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The eastern Iranian ranges appearing with a NS-trending strike on the satellite
images, were already known as the Sistan suture zone, but have recently been
identified as the eastern Iranian orogen. The N40E first-generation folds and thrusts
with slaty cleavage (parallel folds) have appeared parallel to the NE edge of the Lut
block. The structural analysis shows that most of the thrusts dip to the northwest, so
that the Permo-Triassic and Jurassic microdiorite units in Lut have been thrusting on
the younger rocks. The structural studies show that the tectonic vergence in this
deformation event is northwest to the southeast and from the outside (hinterland) to
the inside (foreland) of this orogen in the Sechengi area. Younger thrusts of the
second deformation event were either directly formed due to the second deformation
event, or they were older thrusts that reactivated and folded, so that often two sets or
more slickenlines can be recognized on the thrust plane. The recent N44W thrusts
have been redistributed in perpendicular to the edge of the Lut block and parallel to
the axial plane of the northwest second-generation large-scale folds (radial folds).
Both the northwest folds' axial plane and penetrative shear cleavage, have dips to the
northeast and southwest. These structures are parallel to the axial planes of the
second-generation folds and younger thrusts. Such consecutive deformation events
perpendicular to each other are inconsistent with the models of simple linear orogens
presented for eastern Iran (i.e., rifting of eastern Iran continental crust and subsequent
linear collision) and seem more consistent with the buckling orogens (Orocline).

Introduction

The eastern Iranian ranges (EIR) with an

Kinematic analysis of structures is an
important tool to understand the history of
deformation at local and regional scales. The
study of fold-thrust belts is simply not possible
due to their different geological and structural
characteristics, because several factors affect
each type of these belts (Poblet and Lisel,
2014).

average 900 km length and 200 km width and
north-south strike are part of the Alpine-
Himalayan belt. The Paleogene orogen of
eastern Iran which is affected by the Indo-
Eurasian collision, is mainly composed of
Cenozoic rocks and is located between the
Afghan block in the east and the Lut block in
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the west. In fact, these blocks are derived from
the Cimmerian block (Stocklin, 1972).

The tectonics of EIR has many
complexities and it is considered to be affected
by the presence of the Neotethys oceanic
branch between the Afghan and Lut
continental blocks (McCall, 1997), which
rifted in the Early Cretaceous (Camp and
Griffis, 1982; Tirrul et al., 1983).

The EIR contains Cretaceous-Eocene
turbidite sequences consisting of "Ratuk"
high-pressure metamorphic mélange (in the
northern part) and "Neh" Ophiolite complex
which are considered as the foreland. The
Hinterland is situated in the curved northern
border between the Lut and EIR (Bagheri and
Damani Gol, 2020).

These microcontinents were added to the
Eurasian continent during the closure of the
Paleotethys Ocean in the Late Triassic. There
is no consensus on the timing of the ocean
closure in eastern Iran and the Lut-Afghan
continental block collision, ranging from the
Middle Eocene (Camp and Griffis, 1982;
Tirrul et al., 1983) to the Late Cretaceous
(Zarrinkoub et al., 2012; Angiboust et al.,
2013, Bonet et al., 2018, Jentzer et al., 2017).
Bagheri and Damani Gol (2020) have
introduced the Paleogene orocline of EIR as a
secondary orocline. According to Rashidi et
al. (2023), flexural slip played a crucial role in
the formation of the multi-plunging anticline
and syncline in the Khousf (north west of
Birjand city) splay.

