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Abstract Three major nappes in the Neka Valley in the
eastern Alborz Mountains of Iran allow the Cimmerian
to present convergence following the oblique collision
between Iran and the southern margin of Eurasia. This
work reports the identification of an inclined transpression
zone recognized by field investigations and strain analyses
of the geometries of formations and detailed mesoscopic
structural analyses of multiple faults, folds and a cleavage.
The main structures encountered include refolded recum-
bent asymmetric fold nappes, highly curved fold hinges,
in a transpression zone that dips 37° to the NW between
boundaries thrusts striking from NO50° to N060°. The B
angle (the angle between the zone boundary and direction
of horizontal far-field shortening) is about 80°. The north-
west and south-east boundaries of this zone coincide with
the Haji-abad thrust and the Shah-Kuh thrust, respectively.
Fold axes generally trend NE-SW and step to both right
and left as a result of strike—slip components of fault dis-
placements. Strain analyses using Fry’s method on macro-
scopic ooids and fusulina deformed into oblate ellipsoids
indicate that the natural strain varies between 2.1 and 3.14.
The estimated angle between the maximum instantaneous
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strain axis (ISA_,,) and the transpression zone boundary
(0" is between 6° and 20°. The estimated oblique conver-
gence angle («), therefore, ranges between 31° and 43°.
The average kinematic vorticity number (W,) is 0.6, in a
zone of sinistral pure shear-dominated inclined triclinic
transpression. These results support the applicability of
kinematic models of triclinic transpression to natural brit-
tle—ductile shear zones.

Keywords Inclined transpression - Strain analysis - Strain
partitioning - Neka Valley - Eastern Alborz

Introduction

From a kinematic point of view, transpression has been
defined as a strike—slip deformation that deviates from sim-
ple shear (Mukherjee and Koyi 2009; Mukherjee 2011a,
b, 2012a, b, 2014a, b, c; Mukherjee and Mulchrone 2012;
Mulchrone and Mukherjee 2015) because of shortening
orthogonal to the deformation zone and/or extension along
it (Sanderson and Marchini 1984; Fossen and Tikoff 1993;
Tikoff and Fossen 1993; Dewey et al. 1998; Schulmann
et al. 2003; Mukherjee 2007). Most geological transpression
is driven by the oblique convergence of lithospheric plates.
Transpression occurs on a wide variety of scales from lith-
ospheric plate downwards in any strike—slip zone that is
not perfectly planar (Harland 1971; Dewey 1988; Mukher-
jee and Biswas 2014, 2015). Transpression zones are often
active after the orogenic thickening stage and can play an
important role in the exhumation of high-grade metamor-
phic rocks (Oldow et al. 1990; McCaffrey 1992; Woodcock
and Schubert 1994; Dewey et al. 1998; Carosi and Palm-
eri 2002; Carosi et al. 2004, 2005; Jones et al. 2004, 2005;
Zibra et al. 2014; Dasgupta et al. 2015). Systems of oblique
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Fig. 1 Models of transpression discussed in text. Reference frame: X
axis is parallel to the strike of the shear zone boundary, Y axis is nor-
mal to the boundary, and Z axis is parallel to the dip of the zone. Full
arrows represent the shortening normal to the deformation zone asso-
ciated with the pure shear component. The half arrows represent the
simple shear component. a Strain geometry of monoclinic thinning
zone comparable with Ramsay and Graham’s (1970) simple shear
zone; b monoclinic transpression (Sanderson and Marchini 1984;
Fossen and Tikoff 1993); ¢ model with no-slip boundaries (Robin and
Cruden 1994; Dutton 1997); d transpression with lateral escape (Dias

convergence are often associated with transpressional and
transtensional structures in wide orogenic zones like the still
active Zagroz and Alborz Mountain Ranges in Iran (Teys-
sier et al. 1995; Tikoff and Greene 1997; Diaz-Azpiroz
and Fernandez 2005; Giorgis et al. 2005; Sullivan and Law
2007; Sarkarinejad and Azizi 2008; Zibra et al. 2014).

The simplest model of transpression (Ramsay and Gra-
ham 1970) is likely to be very common in nature and involves
homogeneous deformation without any volume change
between a free-slip upper horizontal surface and a fixed lower
horizontal boundary (Fig. 1a). In this model, the total regional
strain partitions into local domains that accommodate differ-
ent parts of the bulk strain by transpression and transtension
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and Ribeiro 1994; Jones et al. 1997); e transpression with lateral
escape and an extra shear component, accounting for axial depres-
sion (Dias and Ribeiro 1994); f, g transpression with lateral escape
and volume change (Dias and Ribeiro 1994); h triclinic transpres-
sion (Lin et al. 1998; Jiang and Williams 1998). ¢ Is the component
of the velocity vector parallel to the shear boundary and the strike of
the shear zone; i triclinic transpression with inclined simple shearing
and inclined extrusion direction (Férnandez and Diaz-Azpiroz 2009);
jinclined transpression (Jones et al. 2004)

(e.g. Lister and Williams 1983; Jones and Tanner 1995; Cur-
tis 1997, 1998; Carreras et al. 2013; Dasgupta et al. 2015).
Transpressional zones in the upper crust exhibit a wide variety
of structures that include positive flower structures with duc-
tile folds (Mukherjee 2014d), as well as strike—slip, reverse
and normal faults. Strike—slip faults usually sub-parallel the
main boundaries while reverse faults and/or folds form orthog-
onal to the maximum horizontal infinitesimal stretching direc-
tion (Tikoff and Paterson 1998; Frehner 2016). Except where
they bound pure contraction zones, the flanking strike—slip,
reverse faults usually rotate during progressive deformation,
whereas normal faults form and remain at high angle to the
zone boundaries (e.g. Sanderson and Marchini 1984; Naylor



Int J Earth Sci (Geol Rundsch) (2017) 106:1815-1840

1817

et al. 1986; Sylvester 1988; Woodcock and Schubert 1994;
Tikoff and Peterson 1998; Diaz-Azpiroz and Fernandez 2005;
Balany4 et al. 2007; Titus et al. 2007; Sanderson 2014; Freh-
ner 2016). Transpressional zones in the middle or lower crus-
tal ductile are characterized by either strike- or dip-parallel or
both lineations. In an ideal vertical shear zone subjected to
monoclinic transpression, the attitude of the main lineation
depends on the angle of convergence and the amount of accu-
mulated deformation (Sanderson and Marchini 1984; Fossen
and Tikoff 1993; Simpson and De Paor 1993; Tikoff and Fos-
sen 1993; Type B in Fossen and Tikoff 1998; Passchier 1998;
Teyssier and Tikoff 1999; Tikoff and Fossen 1999; Ghosh
2001; Dewey 2002; Schulmann et al. 2003) (Fig. 1b).

Changes in the angle of convergence may induce different
ratios of simple shear to pure shear that can be measured using
the kinematic vorticity number (W,). Fossen and Tikoff (1993)
differentiate between simple shear-dominated (1 > W, > 0.71)
and pure shear-dominated (W, < 0.71) transpression. However,
some natural shear zones have oblique lineations that can-
not be explained by monoclinic models (e.g. Hudleston et al.
1988; Goodwin and Williams 1996; Lin et al. 1998; Czeck and
Hudleston 2003, 2004; Horsman et al. 2008). This and such
other features as the coexistence of apparent constrictional and
flattening strain ellipsoids in the same zone (Dias and Ribeiro
1994) are better approximated by progressively more realistic
triclinic models that have been constructed by adding a suc-
cession of new variables to the boundary conditions of the
basic model as indicated in Fig. 1. These models allow for
factors such as heterogeneous deformation, slip and no-slip
boundaries with maximum vertical extension along the central
plane (Fig. 1c after Robin and Cruden 1994; Dutton 1997), lat-
eral stretch in the horizontal (Fig. 1d, e after Dias and Ribeiro
1994; Jones et al. 1997; Type E in Fossen and Tikoff 1998;
Tikoff and Fossen 1999), volume changes (Fig. 1f, g after Dias
and Ribeiro 1994; Fossen and Tikoff 1998; Jiang et al. 1998,
2001; Ferndndez and Diaz-Azpiroz 2009; Ferndndez et al.
2013), oblique simple shear (Fig. 1h after Jiang et al. 1998;
Jones and Holdsworth 1998; Lin et al. 1998; Iacopini et al.
2007; Fernandez and Diaz-Azpiroz 2009), oblique extrusion
(Fig. 1i after Fernandez and Diaz-Azpiroz 2009) or inclined
transpression with two, strike- and dip-parallel, simple shear
components (Fig. 1j after Jones et al. 2004).

