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Article history The curved fold-thrust belt of North Birjand contains some outcrops of Upper
iiggivem. 25 December 2023 Paleozoic to Cenozoic sequences that have undergone several stages of deformation.
pted: 19 February 2024
Keywords: Thrusting, large-scale parallel and radial folds, penetrative shear cleavage, tectonic
iﬁfﬁ‘;ﬁi‘éza?gfi]%&‘tﬁ':“9' Klippes, tensile fractures, and conjugate strike-slip faults are exposed in this structural
block, Eastern Iran. arc. The Chah-hoz region consists of Upper Cretaceous mélanges and listvenites with
NW-trending thrust sheets dipping to the NE. The Mousavieh area includes pre-
Cretaceous metamorphic rocks belonging to the basement of the Lut block,
Cretaceous ophiolite and turbidite complex, and Eocene platform limestone. The dip
of thrust planes in the outer part of this arc is SSE and in the inner part of the arc is
generally NNW indicating the direction of regional tectonic transport towards the
interior of the arc. The abrupt boundary between the Eocene-Oligocene continental
deposits in the north of this arc is either thrust or characterized by two types of major
folds: The first type is the parallel folds with the edge of the arc, which are often
cylindrical, but under the influence of the younger generation folds, they have
become non-cylindrical, and the second type is the conical folds with a radial
arrangement, the apex of the cone is plunged towards the NNW.

Therefore, it seems that the structures of the northern curved border of the Lut and
Sistan terrains do not follow the model of common structures in linear collision
mountains i.e., eastern Iran continental crust rifting and subsequent linear collision
of the Lut and Afghan blocks. According to this research, it seems that the NW
movement of the North Birjand platform was caused by buckling in the Late Eocene-
Oligocene.

Introduction
The fold-thrust belts are among the most

important large-scale curved structures in the
world (Carey, 1955), such as: Alpine
(Apennines), Appalachian (Kingstone), and
South Asian (Makran) (Sengor et al., 1988;
Stampfli and Borel, 2002; PastorGalan, 2012).

The tectonics of eastern Iran is thought to be
influenced by the existence of strip of the
Neotethys ocean between two continental
blocks, the Afghan block in the east and the
Lut block in the west (McCall, 1997; Camp
and Griffis, 1982; Tirrul et al., 1983).
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The eastern Iranian ranges, which is also
known as the Sistan suture zone, includes the
Cretaceous-Eocene  turbidites,  ophiolite
mélanges and high pressure metamorphic
rocks (Bagheri and Damani Gol, 2020). The
Lut block was accreted to the Eurasian
continent during the closure of the Paleotethys
Ocean in the Late Triassic. However, there is
no consensus on the Middle Eocene (Camp
and Griffis, 1982; Tirrul et al., 1983) or Late
Cretaceous (Zarrinkoub et al., 2012;
Angiboust et al., 2013, Bonnet et al., 2018)
timing of the closure of the Neotethyan
oceanic branch between the Lut and Afghan
continental blocks.

The purpose of this research is to
investigate the ductile and brittle structures
caused by the progressive deformation
associated with the evolution of the North
Birjand. The most important questions are: is
the orientation of structures and especially
thrust sheets compatible with the linear
collision model of the Lut and Afghan
continental blocks? Is the direction of tectonic
vergence towards the interior of the Sistan
terrain and centripetal? What is the temporal
relationship  between  the  successive
deformation, the shortening direction, the age
of various magmatic pulses, and the age of
sedimentary basins during the Eastern lIran
orogeny?

Materials and Methods

This research is based on field studies in
order to understand the nature of deformation
events and effective stress regimes in the study
area. In this regard, three geological sections
have been selected in different directions of
the North Birjand arc. The structural data
include various folds, cleavages, bedding and
faults, especially the thrust sheets. In this
study, geological map and structural sections
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are drawn and corrected. To analyze data,
Stereonet and Gis10.3 software were used.
Results and Discussion

In the Chah-hoz area, reverse folds can be
seen in the Eocene shale and sandstone
sequences. The vergence of these folds is
different depending on the part of the curved
structure in the north of Birjand.