The most important questions that are the
goal of this research are: 1) Are the directions
of tectonic transport and the characteristics of
thrusts compatible with the orientation of
similar structures in the linear Lut and Afghan
collision zone? 2) What is the direction of the
general tectonic transport and direction in the
Sechengi area? How many deformation phases
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occurred in Sechengi area and what is the time
relationship between these tectonic phases?
Materials and Methods

In this research, based on field studies and
processing of satellite images, an attempt has
been made to understand kinematic-geometric
tectonic analysis of thrust faulting, the
deformation patterns, and the time of the
deformation phases in this region. Due to the
lack of consistent structural studies in the
Sechengi area, the geological map of this area
has been corrected and the structural map and
cross-sectional profiles have been drawn more
precisely. By using the stratigraphic
relationships of the lithological units and
structural analysis of thrust sheets, the
direction of the general tectonic transport
(vergence) has been identified and introduced
for the first time.

Results and Discussion

In the Sechengi area, many thrust sheets
and Klippes crop out, but these structures are
not identified on the geological maps
including the Sechengi (Azimi and Saidy,
1975), South Sechengi (Bolourian and Vahedi,
2004) and Sarchah-Shur (Vahdati and
Kholghi, 1987) sheets.

The Th.1 thrust sheet with an asymmetrical
shape is N50E/55NW, so that the Triassic
limestones were thrusted onto the Jurassic
microdiorites. Sometimes numerous tectonic
klippes can be seen on the Triassic
microdiorites and shales. At the boundary
between these two units, there is a brittle shear
zone. The direction of tectonic transport in this
part of the Sechengi area is SE vergence.

The NI15E/68NW Th.2 thrust sheet,
exposed in the Abgarme-Lut area, is a thrust
of Triassic limestones on Triassic sheared
limestones. In the margin of this thrust, a
vertical fault plane can be observed, whose
slickenslides are almost horizontal and it
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seems to be a lateral thrust.
Triassic limestones are also thrusting on the
Triassic metamorphosed shales (N70W/66NE
to E-W/55). In the lateral and frontal part of
this thrust sheet, there are two sets of
slickenslides, which indicate the occurrence of
two stages of fault movement in lateral and
frontal ramps.

The deformation history of the Sechengi
area consists of two groups of thrusts
generated in three deformation phases:

The first group are older thrust sheets
orientated parallel to the edge of the Lut block.
These thrusts have NE strike and NW dip of
the fault plane. The Permo-Triassic units
within the Lut block moved onto the Jurassic-
Cretaceous units by overthrust nappe and
thrusting. Also, the Permian limestones (in
Ghore-Sefid Mountain) thrusted on the
Triassic limestones (N35E/46NW). In the
Sechengi area, the Triassic limestones thrusted
(N42E/60NW) on the Jurassic microdiorites.

The second group are new thrusts that have
been folded or reactivated as a result of second
deformation event. These thrust sheets have
two sets of slickenlines and orientated
perpendicular to the edge of the Lut block and
parallel to the NW axial plane of the
superimposed folds.

In the Sechengi area, the axial plane of the
second-generation folds is orientated in N30W
and the shear cleavage is orientated in N42W,
and the cleavage planes of both structures have
NE and SW dips. According to new structural
data in the Sechengi area, tectonic transport
(vergence) was obtained from NW to SE
direction.

Conclusions

Tectonic history of the Sechengi area in
eastern Iranian ranges (EIR) consists of three
deformation phases:
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The first phase led to the formation of
compact and tight folds and associated axial
surface cleavages (S1) that are bent. These
folds tend to the SSE (vergence) along with the
thrusts that show bending towards the north.
The occurrence of thrusts during the Middle
Eocene is widespread in the Sistan region, and
the narrow parallel folds of the Middle-Upper
Eocene in  the red and green
volcanosedimentary  sequences are well
distributed in the northern part of the Lut-
Sistan border, such as the Qaen allochthonous
belt.

The second phase of deformation that
occurred at the end of the Paleogene in an east-
west direction led to the bending of the
previous structures, including the axial surface
of the first-generation folds (which had an
east-west axial plane alignment) and found a
new northwest direction (F2). The ramp of the
first phase thrusts (with east-west extension)
was also reactivated and found a new NNW
orientation, which shows the SSE tectonic
vergence. The sinusoidal folds and large-scale
tectonic ridges (Ridge) in the north of the
Sistan-Lut boundary (north of Birjand and
Musavie area) with N-S conical folds formed
the second phase of deformation along with
widespread cleavage in the core of the folds.