In order to better understand transpressional kinemat-
ics, it is worth trying to assign natural cases to particular
or different combination of the whole range of theoretical
models. Most natural active and past shear zones appear to
involve strike—slip-dominated shear (e.g. San Andreas sys-
tem, North America Cordillera), obliquely converging col-
lisional orogens (e.g. Himalayas, Kaoko belt in Namibia)
or lateral branches of curved orogens (e.g. Betics, Vari-
scan orogen of SW Iberia). By contrast, only some fold-
and-thrust belts have been studied from the perspective of
oblique convergence (e.g. Mohajjel and Fergusson 2000;

Sarkarinejad and Azizi 2008; Barcos et al. 2015). In par-
ticular, nappe complexes emplaced by rear compression
have been rarely considered as transpressional zones (e.g.
Rodriguez et al. 2005) as we shall do here.

This paper presents new structural data and strain analyses
of a nappe complex at the eastern part of the Alborz Moun-
tains Range (northern Iran). Other transpressional systems
in Iran include the Zagros fold-and-thrust system that is a
mainly a dextral transpressional orogen. The Zagros Moun-
tains are related to the Late Cretaceous to Tertiary oblique
collision and subsequent convergence between the African-
Arabian continent and the Iranian microcontinent (Mohajjel
and Fergusson 2000). Local sinistral shears in the SE part
of the Zagros fold-and-thrust system have been attributed
to inclined transpression acting on a curvilinear boundary
(Sarkarinejad and Azizi 2008; Sarkarinejad et al. 2013). Dex-
tral transpression has been identified also as part of the poly-
phase deformation history of the Sanandaj—Sirjan metamor-
phic belt in the Zagros fold-and-thrust belt in the High Zagros
Mountains (e.g. Mohajjel and Fergusson 2000; Mohajjel
et al. 2003; Sarkarinejad 2007; Sarkarinejad et al. 2008,
2010a, b; Axen et al. 2010; Babaahmadi et al. 2012; Moosavi
et al. 2014; Shafiei Bafti and Mohajjel 2015). Other cases of
N-S to NE-SW dextral transpression in Iran occur along the
boundary between the Lut and Tabas blocks in central Iran
(Cifelli et al. 2013) and W-E to NW-SE transpression along
the western-central Alborz Mountains Range (Axen et al.
2001; Allen et al. 2003; Ritz et al. 2006; Zanchi et al. 2006;
Ritz 2009; Landgraf et al. 2009; Ballato et al. 2011, 2013).
Nabavi et al. (2014) were the first to collect strain data from
the Alborz Mountains and to propose a geometric model.

The present work expands this topic by focusing on
detailed mesoscopic field analyses and analyses of finite
strains, strain partitioning and patterns of strain variation
in some of the brittle—ductile nappes in the external part of
the eastern Alborz Mountains Range. We analyse the spa-
tial relationships between faults, folds and cleavage with
the aim of recognizing interaction between different struc-
tures. Our main objectives are: (1) to measure Flinn’s k val-
ues describing the shape of strain ellipsoids, (2) to estimate
the kinematic vorticity number in order to constrain the
components of pure shear and simple shear and the strain
partitioning pattern in the Neka Valley, (3) to propose a
conceptual model for this zone that contributes to a better
understanding of the oblique collision between Eurasia and
Arabia in the past and their current convergence; and (4) of
oblique fold-and-thrust belts in general.

Geological setting

The Alborz Mountains Range is a Cenozoic fold-and-thrust
belt along the northern edge of Iran. It records the Eocene and
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late Oligocene collision and subsequent convergence between
the Eurasian and Arabian plates. This mountain range forms a
composite central portion of the Alpine—Himalayan belt that
underwent shortening and uplift during Tertiary or Alpine
orogeny (Alavi 1996). The major pre-Cenozoic tectonic event
in this region occurred when the Paleo-Tethys Ocean between
the Iran and Eurasia plates closed in the Late Triassic (Ber-
berian and King 1981). The belt was affected by polyphase
deformation, from Eo-Cimmerian orogeny to late Tertiary—
Quaternary intracontinental transpression that is still active as
shown by GPS measurements (Jackson et al. 2002; McClusky
et al. 2003; Vernant et al. 2004) and by active seismic-
ity (Allen et al. 2003; Zanchi et al. 2006, 2009; Berra et al.
2007). The Alborz Mountains range is approximately 600 km
long, 100 km wide and 3-5 km high. It is shaped like an Aus-
tralian boomerang with two “arms” of the Alborz, trending
W-E and, NE-SW along the southern shore of Caspian Sea
(Allen et al. 2004; Horton et al. 2008). It has a crustal thick-
ness of only 35—40 km; this is unusually thin for such a wide
and high mountain range and suggests that no lithospheric
root compensates the Alborz Mountains Range (Dehghani
and Makris 1984; Guest et al. 2007). In addition, young intru-
sive magmatism such as late Miocene (Alam Kuh) and Plio-
cene (Damavand) occurred in the Alborz Mountains (Fig. 2a)
(Allen et al. 2003, 2004).

The study area is located south of Gorgan County, in the
eastern part of the Alborz Mountains Range (Fig. 2b) between
the Radekan and North Alborz faults. It includes rock units
mainly from Devonian to Quaternary in age (Fig. 2c). Devo-
nian rocks of the Khosh Yeilagh Formation (conglomerates,
sandstones, limestones) are covered by the Lower Carbonif-
erous Mobarak Formation, with limestones at the base pass-
ing to well-bedded dark limestones at the top. The Quezel-
Qaleh Formation (limestone, oolitic, sandy limestone) of
Middle Carboniferous age passes upward to carbonate and
terrigenous facies. The Quezel-Qaleh Formation occurs at
the base of the Permian succession. The Permian successions
appear at the base the Doroud Formation (red conglomerates,
sandstones, silty limestones and limestones with fusulinids)
(Zanchi et al. 2009). Bedded to massive limestones of the
Ruteh Formation and dolomitic limestones and dolostones of
the Elika Formation constitute the upper part of the Permian
succession. The Early Jurassic Shemshak Formation includes
sandstones, shales, clays and coal, and it is followed by con-
tinental, lacustrine and lagoon sequences. The Lower Car-
boniferous Mobarak Formation is not exposed in the study
area, but can be found to the north-west, where the sandy and
inoceramous-bearing limestones of the Late Cretaceous Gha-
lemoran Formation unconformably overlies it (Fig. 3a, b).

The Ghalemoran Formation is only slightly deformed
and unconformably covers the strongly deformed Mobarak
Formation that lacks significant metamorphism and,
beneath that, a folded and unmetamorphosed succession of
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Palaeozoic to Middle Triassic red nodular limestones. Tight
to isoclinal folds with steep axial planes are developed
within the well-bedded limestones of the Mobarak For-
mation (Nabavi 2012). This unconformity is well exposed
within the study area (Fig. 3a, b) and formed during the Eo-
Cimmerian orogeny, when Iran collided with Eurasia dur-
ing the Mid-Late Triassic (Berra et al. 2007; Zanchi et al.
2009). A high-angle reverse fault lifted the Permian Ruteh
limestone in its hangingwall onto the Ghalemoran Forma-
tion (Fig. 3c—e). Post-Cretaceous thrusts (Berra et al. 2007;
Zanchi et al. 2009) break along the hinges of several folded
layers of the Santonian Ghalemoran Formation (Fig. 3f).

