1, Figs. 2, 4). Model 1 can
be compared with the northern part of the Lurestan region,
where a thick intermediate decollement is present within
the sedimentary cover (Figs. 1, 2). In this part of the area,
however, the more pelagic, more incompetent facies of the
Sarvak and Pabdeh—Gurpi Formations (Farzipour Saein
et al. 2009), as well as the thicker intermediate decolle-
ment level, causes decoupling of the overlying anticlines
(Fig. 1). Consequently, the Paleozoic competent unit does
not control the folding geometry of the whole sedimentary
package and the folding style within the Paleozoic units is
completely different from that observed in the sedimentary
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layers above the intermediate decollement level (Fig. 2).
In addition, the small-wavelength folds in the Asmari For-
mation (Figs. 2, 6), lying above the tectonically thickened
intermediate decollement level, are decoupled from the
deeper folds (Figs. 1, 4, 7). Thus, in the northern part of the
Lurestan region, folding pattern is strongly disharmonic and
the fold geometry at different structural levels (across the
various decollement levels) is variable (Figs. 1, 4, 7). This
folding style is comparable with the fold appeared above the
intermediate decollement in model 1 where there is a thick
intermediate decollement. The high thickness of the inter-
mediate decollement (in model 1) permits more dominant
activity of the intermediate decollement and increases its
role in folding evolution of the whole sedimentary package
(Fig. 4). This model shows several detached folds above the
intermediate decollement. Increasing the amount of the bulk
shortening for the models causes more detached folds above
the intermediate decollement and consequently disharmonic
folding within the section. In early stages of model defor-
mation, a gentle large-scale fold is created. Due to the pres-
ence of a thick intermediate decollement, shortening was
accommodated by the intermediate decollement and the
layers located above it detaching them from the lower units.
Thus, this intermediate decollement causes disharmonic
folding. This also leads to faster propagation of deformation
within the sediments above the intermediate decollement
and causes disharmonic folding, following folding geometry
from surface to deeper parts of the section (Fig. 4).

Model 2 can be compared with the southern part of the
Lurestan, where a thinner intermediate decollement (com-
pared to the northern part and model 1) is present within
the cover unit (Figs. 1, 2). The effective and major role of
the basal decollement on deformation in this model (simi-
lar to model 1) causes the whole pile of sand bed detached
from the metal sheet (the basement). With further bulk
shortening, the viscous PDMS migrates gradually from
synclines to the core of the adjacent anticlines. Conse-
quently, the model shows nucleation of the fore-and-back
thrusts and their relevant folds (Fig. 5). During this process,
there is no activation of the intermediate decollement in
order to accommodate the deformation, compared to model
1 (Figs. 4, 5). This scenario could simulate the southern
part of the Lurestan, where the main role of the basement
decollement (thick Hormuz salt or Paleozoic sediments) on
evolution of the anticlines has been documented (Farzipour
Saein et al. 2009). In the southern part of the region, the
intermediate decollement level is thinner and more compe-
tent units exist within the stratigraphic column (Paleozoic
competent units, the Ilam limestone and shallow marine,
neritic facies of the Sarvak Formations; Farzipour Saein
et al. 2009; Figs. 1, 2). Consequently, the folds in the Sar-
vak Formation show larger wavelengths, which govern the
geometry of the layers above them (Fig. 2). In spite of the
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small folds within the Cretaceous and Jurassic formations,
which reflect the minor effect of the Triassic intermedi-
ate decollement level, the thick Paleozoic competent unit
controls the general fold geometry of the whole package
(polyharmonic folding) (Koyi 1988; Farzipour Saein et al.
2009; Fig. 2). This is because of the more competent neritic
portion of the Sarvak Formation (Farzipour Saein et al.
2009) which causes preservation of the longer wavelength
folds all the way to the surface (i.e., coupling between deep
and shallow structures; Figs. 2, 5). Indeed, polyharmonic
folding style (Farzipour Saein et al. 2009), model 2 with
thinner intermediate decollement, could be concluded as
the major and stronger activity of the basal decollement as
main controller of folding style within the whole pile of the
sediments (Figs. 2, 5).

In general, the models showed that presence of the thick
intermediate decollement (simulating the northern part of
the Lurestan) can give rise to faster propagation of the defor-
mation front and larger WDZ, in comparison with the model
having the thinner intermediate decollement (simulating the
southern part of the Lurestan) (Farzipour Saein and Koyi
2014). However, faster deformation propagation of the sedi-
ments above the intermediate decollement compared with
the sediments beneath it is obvious for both models.

Finally, model 1 confirms that intermediate decolle-
ment horizon decouples shallow and deeper units; i.e., sub-
surface structures and their characteristics cannot always
dictate the location of the surface structures exactly above
them. It may lead to draw wrong conceptual tectonic profile
from the structural data collected at the surface exposure. I
do believe that such decoupling occurs between deep and
shallow structures in different parts of the Zagros, where
there are intermediate decollement units with sufficient
thickness.

Conclusions

Results of scaled models were combined with geological
observation to argue the lateral facies change of sedimen-
tary rocks and consequently thickness change of the inter-
mediate decollement within the Zagros stratigraphy. Thick-
ness change of the intermediate decollement resulted in
different folding style at the northern and southern parts of
the Lurestan region. These findings can be applied to other
areas where intermediate weak (incompetent) horizons are
present within the shortened stratigraphy.

The model that was shortened above the viscous decol-
lement, however, with the thicker intermediate decolle-
ment propagated further and faster than the other that were
shortened with the thinner intermediate decollement, and it
showed the largest WDZ at the final stage of the shorten-
ing. In other words, the basal decollement characteristics
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have dominant and major role in controlling the deforma-
tion style, where the intermediate decollement has no suf-
ficient thickness.

The presence of a thick intermediate decollement can
give rise to faster propagation of the deformation in the
sediments above it compared to the sediments beneath it
especially where it is thick enough to be active as a main
decollement within the sedimentary pile during compres-
sion. This will form detached minor folds above the inter-
mediate decollement (or above a single larger anticline
beneath it). Thus, the deformation complexity and dishar-
monic folding style exist in the section that the intermedi-
ate decollement has been activated in response to the short-
ening. In other words, the deformation complexity of the
section (with the same basal decollement) is getting minor
when the thickness of the intermediate decollement in the
model decreases. Model 1 and model 2 simulate their pro-
totype (the northern and southern parts of the Lurestan
region), respectively.

Finally, the model results could help to establish that,
in addition to other parameters, not presented in this
study, thickness variation of intermediate decollement
levels could explain complex and different folding styles
in natural examples which must be taken into account for
hydrocarbon exploration throughout these areas with var-
ied intermediated decollement units within its sedimentary
pile, e.g., the Lurestan region.

Acknowledgments The research and postgraduate office at Univer-
sity of Isfahan is thanked for their support. I also acknowledge Prof.
Hemin Koyi for giving me the opportunity to run the models at Hans
Ramberg Tectonic Laboratory. Soumyajit Mukherjee handled this
manuscript and provided a review. Review by another person is also
thanked.

Appendix

Bulk shortening for each stage was calculated by taking
the length difference between the moving wall and back
wall of the model at each stage, to the original difference
between them (before shortening) using:

e=L—Ly/Ly x 100.

Equation 1: percent shortening calculation (e¢) where L is
the length measured and L, is the original length.
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