The third phase led to the formation of
right-slip extensional faults and the folding of
Neogene continental deposits in eastern Iran.
These include the NNE trend with right-slip
movement and the WNW trend conjugate
faults, which are left-slip extensions that cut
the axis of the folds and created penetrating
shear cracks, and sometimes they are
accompanied by volcanism (such as the East
and West Neh Fault and the Kahurak Fault).

Therefore, it seems that the fold-thrust
structures in the curved northern border of the
Lut and Sistan terrains are expected structures
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in the classical fold-thrust belts. These
structures do not resemble the expected
structures that are common in the linear
collision zones but are similar to large-scale
buckling orogens (oroclines).
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Fig. 3. a) Relationship between different geological units with thrust planes in the Sechengi region; V.: tectonic
vergenc. b) Structural map of thrust sheets in Figure a. ¢) Panoramic image of Triassic limestone thrust on the
Jurassic microdiorites (Gr.). d) Fault contact between limestone and microdiorite. The box on the image in
Figure d is enlarged. €) Thrust fault with slope towards the northwest. f) Photomicrograph of the microdiorites
of the Sechengi area. Microgranular texture including quartz, alkali feldspar (Kf), plagioclase (Plg.) and
amphibole (Amf.). XPL (x 40).

s

YY¢


http://dx.doi.org/10.22034/KJES.2023.8.2.104161
https://gnf.khu.ac.ir/article-1-2868-en.html

[ Downloaded from gnf.khu.ac.ir on 2024-04-30 ]

[ DOI: 10.22034/KJES.2023.8.2.104161 ]

e Bb 059k olieeS o la Sl i g cuale

Q‘)ls.o.ﬁ 9 ,u" v

- Granitoide basement (Jurassic)

Limestone (Triassic)

Shear dolomitic limestonc (Triassic)

YYo

by Sal Sl @ -F s
Sl oals 5,5 agy 4 (Tril)
03gure)  (Kizdaw dihic o

Sl b (v JSo 0 Th2
5 Jle glajal s b il

e 5l el (€ oy Jlei
5 o8 glepis b Sy,
slslgis @ ol pl S5l
eHlr e e (e
S Ssled peas @ LS,
Semdg g S ay
GRS Seree sl s
slodS ) ol g (44e2) Slioy
slaplS oyl ol pon 4 (Sl
ez ol cdle abg e

dilais 5 il me; Uiz

Fig. 4.a) Thrusting of
Triassic  limestone and
crushed zone in the
Sechengi (Th.2 in Fig.2).
b) Inclined slickenline in
lateral thrust. c) Vertical
slickenline in thrust toe. d)
Sub-horizontal slickenline
in lateral  thrust. e)
Schematic figure of thrust
sheet and slickenlines in
frontal and lateral thrust
and recumbent fold. arrow:
regional tectonic transport
(vergence).


http://dx.doi.org/10.22034/KJES.2023.8.2.104161
https://gnf.khu.ac.ir/article-1-2868-en.html

[ Downloaded from gnf.khu.ac.ir on 2024-04-30 ]

[ DOI: 10.22034/KJES.2023.8.2.104161 ]

e G 050l olieeS o la Saily i g conle ol ¢ Kias

58°2l7'0"E 58°28.'30"E 58°30'0"E 58°31'30"E N

32°2:l'0"N

32"25;30"N

4
Kilometers

2 3 dacite & pyroclastic v
< = Metabasite & Marble @ - P £
o “retaceous 32 cilts - o
g Metamorphosed Flysch Sandstone, siltstone, marl, tuff| 8
= volcaniclastic conglomerate
= - Metamorphosed Shale-Sandstone (Triassic)
- - limestone. marl Z
i 3
-4 Thrust e 2
— . . Shale & diabasic tuff | & £
—== Strike-slip fault [\ z
[ o

—=—=—=—Fold axial plane

(Y S8 0 Thd ) Kizdw dilis la 565,50 5 ool s 10 95250 sla sl 5l slo,lsale gm0 S
Fig. 5. Satellite image of structures in turbidites and metamorphic rocks in the Sechengi area (Th.3 in Fig.2).