Structural analysis
Folds

Our geometrical analyses of folds and their attitudes enable
recognition of the characteristics of a transpression zone.
We collected mesoscopic structural data at 25 sites. Dia-
grams in Fig. 4 summarize the attitudes of folds over the
whole study area, while Fig. 5 summarize those of faults,
bedding and cleavage. The coexistence of folds and sim-
ple shear-related structures in the same area can be attrib-
uted to the effect of deformation partitioning (Dabo et al.
2008; Curtis et al. 2010; Dabo and Aifa 2013). Fold axes
and poles to fold axial surfaces concentrate around the
circumference of equal-area lower hemisphere Schmidt
nets (Fig. 4a, b). Applying Kuiper et al.’s (2011) diagram
to these data indicates that pure shear deformation domi-
nates over simple shear deformation in the study area. The
average plunge and direction of fold axes in the study area
are 10° and 225°, respectively (Fig. 4a, b). If the bedding
is assumed to have been horizontal before any deforma-
tion, we can combine Fleuty’s diagram (1964) with the
strain triangle proposed by Jones et al. (2004) to analyse
the transpression. In this new graph (Fig. 4c), horizontal
and vertical axes correspond to the dip of the fold axial sur-
face and the plunges of fold axes, respectively. Recumbent,
upright and vertical folds coincide with dip-slip, contrac-
tion and strike—slip vertices. Most of the folds we studied
have upright to steeply dipping axial planes that sub-paral-
lel the mean foliations (Fig. 4c) and Class 2 (similar type)
in Ramsay’s (1967) classification; the folds have sub-hori-
zontal to moderately plunging axes (Fig. 4d). The axial sur-
faces to folds in transpression zones rotate towards paral-
lel to the shear zone boundaries (Tikoff and Paterson 1998;
Fossen et al. 2013; Frehner 2016) which in our case are
inclined. This is confirmed herein that the strain path of the
folds we studied indicates strain components varying from
contraction in the footwall of the nappe (SE) to strike—slip
nearer the Talanbar thrust (NW).
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Fig. 2 a Simplified map of Iran showing the distribution of major
faults. The rectangle indicates the study area (b), which is located
south of Gorgan County; ¢ geological map of the Neka Valley. Posi-
tion of the study samples and nappe is shown with Sa and filled
stars, respectively. This map is part of the 1:250,000 Gorgan quad-

Faults

The major faults in the study area are the Haji-abad,
Talanbar, North Alborz and Shah-kuh faults (Fig. 2). The

rangle map from Shahrabi (1990). TZB1, TZB2, TZB3 and TZB4
show north-west towards south-east transpressional zone bounda-
ries, respectively. White dashed line between Ghalemoran and Khosh
Yeilagh Formations show the Late Cretaceous unconformity. Cross
section A-A’ is shown in Fig. 9a

Haji-abad fault passes south of the village of Haji-abad.
This thrust fault strikes north-east—south-west, dips 30°—
40° NW and implies south-east-directed tectonic transport
of the Permian limestones onto Upper Cretaceous units.
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Ruteh-Fm.

Fig.3 a, b Close views of the Upper Cretaceous unconformity,
where the Ghalemoran Formation covers the Mobarak Formation by
the flat geometry of the surface. c—e A Tertiary high-angle reverse
fault is responsible for the uplift of the Permian Ruteh Formation

The Talanbar thrust fault to the south-east dip between 30°
and 40° to the north-west and emplaced Upper Devonian
units onto the Upper Cretaceous limestones. The Shah-kuh
thrust fault on the northern slope of the Kahkashan and
Gavkoshan Mountains dips 30°-40° SE and implies north-
directed transport. The Shah-kuh thrust strikes east—west to
north-east—south-west and carried the Shemshak Formation
northward onto the Karaj and Doroud Formations. Quater-
nary deposits bury the Shah-kuh thrust in the west of the
study area.

The reverse or thrust kinematics of most of the faults
repeated many formations. The fault data analysis used in
this study is dynamic. Our dynamic analysis here refers
to the numerical technique developed by Angelier and
Mechler (1977), which uses the dihedral grid method
to analyse fault slip data. A fault plane and a plane per-
pendicular to the fault/slickenline intersection divide 3D
space into four dihedra, where two are in compression
(P, pressure) and two are in extension (7, tension) at the
time of faulting (Angelier and Mechler 1977; Angelier
1989). The maximum principal stress (o) lies within P
quadrants, and the least principal stress (o3) falls within
the T quadrants. The P-T dihedral method is a graphic
method based on the assumption that all faults moved
independently of each other within the same stress field.
In the P-T dihedra method, lines bisecting the P and T
dihedra along the movement plane estimate the great-
est and least principal stress directions. These lines are
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Red nodular
limestone

along the hangingwall above the Ghalemoran Formation, which
formed the fault scarp. f Post-Cretaceous thrusts along the hinge of
folded layers of the Santonian Ghalemoran Formation

plotted on the lower hemisphere of an equal-area stere-
onet, and the principal stress orientations are found by
density contouring of the poles to faults to constrain the
principal stress axes (Angelier 1989). Such fault analyses
in the study area suggest a compressional regime with a
NW-SE trending o, axis (P axis in Fig. 5d, e). The P and
T axes analyses (Fig. Sa—f) indicate small sinistral strike—
slip displacements.

Cleavage

A sub-horizontal to moderately dipping composite cleav-
age (Fig. 5g) is axial planar to the bedding folded by major
F1 recumbent nappes (Fig. 5h) (e.g. Curtis 1998; Curtis
et al. 2010). The poles to the original depositional layer-
ing or bedding are now folded into a vertical N-S girdle
in Fig. 5h. The N-S spread of the poles to the early axial
plane cleavage implies folding about steeply dipping axial
planes. According to Kuiper et al. (2011), the presence of a
cleavage (as in Fig. 5g) oblique to the axial plane probably
indicates refraction of a simple shear component during the
deformation. This cleavage is axial planar to F1 folds, and
the F2 axes do not parallel this cleavage. As the F1 cleav-
age is folded, its poles do not lie in a straight plane. The
sub-horizontal pole to the N-S girdle (Fig. 5h) is the F2
fold axis. Where the cleavage displays the same dip over
large areas, it reveals the sense of simple shear of the rock
pile.
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Fig. 4 a Equal-area lower hemisphere projection, stereographic pro-
jection of poles to folded bedding planes; b stereographic projection
of trend and plunge of fold axes; ¢ fold attitudes in study area. Note

Strain analysis
Sampling and finite strain analysis technique

Finite strains were determined from twelve oriented sam-
ples collected from different locations (Fig. 6) and for-
mations (identified in Fig. 2c by star symbols, and listed
in Table 1). In all samples, the macrofossils are slightly to
moderately more competent than their matrices. The prin-
cipal axes were measured directly on the specimen using
a hand-lens that magnified 10 times. Some pressure solu-
tion occurred around most borders, and the foliation in the
matrix typically diverted around the markers.

The samples were cut in the principal strain planes to
expose the strain ratios (Ryy, Ry, and Ry,) so the equa-
tion: Ry, = Ryy Ry, applies. The method was applied to
enlarged photographs taken of XY, YZ and XZ sections,
assuming that the pole to the foliation represents the Z axis

Dip of axial surface

Upright  Steeply inclined Moderately inclined Gently inclined  Recumbent

. 90 60 30 10 0 . .
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®e °
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3
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N
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ro.
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te=-"21
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&

d 0.0 T T
0 30 60 920

Dip a

that this diagram is a combination of Fleuty’s (1964) and Jones et al.’s
(2004) diagrams. d Ramsay’s (1967) classification of some studied
folds

and that the stretching lineation parallels the X axis. The
strain ratios (Ryy, Ry, and Ry,) and other strain parameters
were then calculated for each sample. The deformed sam-
ples come from the Permian carbonate margin succession
and were characterized by some alternations of the fusulina
and oncoide in fine-grained limestone packstones 50 cm
thick. The 2D shapes of relics of fusulina and ooids on XY
and XZ surfaces are flattened in the X/Y = 1-2 on folia-
tion plane and elongated X/Z = 24 parallel to the grain
shape orientation lineation. Presuming that the ooids began
as spheres, and that no volume change occurred, the aver-
age strain magnitudes (Ry, = 2.32) were calculated from
the little to moderately deformed elliptical outlines of the
deformed markers. Qoids show core-mantle zones (some
have double-layered mantles) of fine-grained calcite and
dolomite on XY and XZ strain surfaces. The three-dimen-
sional shapes of the ooids and fusulina are estimated
(Fig. 7a; Table 2). Most mantles of the deformed ooids are
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Fig.5 Equal-area lower hemisphere stereographic projection of gential slickensides (red arrows); d, e, f the kinematics T (blue) and
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(arrows); b movement planes; c slip direction (black arrows) and tan- bedding

somewhat thicker in the elongation direction and thinner in ~ be composed of aggregates of pseudo-hexagonal calcite
the shortening direction. prisms.