In the central part of the North Birjand
structural arc, several thrust sheets and reverse
folds are well exposed at the boundary of the
Cretaceous ophiolite mélange with Eocene
carbonate platform. There are two different
generations of folds in the studied area: the
first-generation folds are parallel to the main
thrusts (mostly cylindrical folds) and have a
curved shape with a concavity towards the
southeast. The second-generation folds have a
radial orientation along the north-west axial
surface and are conical in shape, located
within the Birjand structural arc (in the old
foreland), leading to the rise of the
sedimentary basin. The plunge direction of
these radial folds is towards the north-
northeast. Along the curved northern border of
the Lut and Sistan terrains, conjugate strike-
slip faults can be observed on satellite images
(for example, in the Mahirud, Ahangaran,
Sechengi and Mousavieh areas). In eastern
Iran and the North Birjand buckle fold, the NE
strike-slip faults have right-slip and the NW
strike-slip faults have left-slip movements.
Conclusions

Tectonic analysis of fold-thrust belt in the
north of Birjand, indicates that simultaneously
with the development of thrusts, other related
structures such as: tensile (fractures, veins,
sliding and normal faults), strike-slip
(conjugate faults) and compression (thrusts,
parallel and conical folds) have occurred in the
region. Analysis of these structures indicates
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the occurrence of three distinct deformation
events (Fig.1).

Therefore, it seems that the fold-thrust
structures in the curved northern border of the
Lut and Sistan terrains are not expected

structures in the classical fold-thrust belts.
Also, these structures do not resemble to the
expected structures that are common in the
linear collision zones, but resemble large-scale
buckling orogens (orocline).
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Fig.1. a) Proposed tectonic model of the northern curved border of the Lut and Sistan terrains. b) Time chart
for the temporal relationship between the successive deformation, the shortening direction, the age of various

magmatic pulses, and the age of sedimentary basins during the East Iranian orogeny.
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Fig.1. a) Geographic location of the East Iranian Ranges in the Alpine-Himalaya orogenic belt. b) Schematic

map of the study area in relation to the tectonic zone of Iran (the inset shows the location of Fig. 2); YB: Yazd
block, AJ: Anark-Jandagh region, EIO: Eastern Iran Orogen, TB: Tabas block, Sq: Saghand complex. BPT:
Bamposht thrust, DFS: Doruneh fault system, DBF: Dehshir-Baft Fault, HF: Herat Fault, HRF: Harir-Rud Fault,
KF: Kalmard Fault, Nb: Nayband Fault, NF: Nosrat-Abad Fault, PbF: Posht-Badam Fault, SF: Syahan Fault.
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Fig. 2. a) Satellite image of the curved northern border of Lut-Sistan in the north of Birjand. The lines show the

location of the field profiles. A: Chah-Hoz, B: South Mousavieh and C: Khusf area. b) Simplified map of
geological and tectonic units of the North Birjand fold-thrust belt (Ohanian and Tatevosian,1978).
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Fig. 3. a) Recumbent fold with SE vergence in the Eocene sequence, interior part of the Birjand structural arc

(A in Fig. 2). b) A large fold in the Eocene red shale and sandstone units. ¢) Recumbent fold in the Chah-Hoz
shale with S vergence.
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Fig. 4. a) Satellite image of thrust sequences at the boundary of the Upper Cretaceous flysch and mélanges in

the Chah-Hoz area. b) Structural section from Chah-Hoz area (A in Fig. 2-a). ¢) Thrust sequences in listvenites
and mélanges of the Chah Hoz area. d) Thrust fault plane in listvenite. €) Slickenline in the right lateral thrust
sheet. f) Stereogram of thrusts (red lines) and bedding (black lines).
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Fig.5. Structural section of the North Birjand fold-thrust belt (B in Fig. 2a)
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Fig. 6. a, b) Silica-filled tensile fractures with north-south extension in the carbonate platform of North Birjand.

c¢) Normal faulting in the Paleocene-Eocene limestone and marl in North Birjand. d) Stereogram of the dykes
and tensile fractures in B profile of Figure 2.
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Fig.7. a) Panoramic field photo of the sliding facies, normal faulting, shear cleavage, and dyke cut by strike-

slip faults in the north of Birjand. Red arrows point to regional buckling in the Eocene carbonate platform. b)
Panoramic photo of a large synform in the Eocene platform. ¢, d) The sequence of tilted blocks resulting from
normal faulting in the Eocene nummulitic-alveolina limestone. Enlarged tilted blocks of Figure c. ) Schematic
picture of tilted blocks resulting from normal faulting. The images were taken along the B profile in Fig. 2a.
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Fig. 8. Stress-time diagrams for the occurrence of various types of progressive deformation regimes (during
five stages) related to the gradual evolution of a fold-thrust belt (Ferrill et al., 2021).
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Fig. 9. a) Radial (conical) folds in the inner part of the Eocene platform in the north of Birjand (B in Fig. 2)
with northward plunge. b) Experimental model of radial (conical) folds in the inner arc buckling with 40° and
140° inter limb angles (Pastor-Galan et al., 2012).
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Fig. 10. a) Satellite image of bent and fold structures (red lines) and shear cleavage (yellow lines). b) The