JLo....a Lgtl.w‘) r=5.>J,w.i‘_g)5.'>m@|a...uLo‘M as.?s‘;b)?oﬁwao‘;qmw)a
US8) atsled oo e |, a Sl slucel 5 0dlo o sl sl s 530 gelans 45 (gy5b 4 30
< Sl e Sl slazal gjlse 5 05l Gy Jlass
YY1


http://dx.doi.org/10.22034/KJES.2023.8.2.104161
https://gnf.khu.ac.ir/article-1-2868-en.html

[ Downloaded from gnf.khu.ac.ir on 2024-04-30 ]

[ DOI: 10.22034/KJES.2023.8.2.104161 ]

e Bb 059k olieeS o la Sl i g cuale

Q‘)ls.o.ﬁ 9 ,Sa.wsl" v

9oy, 00w 0 5@ —F S
2° aLiS sz
asli,S 555,50 glacalan,s
2y 5, S bl
ghe plFgnil s Soles
Sl € ol slacer 695

el Slgwy po (Sl s
peas (0 Siwdwle ¢ Juib
0g8 Jasla € S 5 Sailed
(e . (McClay, 1992) S,

auls S slasel S Sail,
sbegible sy, » (Lim.)
f . Kzan dibhie (Mtb.)

0 i Al g0 pgal
- . “994 5 B3 S/ 'n

R) o 59, 2 osal 2

Fig. 6. a, b) The nappes and overturned folds in the Cretaceous metamorphic turbidites with schematic image
and fold axial plane stereogram. c) Thrust and backthrust in flysch-type shale and sandstone sediments. d)
Schematic model for Figure ¢ (from McClay, 1992). e) Thrusting of Eocene limestones (Lim.) on the
metabasites (Mt.b.) in the Sechengi area. f) Two sets of slickenlines on the thrust fault plane.

A JS) by lewals JISUT S5 g (Sabs S
«(Anastomosing) obg, cle 0g2s .l (D g @
SC by Sloxo slo sl 5 gy (S
S dwy o0 1 4 Sg S Dlallas 3.b .(C
38 an ooz, Blas a5 ooy abeidl 3 SS adsl
G Goe 5l 1) oo U pdy JShaes IS 50

YyYv

(oolidymy ald g ol Clalie b

5 Sejblie ol osgazms (ul (5655 slaS
il sk elS ol YL L Jobes
ol Kl il S o 0355 oS
sla,bislog, widboe S555 omb axye b
ol (A JS.5) 530 alolie 3 i slocSin
o9k w0 (g lwald -5l S ST abews
LSl 5 LS5 bl gl


http://dx.doi.org/10.22034/KJES.2023.8.2.104161
https://gnf.khu.ac.ir/article-1-2868-en.html

[ Downloaded from gnf.khu.ac.ir on 2024-04-30 ]

[ DOI: 10.22034/K JES.2023.8.2.104161 ]

e B0 059G olieeS e by Suily) Gz g Cusle

ub&oﬁ 9 M/" v

5 -A JS5) Cel 45,5 )15 (S1) sl 5l sl
(S sla SonSL (S3) (IS8 50 pow 36 (D
I, S <l g bajsl oty plos a5 aiies 5
00903 adad 551,52 56 sliwl, g ool 13 3G cos

(d g C-A ) ol

3,00 Bgzg 0al 0,5 4 0,5 sbeuwNS g8
<y pl gy adgl sla JBol bhcws Jols
@A D) 0gb 0 BB ST len 4 sl b ol
-5l sl SIS sbcws Jol> a5 (82) poo 51