The Ghalemoran units consist of relatively small, ellip- In general, the bulk strain was determined by apply-
tical or sub-elliptical objects embedded in mainly biomic-  ing the Fry method (1979) to the inoceramid shells
ritic, glauconitic and nodular sandstone or limestone.  (e.g. Gonzélez-Casado et al. 2003). The deformed lime-
Most of the macrofossils in the inoceramous-bearing  stones usually exhibit § > L fabrics with the planar cleav-
limestones of the Ghalemoran Formation were examined  age defined by flattened and/or elongated clasts or fos-
in two-dimensions. In soft, pale argillaceous limestones,  sils. Figure 7c-k and Tables 1 and 2 show the results
their outer layers can be seen under the microscope to  of using the Fry Plot Program (Roday et al. 2010; http://
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Fig. 6 Some of the studied deformed fossil specimens. a—¢ Weakly
to moderately deformed ooid and fusulina bearing limestone samples
from Doroud Formation in different locations (Sa,, Sa,, Sa,, Sa,); d
microscopic view of the calcite part of the inoceramous of Ghalemo-

ran Formation (Sag). Twinned objects are randomly distributed; e, f
weakly deformed limestone samples from Permian complex (Sa;,
Say,)

Table 1 Strain parameters

calculated from deformed Sample  Formation Dist. (m) Ry, Ryy Ry, k Y o 0 W,

samples 1 Doroud 11,000 295 145 203 043 121 0388 9 051
2 Doroud 10,700 3.07 1446 212 04 129 09 6 04
3 Doroud 6640 275 1434 191 048 109 09 10 055
4 Doroud 6200 2.6 1.45 1.7 064 102 087 12 0.8
5 Doroud 3250 25 1453 171 064 095 087 13 0.6
6 Ruteh 2670 243 145 1.67 067 088 08 15 071
7 Doroud 1080 215 1431 16 071 0.78 098 18 0.77
8 Ghalemoran 55 2.1 1.44 145 098 062 094 18 0.76
9 Elika 2445 205 1444 141 1.08 0.68 093 20 0385
10 Permian complex 2300 269 1451 185 053 105 088 11 06
11 Permian complex 2630 251 145 173 064 095 087 13 0.65
12 Permian complex 3100 277 1447 19 0.5 1.09 094 11 06

fry-plot-program.software.informer.com/). Input data were
manually entered by clicking on a picture of the sample the
centre of each object. This program approximates markers
with complex shapes as ellipses and automatically plots
the centre points of “nearest neighbour” markers and then
extracts such strain data as the ellipticity ratio of the prin-
ciple axes of the bulk ellipse. The length of tie lines joining
ellipse centres is plotted against their orientations relative
to a chosen reference direction. The distances between par-
ticle centres must be at least twice the particle radius (2r).
Each centre point has six near neighbours at distance 2r.

Around each centre, there are also six particles at a distance
2V/3r (Fig. 7a, b) (Fry 1979; Ramsay and Huber 1983).
The output is a plot of dots with a vacancy in the middle.
If this vacancy is elliptical, it represents the sectional strain
ellipse, if the populations of measured markers deformed
homogeneously with an original random distribution. The
least-square best-fit ellipse and strain ratios were used for
each marker outline.

In many aggregates, these points define an elliptical void
and parallel outer ellipse of moderate to high point den-
sity around the origin of the overlay. These ellipses have
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Fig.7 Geometrical figure of a series of a undeformed and b
deformed circular objects with a radius equal to r. Diagram illus-
trating the principle of the Fry’s method (Ramsay and Huber 1983);
c-k YZ and XZ planes of finite strain ellipsoid derived from XY and
XY sections using nearest neighbour centre-to-centre Fry’s method.

@ Springer

Sa;, Sa,, Sa,, Sa4, Sag, Sag, Sa;, Sa;; and Sa,, represent sampling
section numbers along the hangingwall block of Shah-kuh thrust to
hangingwall block of Talanbar thrust. The finite strain ellipse shows
elliptical rims surrounding central vacancies, yielding high-resolu-
tion ellipses
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Table 2 Stretch amounts in the

X ! Sample X Y Z In X/Z InY/Z In X/Y K D v &
X, Y and Z directions

1 1.623 1.12 0.55 1.081 0.71 0.37 0.52 0.8 0.31 0.775
2 1.65 1.14 0.53 1.121 0.752 0.368 0.5 0.83 0.33 0.808
3 1.58 1.1 0.57 1.011 0.65 0.36 0.55 0.74 0.29 0.724
4 1.59 1.07 0.53 0.953 0.582 0.371 0.64 0.65 0.21 0.679
5 1.53 1.05 0.61 0913 0.538 0.373 0.69 0.65 0.18 0.648
6 1.52 1.05 0.62 0.884 0.513 0.37 0.72 0.63 0.16 0.627
7 1.44 1.01 0.68 0.764 0.405 0.358 0.88 0.59 0.06 0.54

8 1.44 1.00 0.69 0.735 0.37 0.364 0.98 0.52 0.01 0.519
9 1.63 1.13 0.54 0.713 0.346 0.367 1.06 0.5 -0.03 0.504
10 1.57 1.08 0.58 0.988 0.616 0.372 0.6 0.72 0.25 0.705
11 1.54 1.06 0.61 0.919 0.548 0.37 0.67 0.66 0.2 0.653
12 1.59 1.1 0.57 1.011 0.641 0.369 0.57 0.74 0.25 0.723

the same shape of the finite strain ellipse for homogene-
ously deformed populations of originally statistically uni-
form centres. The simplicity and elegance of Fry’s method
have encouraged its application to a wide range of rocks,
although it requires that the original objects began with a
random non-Poisson distribution. High-resolution ellip-
ses are found from markers of uniform size that have been
deformed homogeneously (Fry 1979; Roday et al. 2010).
The results are summarized in a logarithmic Flinn diagrams
(Ramsay and Huber 1983) (Fig. 8a). Software, methodolo-
gies, distribution of markers in the section, and differences
in the number of markers in the section account for slight
difference between the results and concentration of points
on the elliptical rim.

Strain parameters

The three axes of the strain ellipsoid (X > Y > Z) were
determined from two-dimensional measurements on three
mutually perpendicular surfaces. We used the Ramsay’s
(1967) logarithmic diagram with In(Y/Z) along the abscissa
and In(X/Y) along the ordinate axis (Fig. 8a). According to
Hossack (1968), this classification is called the strain sym-
metry. The strain geometry is identified with the Flinn K
value (Eq. 1), which is >1 for apparent constrictional ellip-
soids, 1 for plane strain and <1 for apparent flattening
ellipsoids. In turn, to evaluate the amount of deformation
or strain intensity, we calculated the D value (Eq. 2), as a
measure of the distance from the origin on the Ramsay’s
diagram (i.e. a measure of the amount of strain):

_ ln(RXy — 1)
T @Ry — D) ()
D = \/In(Rxy)? + In(Ryz)? )

In addition, the finite stretches Sy, Sy and S,, which are
parallel to the principal axes X, Y and Z, respectively, are

derived using the following equations (e.g. Kassem and
Abd El Rahim 2010; Kassem 2011, 2014):

Sx = Rxy x Sy 3
— }/Rxz

Sy R}y (€]

Sz = SY/SX. ()

Results of finite strain analyses
Strain symmetry

The shapes of all the strain ellipsoids measured by the Fry
method are shown in Fig. 8a and Table 2. All but three of the
samples plot in the apparent flattening field (K = 0.5-0.69).
Flinn’s parameter k is in Table 1. Modified Flinn’s param-
eter by Ramsay K is in Table 2). Three samples plot near
the plane strain line, on the apparent flattening field (sample
7, K = 0.88), on the apparent constriction field (sample 9,
K = 1.06) or on the line (sample 8, K = 0.98); D values range
from 0.5 to 0.83 although samples 7, 8 and 9 show lower
values (D = 0.5-0.59) than the apparent flattening samples
(D = 0.65-0.83). In addition, all these samples plot in field 2
(field of extension/contraction) and its transpression sub-field
in Ramsay’s two-dimensional strain field diagram (1967)
(Nabavi 2012). Referring to Ramsay’s two-dimensional
strain field diagram (1967), a strike—slip component of shear
develops approximately along the pure shear/simple shear
strain path. Such intermediate types of tectonics regimes as
transpression and transtension lie in the corresponding sub-
field of field 2, so that all strain paths with a strike—slip com-
ponent indicate transpression and all strain paths above this
line indicate transtension (Fig. 8b) (Milnes 1994).