enlarged satellite image of Figure a showing the bent and sheared structure. The box is enlarged in Figure c. c)
Field photo of structures of Figure b. The box shows a deformed dyke enlarged in Fig. d. d) Deformed dyke cut

by sinistral strike-slip faults and clockwise rotation.

olts mbon Jsb 15 b cow a5 5
5O GRS 8las 4y e aST (g 9k 4y Wigd oo 00ls
58 S S S g LS 5 (Sop e
VY Jse) (Weil et al., 2013) o aalgs  Sgy0
—5l9alS Aragh 5 0y O yg0 4 lgE o 2T (0l @
b Jol LS sla il s bl b s o
b-V¥ s 4o (Ramsay and Huber, 1987) 54

YAY

oltal Al go by L yo sba s LisLus
lasliags 5 onil;m03)95 e lai oS 5
(Sl sladS p (5 oSS L Glejes ones
L by lajbisle (e (A5 w3, s L
al ogzy @ Wl b By G laadlse
@ 59,95 > slop sl (Ferrill etal., 2021)

Y G po S ples o LBl S O e



U‘)&@ 9 M’” v

Ol I o8B bggan Sk 5l oS Ly
PREL 5 p 25U slaies o bl Slacnz Jolae
o Jlesl dx o aidls wiz o g glasl
—oligS iSlam 4 ies Sl o @ ogl piieo
o3gazme ;3 5 (Gliny ;0 Tl oo 95 (So
2 Oebee LSS zedre by wabelisS
Ol Oyl ladigy (Jlod oures 550 il
aS 050 odwline |y zgo3e slo JuS cpl g5 o0
Olaie ) Wlovges Lul> g o0y |y b sl slo
s Sizaw oSl ogpale blie o s

(4 gmwge

osbelssS ailaie 1o o 88l LinsS abbate o a gy
AL VY S 0 S G jge j0 dities clad
~obiS dilaie o g el b LLAS adhaie o e
oS dilate o d-VY S o anil e B3l oo
LSSt i el STas 51 s ek olisS
awlie Jlew a5 Cool oad LS4 (2g05e slo
oo S oS (5 5k 4 el diz y (gL g
£y 4 wibos olpon 1 alahp b &5 Shes
(E-VY USs) ol dig
Jlod oailm 0395 ner (owsd LSl o
Saipr pled ly oo |) (Bl slapan iz

A g Crwg> ddlale Dgdigd Ay, (Sjlee

5C sl S ) a5 5luds 5 4085 (e ( S, 0 58 iz Jlod G L5lo g ) oailimes 55 iz la sl -V S
S a5 (€ oyt Jled oo 4 e b (Sl (A 0,5 by e b Ghstlen laytisleg, (€ 0l ool bS5 d

A gl o la,lisle caxdg samsrlis al So il (Fowl oads bul> 0,5 by s bug a5 cal
Fig.11. Fold-thrust structures in the structural arc of North Birjand. a and b) Thrust, recumbent fold and

boudinage enlarged Figures ¢ and d. c) Duplex structures with sinistral shear sense. d) Mesoscale thrust with
NW dip. e) Silicic tensile vein cut by sinistral faulting. f) Stereogram of structures shown in Figures a to e.
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of thrust sheet. V: tectonic vergence.
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Fig.13. a) Stress ellipsoid distribution in the outer and inner arc resulting from buckling in the crust and base of

the lithosphere (Weil et al., 2013). b) Strain distribution with development of cleavages. ¢) Opening cracks. d)
Conjugate fractures (Ramsay and Huber, 1987). e) Satellite image of conjugate faults in the North Birjand

structural arc.
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Fig.14. a) Conjugate faults (green areas) in the Eocene sandstone and limestone sequence, north of Birjand. b)
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Fig.18. a). Proposed tectonic model of the curved northern border of Lut and Sistan. b) Time chart for the
temporal affiliation between the successive deformation, shortening direction, the age of various magmatic
pulses, and the age of sedimentary basins during the Eastern Iranian orogeny. Modified after Bagheri and

Damani Gol (2020).
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