2 Sgee L, sliwl, )5 ol oad 3,3 (g Lwals

Thrust faults

———— Fold axial plane (First generation folds)

~———— Fold axial plane (second generation [olds)

oasas slas ol Shos, 0. Sizaw dilate 10 050 5 gl Jus slocrz (5,970 mhaw 5 (Soil, JuF Sl ol g 2l (@ -V Y
Asllae 5,50 009050 (59,95 0z i 99 5 Lo Sl obcws
Fig. 7. a) Stereogram of thrust fault plane with first- and second-fold axial plane in the Sechengi area. b) Rose
diagram of thrusts and folds axial plane in study area.

by gy gl Glailsds 5 S g 00,08
Olye ) wlos S lag (Suwes 45 axtws (S1)
bzl jo S oSLeS laield o Jls
Loolpo g o 4 Jled L ooy o0l
Shipd Jlod S 4 oS witen pla S,

cil,S Slhbl o Jle olee ) QRS o ols

YYA

Sl JolsS
hoolel @8 S8,5 azsa b ool jglay
ol K85 aol> aw olas, ol e se
ool 00l HLis AoMS &g A S 5 a5 Cails
Keshtgar, et al., 2018; Keshtgar et al., ) ¢l
aol> .(2021; Bagheri and Damani Gol, 2020

o o0 Slape LSiS 4 e oS ol (IS0 S0


http://dx.doi.org/10.22034/KJES.2023.8.2.104161
https://gnf.khu.ac.ir/article-1-2868-en.html

[ Downloaded from gnf.khu.ac.ir on 2024-04-30 ]

[ DOI: 10.22034/KJES.2023.8.2.104161 ]

C G5 o3l olyagS s b Suil, i 5 conle o g SrS

podd S5 5 Caty Je5 50 sl (laalj

(Ailoas 0dily S5 50 e sl JIg5 s,

(Slemale- 55 GG (Sasos Job ishe 8l (B Sizaw dilie glacishe SusSee SiUoablie A S
Doz slay s (0 .wloas sols lis s IS5 55 (§2) pgo ¢ (S1) Jol slozls .(P1g.) DS 950 o (KF) Jlwals JIIT (slocasdS g d 55
a5 S il o g (KF) Jlewals JSIT casdlS g 10800 )0 oy oo (gl SitaSlts ilaidly obogs S2 sliwl, jo a5 (QZ) aisly ol

sgbas gl clo b (BI0.) cuign iudlSs ol jan 4 S-C g9 iy slo izl (0 5 € .l oa bl (S3) IS5 5 pgun 58 51 jile

Ay Fr oleiS Lo, eC b ga
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Fig. 9. a) Structural map of the Sechengi area which includes large-scale regional structures with refolds and
second-generation thrusts. See Figure 11 for structural profiles. B: Birjand; A: Ahangaran; S: Sechengi b) Time
chart for the temporal relation between successive deformation, shortening direction, the age of various
magmatic pulses, and the age of sedimentary basins during the Eastern Iranian orogeny. Modified from Bagheri
and Damani Gol (2020).
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Fig. 10. a, b) Sechengi Cross-sections. See Figure 10 for aa’ and bb’ profiles. ¢, d, e, f) Sechengi tectonic model
in the northern curved border of the Lut-Sistan zones: c) Geometry of first-generation thrusts and parallel folds
in the Lut-Sistan border resulting from the occurrence of first deformation event in the middle Paleocene. d)
Cross-section from Figure ¢ showing the properties of thrust sheets and the direction of tectonic vergence. €)
Geometry of the structures after the occurrence of second deformation event in the Middle Eocene, which
resulted in the formation of radial folds, reactivation and refolding of the previous thrust due to regional

buckling. f) Cross-section of Figure e showing the type and orientation structures caused by the second
deformation phase (see sigmoidal boundary in Figure 6 for Triangle zone position).
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