The variations in K and D values (Fig. 8a) reflect the
heterogeneous nature of the deformation that ranges from
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Fig.8 a Ramsay logarithmic diagram showing relative strain or
strain symmetry as obtained by Fry analysis shown by black dots.
The plotted data show K values <1, which is characteristic of an
oblate triaxial ellipsoid. The average K value is marked as a red cir-
cle. b Strain data from the Neka Valley plotted in Ramsay’s strain
field diagram (1967) to characterize the tectonic regime (Nabavi
2012). ¢ Plot showing the finite strain ratio Ry, versus angle ¢’ for
estimate of W, in the study area (Tikoff and Fossen 1995). The aver-

approximately simple shear to non-coaxial flattening strain
(e.g. O’Hara 1990; Talbot and Sokoutis 1995; Capponi et al.
2003; Kassem and Ring 2004; Tripathy et al. 2009; Kas-
sem and Abd El Rahim 2010; Kassem 2011; Kassem et al.
2012; Talbot 2014). Liu et al. (1995) defined a parameter
K to measure the degree of obliquity partitioning; K = 0
and K = 1 are two end-member cases of no obliquity and
complete obliquity partitioning, respectively. Our average
of K = 0.69 indicates intermediate obliquity partitioning.
There is no lineation when K = 0, and there is a very strong
lineation when K = oo. In practice, a lineation may not have
any visible petrographic expression when K is below a cer-
tain critical value, e.g. 0.3 or 0.4 (Robin and Cruden 1994).

Finite stretches
The finite stretches are presented in Table 2. Sy ranges from

1.44 to 1.65, Sy from 1 to 1.14 and S, from 0.53 to 0.69
(Table 2). The latter indicates a 31-47 % shortening.
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age value of W, is 0.6 and is marked as a red hexagonal. d Diagram
showing the nonlinear relationship between the average kinematic
vorticity number (W,) and components of pure and simple shear for
instantaneous 2D flow (Law et al. 2004) on which the obtained value
of W, for the study area is plotted. e a versus ¢ and W, for different
dip values of shear zone (8) (from Diaz-Azpiroz et al. 2014). Combi-
nation of ¢ and W, yielding a fair-to-good fit in resulting angle o for
study area (violet) is shown

Kinematic vorticity number (W,)

Vorticity describes how fast a particle rotates in a softer
medium during ductile flow (Xypolias 2010; Fossen 2016).
The kinematic vorticity number (W,) measures the degree
of non-coaxiality (the relative contribution of rotation and
stretching) involved in progressive deformation histories. It
also relates the effects of rotation of material lines (relative
to non-material maximum instantaneous stretching axes,
ISA,,.) and of stretching of these material lines (Means
et al. 1980; Passchier 1987; Wallis 1992, 1995; Xypolias
2010; Mulchrone 2013). W, = 0 indicates pure shear, 1
simple shear, any value in between sub-simple shear, and
larger than 1 super-simple shear (Means et al. 1980; Fossen
and Tikoff 1993; Passchier and Trouw 2005; Fossen 2016).
Several methods have been proposed for constraining the
kinematic vorticity number in natural rocks. Figure 8b
uses the Ry,/0'-method (Tikoff and Fossen 1995; Xypolias
2010), where @' is the angle between the long axis of finite
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strain ellipsoid and the deformation zone boundary. W, can
be obtained when Ry, and 6’ are known.

Because our strain data are incomplete, we have to make
some assumptions to define the geometry of the deforma-
tion zone boundaries. The north-western (TZB1 and TZB2
in Fig. 2c) and south-eastern boundaries (TZB3 and TZB4
in Fig. 2c) of the study area coincident with the Haji-abad,
Talanbar, and minor branches of the North Alborz, and Shah-
Kuh thrusts, respectively. The average strike of these thrust
faults at N50°E was taken as our reference line, W, on the
graph of R,,/6/ (Xypolias 2010). The mean values of Ry, and
K in the study area are 2.54 and 0.69, respectively (Fig. 8a).
Therefore, the angle of ¢ from strain, P and T dihedral
method of thrusts and geometrical analysis of folds with
respect to reference lines is constrained to lie between 6°
and 20° (average = 13°). Hence, the W, values lie in range
of 0.4-0.85 (average = 0.6) (Fig. 8c). These W, values indi-
cate 35-71 % pure shear and 29-65 % simple shear for the
total deformation in the study area. The average W, values
revealed 59 % pure shear and 41 % simple shear (Fig. 8d).
These values suggest a mainly pure shear-dominated
transpression (Fossen et al. 1994), as expected for compres-
sional tectonic settings (Mukherjee and Koyi 2010).

Kinematic modelling

The dip (8) and strike (8) (the angle in the horizontal plane
between the boundary of a transpression zone and its direc-
tion of overall shortening) affect both the shape of the
finite strain ellipsoid and its orientation (e.g. Sanderson
and Marchini 1984; Jones and Tanner 1995). Progressive
deformation can be modelled by substituting the amount
shortening across the zone (S) measured parallel to the
far-field displacement vector. This allows the progressive
change in shape of the finite strain ellipsoid to be plotted
on a Flinn diagram. Meanwhile, the progressive rotation
of the ellipsoid axes can be plotted on stereonets (Jones
et al. 2004). The dip of our zone is difficult to constrain
from our regional data. We therefore used the average dip
of the bounding faults as the dips of the deformation zone
boundaries. Hence, the Haji-abad and Shah-Kuh thrusts,
which are the main boundaries, indicate that the dip of the
zone is 37° and its strike is 050°. Analysis of the compres-
sional direction in the study area nappes (Fig. 5a—f) by kin-
ematic analysis and the P and T dihedra method shows that
they were shortened along a N5S0°W-S50°E axis (Nabavi
2012); hence, the B angle is 80°. The north-western zone

1
(1-w)

boundary coincides with the Talanbar thrust (TZB2 in
Fig. 2c¢). The Haji-abad thrust (TZB1 in Fig. 2c¢) and the
south-eastern zone boundary coincide with the reverse/
thrust faults between Ghalemoran and Doroud/Ruteh For-
mations (TZB3 in Fig. 2¢). These boundaries extend along
strike to the sinistral strike—slip fault North Alborz faults
due to inclined transpression in the intervening nappes.

It is noteworthy that the entire study area is a transpres-
sional zone involving four major thrusts separating individ-
ual nappes. From north to south, these are the Haji-abad,
Talanbar, minor branch of North Alborz, and Shah-Kuh
thrusts (TZB4 in Fig. 2c). Each of these thrusts plays the
role of transpressional zone boundaries. The Haji-abad and
Shah-Kuh thrusts are the main boundaries of transpres-
sional zone. The Chahar-bagh nappe is another transpres-
sion structure in the middle of the main transpressional
zone. Its boundaries are the Talanbar and minor branches of
the North Alborz thrusts.

In order to determine the deformation matrix of the stud-
ied inclined transpression (F) the following relation (Eq. 6
in Davis and Titus 2011) has been used:

1—o;!
1 Vxy an;;z 0
F=|0 o 0 (©6)
0 az—az_l

Wi oma, %

We cannot apply Jones et al’s (2004) equation for
inclined transpression because three main deformations
(strike—slip simple shear followed by dip-slip simple shear
followed by orthogonal pure shear) did not act simulta-
neously and hence did not result in transpression. In the
above relations (Eq. 6), y,, is the simple shear in the XY
plane (strike—slip movement) so that y,, = tany,,. The sim-
ple shear in the YZ plane is y, (dip-slip movement) so that
Yy, = tanyr,,. The term o, parallels the Z axis; the ratio of
the deformed to original zone width (measured along the
Y axis) is ozz_l. The term ¥, is the angle between the basal
boundary of the deformed zone (which is in the form of
a parallelogram in profile) with respect to the (often rec-
tangular) undeformed state. Substituting these values into
expression 6 indicates that the acute angle of the transpres-
sion base is 80° and accordingly ¥, is 10° and y,, is 0.176.
According to our calculated strain data, the average of a_ is
approximately 0.9. In order to calculate v, and o it is
necessary to calculate the amount of shorfening (S) using
the equations: az_lzl — § and tany,, = S.cotd(1 — S~
We calculated the amount of shortenfng using the equation
by Law et al. (2004):

-1

1/2
1/2 a 14+ W2 _ 1/2
s=45(1-m) (sz + R + 2(’<)> + (Ryz +R) —2) 7
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«Fig. 9 a Geological cross section through the study area. The entire
area is a transpressional deformation zone bound by the Haji-abad,
Talanbar, minor branches of the North Alborz, and the Shah-Kuh
thrusts; b plot showing the spatial variation of strain parameters (K, v,
W, and ¢,) of the respective samples along the cross section and to the
relative position from Shah-kuh and Talanbar thrusts; ¢ above: push
from the rear of undeformed configuration on a horizontal surface,
and deformation through folds and reverse/thrust faults and subse-
quently rear compression mechanism of nappe emplacement. Below:
distribution of strain ellipses in rear compression mechanism

Substitution of the average kinematic vorticity number
(W, = 0.6) and finite strain Ry, = 2.54 in Eq. (7) gives
S = 0.67. Therefore, a;'=0.33 and tany,, = 4.0; so the
inclined transpression matrix becomes:

I —-112 0
F=1]0 033 0 (8)
0 -0.12 09

According to Provost et al. (2004), Pollard and Fletcher
(2005), p. 178, and Davis and Titus (2011), we should use
the log sum in exponentials method, which is logarithmic.
This uses the velocity gradient tensors (shown by L, and
L,) so that the combined velocity field can be taken to be
two simultaneous deformations that sum the components
velocity fields, i.e. exp(L; + L,). This method implies
that the velocity gradient tensor (L) of the studied inclined
transpression is equal to the sum of three matrices Eq. (6),
as:

0 vy 0 0 0.176 0
L=|0-Ina, 0 | =|0-0105 0 9)

0 ¥ Ine 0 40 0.105
Discussion

Variation of strain parameters in space

Transpression results in oblate ellipsoids (in the field of
apparent flattening) with vertical X axes for pure shear-
dominated transpression and horizontal X axes for strike—
slip-dominated transpression (Fossen et al. 1994; Tikoff
and Teyssier 1994; Tikoff and Greene 1997; Sanderson
2014; Fossen 2016). Tikoff and Teyssier (1994) concluded
that reverse faults are most likely to form and remain active
in a transpressional system together with a strike—slip com-
ponent. This is because it would be difficult for a strike—
slip shear zone to accommodate the pure shear component.
We assume a similar scenario in the present study of the
Neka Valley. According to Dabo and Aifa (2013), how the
shapes (flattening, constriction or plane finite strain) of the
finite strain ellipsoid vary in space, and in our area, implies
a partitioning of the deformation. However, strain ellipsoids
measure homogeneous flows and cannot by themselves
provide information about how the deformation partitioned

until their spatial variations are taken into account. We do
that here by plotting strain magnitudes as a function of dis-
tance from the major thrust faults along the studied cross
section (Fig. 9a). We measured the (irregular) distances in
Fig. 9b perpendicular to the thrust faults by Global Map-
per software from a satellite image of the area. In the pre-
sent case, the samples (1-7) and samples (8—12) were col-
lected up to 11,000 and 3000 m from the Talanbar thrust in
its footwall and hangingwall blocks, respectively. Note that
the Talanbar footwall block also is the footwall block of the
Shah-kuh thrust.

Significant variations in the regional finite strain were
found along the profile in Fig. 9b. It has been observed
that in the Talanbar footwall block between 11,000 m to
the reading closest from Shah-kuh thrust, there is a gradual
increase in strain structurally up (from SE towards NW)
towards the Talanbar thrust. In addition, the strain values
increases structurally upward towards the thrust in the
Talanbar hangingwall block. A similar pattern has been
observed from many thrust sheets in fold-and-thrust belt
throughout the world. In general, the strain values represent
a periodic pattern from the Shah-kuh thrust to the Haji-
abad thrust. Figure 9b therefore shows plane strain near the
Talanbar thrust to oblate ellipsoids away from it. This could
be due to sinistral strike—slip faulting in the Ghalemoran
Formation. From 6640 to 2670 m, towards the Talanbar
thrust, there is no significant variation in the strain values.
This bulk pure shear is probably due to the nearly con-
stant lithology of the strained rocks and their nearly uni-
form ductile flow rates (pure shear dominates over simple
shear) associated with the Talanbar and Shah-kuh thrusts.
Increased strain towards the thrust faults is attributed to
the local increase in simple shear near the faults (Ramberg
1975; Abad et al. 2003). The periodic strains down through
in the Neka Valley probably indicate the activity of several
minor thrusts or minor shear zones we missed in the field
(e.g. Bauer et al. 2011). Alternatively, they could indicate
superposed phase of thrusts.

Sinistral transpression and strain partitioning

Our estimated W, values reflect spatial strain partitioning
into both coaxial and non-coaxial deformations across the
study area. A relationship exists between the regional kine-
matic vorticity number imposed by plate motion within the
zone of distributed deformation and the percentage of shear
displacement beside local discrete shear zones. For plate
motion dominated by moderately oblique convergence, W,
of the transpressional zone decreases quite linearly with
increasing partitioning of the strike—slip component (Fos-
sen et al. 1994; Tikoff and Teyssier 1994; Jones and Tan-
ner 1995). The occurrence of contemporaneous strike—slip
and dip-slip deformation (oblique 3D deformation) with a
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Fig. 10 a Sinistral strike-slip faulting with Talanbar thrust (shown
as red dashed line) along Khosh Yeilagh and Ghalemoran forma-
tions boundary. b Approximately, foliations are sub-parallel to axial

strong component of pure shear deformation is consistent
with a transpression deformation zone. Our average kine-
matic vorticity number of =0.6 reflects general pure shear-
dominant transpression (Fossen et al. 1994) in between
domains of simple (non-coaxial) shear near the thrusts
(e.g. Faghih et al. 2012; Sarkarinejad et al. 2010a, 2012).
Natural deformation is commonly heterogeneous, and here
we have shown that thrusts partition the general orogenic
extrusion of the nappes. Our average value of W, of 0.6
indicates that the Neka Valley underwent transpressional

@ Springer

surfaces of folds in study area and generally are of high angle with
respect to the horizon

deformation involving 59 % pure shear and 41 % simple
shear components (Fig. 8d). It also indicates that the con-
tinuous deformation in the Neka Valley occurred in a gen-
eral shear regime. General shear of rocks almost certainly
involves the development of secondary shear planes (review
in Mukherjee et al. 2012). Strain intensity partitioned
from D = 0.5 to 0.83 within the transpression zone. Our
results in the eastern Alborz are similar to those found by
regional studies of both ancient and modern transpression
zones worldwide. Like many others, we have found that the
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Table 3 Geometrical features of studied folds

Fold Interlimb angle (°) Fold axes  Axial surface  Vergence  The fold section = Symmetry Folding angle (°)  Tightness
1 29 013/038 220/79NW SE Semi-cylindrical ~ Non-symmetrical 151 Tight

2 70 008/071 064/48SE NW Semi-cylindrical ~ Overturned 110 Close

3 85 004/068 068/89SE NW Semi-cylindrical ~ Symmetrical 95 Open

4 47 021/228 053/78SE NW Semi-cylindrical ~ Non-symmetrical 133 Close

5 35 021/231 053/85SE NW Semi-cylindrical ~ Non-symmetrical 145 Close

6 36 045/201 027/84SE NW Semi-cylindrical ~ Non-symmetrical 144 Close

7 92 004/084 084/88SE NW Cylindrical Symmetrical 88 Open

8 82 007/083 083/85SE NW Semi-cylindrical ~ Symmetrical 98 Open

9 90 002/250 070/73SE NW Cylindrical Non-symmetrical 90 Open

10 88 002/072 253/80NW SE Cylindrical Non-symmetrical 92 Open

11 70 014/239 232/6TNW SE Cylindrical Non-symmetrical 110 Close

12 94 001/250 241/83NW SE Semi-cylindrical ~ Symmetrical 86 Open

13 98 003/210 206/39NW SE Semi-cylindrical ~ Overturned 82 Open

14 115 008/223 224/82NW SE Semi-cylindrical ~ Symmetrical 65 Open

15 95 000/226 236/84SE NW Semi-cylindrical ~ Symmetrical 85 Open

regional deformation partitions into blocks of largely pure
shear separated by narrow zones of simple shear (Iacopini
et al. 2007, 2008).

Most strain partitioning appears to be controlled by
the presence of mechanical heterogeneities (in particular,
boundaries) on any scale, in particular the proximity to
weak tract-bounding faults and the presence of lithologi-
cally controlled regions of high pore fluid pressures (Jones
and Tanner 1995; Curtis 1998; Tavarnelli and Holdsworth
1999; Tavarnelli et al. 2004; Viola and Henderson 2010;
Massey and Moecher 2013). Two broad forms of strain
partitioning are distinguished in transpression zones based
on the spatial and chronological relationship between the
boundary-parallel and boundary-normal displacements.
These are (a) spatial strain partitioning and (b) temporal
strain partitioning. Here, we have used spatial strain parti-
tioning that is defined by Curtis (1993, 1997, 1998) as: “...
the resolved components of the oblique relative motion vec-
tor are manifest as synchronous, spatially distinct domains
of deformation”. Important in this definition is the cotem-
poraneous development of lateral contraction-dominated
(e.g. folds and reverse faults) and wrench-dominated (e.g.
strike—slip faults and ductile shear zones) structures.

Complex 3D strain partitioning patterns are common in
the continental crust. They are often related to the kinemat-
ics of three-dimensional deformations. Determination of
strain-active zone boundaries is approximate and arbitrary;
they depend on the scale of study because strain partitioning
can occur on any scale. The upright, close to tight chevron
folds, moderate to steep dip cleavages, K < 1, stretch value
less than 1, a change from an approximately constant vol-
ume, plane strain coaxial deformation in the upper parts of
the study area to non-coaxial flattening strain in basal parts

(i.e. from young to old formations in the study area) and
their emplacement to shallower crustal level, the Neka Valley
nappes emplaced by rear compression mechanism or push
from the rear during two deformation stages, when the sedi-
mentary succession was detached, shortened and transported
over the Neka Valley’s major thrusts. In addition, gravity
spreading and gliding mechanisms could have developed as
a result of rear compression mechanism over a horizontal no-
slip basal boundary which is marked by frontal rolling and
a tank-track fold (Brun and Merle 1985, 1988; Merle 1986,
Talbot and Aftabi 2004; Talbot and Pohjola 2009; Baikpour
and Talbot 2012; Nabavi 2012; Nabavi et al. in preparation)
(Fig. 9c). The deformations in and around the nappes studied
here can be partitioned into two spatial strain domains: (1)
non-coaxial shortening dominated and (2) sinistral strike—
slip dominated. In the first domain, shortening was along a
NNW-SSE axis by dip-slip shearing. This domain is char-
acterized by upward-facing upright folds with curved hinges
and eroded asymmetric SE verging folds in the Ghalemo-
ran Formation (e.g. like domain 2 in Fig. 12 of Jones et al.
2004). These structures can indicate the beginning of folding
(Dubey and Cobbold 1977) of layers inclined to the principle
strain axes (Treagus and Treagus 1981). By contrast, the sec-
ond domain is characterized by sinistral strike—slip faulting
close to secondary zone boundaries within inside the major
Chahar-bagh nappe (Fig. 10a).

Styles of multilayer folds of different lithologies depend
on their thicknesses and competence contrasts (Twiss and
Moores 2007). In our study area, parallel open anticlines
and chevron folds formed in the Doroud and Elika Forma-
tions due to flexural slip folding and with semi-cylindrical,
upright to steeply inclined, open folds (with interlimb angle
of 85°-115°) about semi-horizontal to slightly plunging
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«Fig. 11 Some studied individual structural features in relation to
transpression deformation zone. a Boudinage and pinch-and-swell
structures in Ghalemoran and Ruteh Formations. b Multiple sets of
faults (e.g. thrust and sinistral reverse faults seen in the Doroud For-
mation). c—e Plunging F2 folds in the Ruteh Formation (Fig. 11c—e),
a highly curvilinear F2 buckle in the Ruteh Formation. f Recumbent
F2 folds in the upper and younger sequences of the Ruteh Forma-
tion. h Asymmetric and overturned folds in Ghalemoran Formation
(Fig. 11g), and also minor F2 folds in hinge of a major F2 fold in
Ruteh Formation

axes (Nabavi 2012; Nabavi et al. 2014). These open folds
can be classified as types C2, C3, D1, D2, E2 as in Hudles-
ton’s (1973) scheme (Nabavi 2012). Overturned and
upright folds with a metric to decametric wavelengths and
amplitudes formed in the Mobarak Formation and Ruteh
and Doroud limestones (Nabavi 2012). These folds verge
mainly between north-west and south-east (Table 3). The
Santonian Ghalemoran Formation shows gentle folds and
a break-thrust fold (Fischer et al. 1992; Woodward 1997)
adjacent to the Chahar-bagh nappe. Break-thrust folds
began as low-amplitude sinusoidal buckles with wave-
lengths controlled by the local stratigraphy. Break-thrust
folds grow by folding with fixed hinges above and ahead
of a propagating fault. Once the fold develops a tight inter-
limb angle (<10°) it locks and thrusts (Fischer et al. 1992;
Woodward 1997). The axes of folds in both right and left
stepping en-échelon arrays coincide with the regional NE—
SW extensional axis that parallels the regional X axis major
that is horizontal (e.g. Frehner 2016). These are too steep to
have been shortened along the regional NW—SE compres-
sional axis (Figs. 2c, 4a, 5f). En-échelon arrays of folds can
form as a consequence of the regional simple shear strike—
slip component and as drag folds in mesoscopic samples
(Mukherjee et al. 2015).

Many ductile folds develop an axial plane foliation
(Fig. 10b). This can indicate extension parallel to the orog-
eny and the formation of folds parallel to the maximum
stretch (Watkinson 1975). Such orogen parallel extension is
also highlighted by boudinage and pinch-and-swell struc-
tures of competent layers (in the Ghalemoran and Ruteh
Formations) (Fig. 11a), with long axes sub-perpendicular to
the stretching lineation.

Boudins in transpression zones indicate flattening (e.g.
Zulauf et al. 2011a, b; Fossen et al. 2013). According to
Jones et al.’s strain triangle (2004), many other structures in
the study area are consistent with a transpressional regime.
Examples are shown in Fig. 11a-h.

Multiple structures can also form in transpression dur-
ing successive tectonic events with different kinemat-
ics. Indeed, all multiple structures could be attributed to
separable deformation events or to a single, highly parti-
tioned transpression or transtension event. To differentiate

between these two options, we must consider the relative
ages of each set of structures. We are pretty sure that they
are all cotemporaneous, suggesting that they have been pro-
duced by a single transpressional event (e.g. Diaz-Azpiroz
et al. 2014). Therefore, we attribute the periodic strain pat-
tern across the study area (“Variation of strain parameters
in space” section) to “ductile partitioning” in space (e.g.
Schulmann et al. 2003). In this case, the regional transpres-
sion zone splits into pure shear zones in which strain accu-
mulations decreased and wrench-dominated zones where
strain accumulations increased.

Diaz-Azpiroz et al. (2014) proposed a new graph for
inclined transpression. The main input parameters are
as follows: (1) transpression obliquity (¢), defined as the
angle between simple shear direction and the strike of the
shear zone measured on vertical plane; (2) extrusion oblig-
uity (v), which is the angle between the extrusion direction
of the coaxial component of the deformation and the dip
direction of the shear zone; and (3) the kinematic vorti-
city number (W), a measure of the ratio between simple
shear and pure shear. The angle of oblique convergence («)
is measured between the strike of the shear zone and the
azimuth of the far-field vector (F,), which defines the rela-
tive displacement of the undeformed blocks on both sides
of the shear zone. The azimuth of the far-field vector coin-
cides with the strike of the vorticity normal section (VNS),
whose orientation can be estimated from ¢ and W, (Jiang
et al. 1998). According to Diaz-Azpiroz et al. (2014), the
comparison between the natural data and the model is made
following a standard procedure with three steps: (1) ¢ and
v values are constrained from geological observations; (2)
the orientation of the finite strain ellipsoid is calculated,;
and (3) o value is calculated from the orientation of the
shear zone.

In the regional deformation zone studied here, there is
no evidence suggesting oblique extrusion. Therefore, the v
value has thus been taken as 0° (Fig. 12). According to our
available data, the angle of oblique convergence is 31°-43°
(average o = 37°) (Fig. 12a). Inserting our angle of oblique
convergence and dip of the shear zone into the following
matrix (Jiang 2007, 2014) implies that the velocity gradient
tensor of our transpressional zone is:

0 cos(a) 0 0 0.765 0
L= |0 —sin(a).sin(d) 0 =10 -0414 O
0 sin(x).cos(d) sin(a).sin(5) 0 —0.492 0414

(10)

Here the components of —sin(«)-sin(8) and sin(w)-sin(§)
are the longitudinal strain rates parallel to the y axis
and z axis, respectively. The components of cos(«w) and
sin(«)-cos(8) are the shear strain rates parallel to the x axis
and z axis, respectively. This matrix can describe different
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«Fig. 12 a View to the SW of the Chahar-bagh nappe where the
Talanbar thrust emplaced the Devonian Khosh Yeilagh Formation
on the Upper Cretaceous Ghalemoran Formation. The Ghalemoran
Formation is disconformable on lower units. Overturned folds in
the Ruteh limestone are faulted against the Devonian units north of
the Talanbar thrust; b schematic block diagram of the Chahar-bagh
nappe with the kinematic model (not drawn to scale); ¢ strain par-
titioning within study area as viewed in a strain triangle (e.g. Jones
et al. 2004). The blue part illustrates the likely location of kinematic
transpression parameters for bulk strain within the Neka Valley
transpressional setting

bulk flows, so that when o« = 0° and § = 90°, the bulk
flow is strike—slip simple shearing. When 0° < « <90° and
8 = 90°, the bulk flow is monoclinic transpression with
a vertical shear boundary, and when 0° < a < 90° and
0° < 6 <90°, the bulk flow is triclinic transpression with an
inclined shear boundary.

In the following, we use an equal-area lower hemisphere
plot with the orientation of the shear zone (with a strike
N50°E and a dip of 37°NW), the angle of oblique conver-
gence (o) (=31°-43°), and the dip of the zone () (=37°)
(Fig. 9b in Diaz-Azpiroz et al. 2014). In this plot, we can
obtain the VNS great circle, the angle ¢ and angle O,
which is defined as the angle between the horizontal veloc-
ity vector and the pole to the shear zone boundary. In 2D,
W, and the percentage of simple shearing and pure shear-
ing may show a linear relationship, but not in 3D defor-
mation. Hence, W, can be expressed as a function of the
simple shear-to-pure shear ratios, which equals the tangent
of the angle ® (Jiang et al. 1998). According to the simple
shear-to-pure shear ratios estimated from W, in Sect. 4.3,
¢ ranges between 36° and 75°, which indicates the study
zone has triclinic symmetry (Fig. 8e).

Transpression zones in deformed domains can be parti-
tioned (Fig. 12c¢) in the strain triangle of Jones et al. (2004).
According to many studies on transpression, strain analysis
and field observations, we can plot the study transpression
onto the strain triangle. The vertices of the strain triangle
show the special strain components which cover part of
strain matrix, found in natural examples. The wrench cor-
ner illustrates the development of strike—slip faulting, Rie-
del shears or en-échelon folds on a map. The contractional
corner illustrates the development of conjugate faults or
symmetrical folds with hinges parallel to the strike. The
dip-slip corner illustrates the development of dip-slip faults
or asymmetric folds with hinges parallel to the regional
strike. In this study, we use the new graphical method pro-
posed by Diaz-Azpiroz et al. (2014) and use the orientation
of the shear zone and its kinematic transpression param-
eters (Fig. 12c). This new graph is formed by incorporat-
ing Jones et al.’s (2004) strain triangle into the graph by
Diaz-Azpiroz et al. (2014). According to the range of the
kinematic vorticity number, field structures and the main

boundaries of the transpression zone studied, together with
the strain matrices and nappe geometries, our main inclined
transpression zone is a combination of all three components
(as summarized in Fig. 12b). Our inclined (and/or oblique)
transpression zone with its triclinic symmetry plots in the
centre of the strain triangle (Fig. 12c). Triclinic transpres-
sion can be attributed to a horizontal velocity vector (V),
which can be deduced from « and the strike of the zone
boundaries to be N128°E.

Conclusions

We have interpreted brittle and ductile transpression
structures in the outer eastern Alborz, particularly those
structures in and near (<500 m) the inclined upper crus-
tal transpression zone. The mechanical anisotropies in the
sedimentary sequences deformed in the nappe increased
structural heterogeneity throughout the progressive defor-
mation. This led to a wide range of brittle and ductile struc-
tures with irregular and heterogeneous distributions across
the nappe pile. In order to study the deformed rocks in the
Neka Valley, we used field observations, analyses of fold
geometries, and strain and the deformation matrices to
study the partitioning.

The Ghalemoran and Doroud/Ruteh Formations in the
Neka Valley are transpressed in a zone, bound by the Haji-
abad and Shah-kuh thrusts, that strike 050°-060°, and dip
37° to the NW. The horizontal angle 8 (between the zone
and its direction of overall shortening, S) is near 80°. These
faults are linked westward to the North Alborz fault along
strike by the sinistral strike—slip faults. En-échelon fold
arrays with gently plunging axes trend NE-SW and step to
both the right and left are attributed to strike—slip deforma-
tion components. Strain analysis of deformed macroscopic
markers by the Fry (1979)’s method shows finite strain
intensity values in oblate ellipsoids with X:Y and Y:Z ratios
between 2.1 and 3.14. The average value of the regional
vorticity number of W, = 0.6 reveals contributions of 59 %
pure shear and 41 % simple shear. These figures vary with
distance from the basal thrusts within each nappe as car-
tooned in Fig. 9c. Strain analyses emphasize the heteroge-
neous nature of deformation in the Neka Valley. Variations
in strain magnitudes and degree of non-coaxiality can be
attributed to the geometry and orientation of the triaxial
transpressional zone with respect to the transport direction
along the NW to SE regional axis of shortening.

Strain partitioning and variations in strain intensity sug-
gest strain heterogeneity on the map and its profiles. We
attribute this partitioning to control by the angle of conver-
gence between the Gondwana-derived Iran microplate with
the southern margin of Eurasia in the Late Triassic, thereby
closing the Paleo-Tethys. The obliquity of this convergence
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ranges between 31° and 43° in the Neka Valley. Other
notable factors controlling strain partitioning are differ-
ences in facies-type and lithologies (Mukherjee et al. 2012;
Mukherjee 2015), and different rheologies (e.g. Mukherjee
and Biswas 2015; Mulchrone and Mukherjee 2015). The
ductility contrasts between the competent Devonian clastic-
carbonate sequences of the Khosh Yeilagh Formation and
relatively incompetent inoceramous, ooid and glauconitic
bearing sandstones and limestones of the Santonian Gha-
lemoran Formation helped partition the orogen (e.g. Jones
and Tanner 1995).

The shapes and orientations of local finite strain ellip-
soid illustrate that any potentially ideal regional homo-
geneous deformation was affected by two factors: (1) the
angle between the deformation zone boundaries and the
shortening direction and (2) the exact path of the deforma-
tion. We attribute our transpression zone due to oblique
convergence between two plates. Different shear senses can
develop locally in the same deformation (Mukherjee 2013)
as reported from the Zagros fold-and-thrust belt (Sarkarine-
jad et al. 2013). So too, the whole of the Alborz Mountains
Range can be considered a curved inclined transpression
zone with different shear senses on slightly different struc-
tural trends.
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