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fold-and-thrust belt where the sedimentary cover strata 
shortened and imbricated in the upper crust.
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Introduction

Lateral collisional orogenic belts are dominated by lateral 
contractional structures, such as folds, thrusts and thrust 
sheets (nappes) that collectively thicken the continen-
tal lithosphere (Merle 1998; Mukherjee 2010a, b, 2013a, 
b, c, 2014a, b, c, 2015; Dubey 2014). Nappes develop by 
two mechanisms (Henderson and Dahlstom 1959; Tal-
bot 1974; McClay and Price 1981): (1) basal thrust fault-
ing that detaches the first-order (thrust nappe) and (2) 
regional overturned or recumbent folding categorising it 
as a second-order fold nappe. Nappes are the brittle–duc-
tile structures fundamental to compressional continental 
orogens. Many such nappes are in foreland fold-and-thrust 
Belts (such as Mohand Anticline in NW Himalaya: Biswas 
et al. 2014) that form above shallow basal detachment sur-
faces (floor thrust) and undergo high internal deformations 
above a rigid and undeformed crystalline basement. Lateral 
tectonic shortening and vertical thickening are recorded 
by folding and thrusting (and in some cases normal fault-
ing, crustal channel flow and critical tapering: Mukherjee 
2005, 2010b, c, 2011a, b, 2014b, d; Mukherjee and Koyi 
2010; Mukherjee et al. 2012, 2015; and back deformation: 
Bose and Mukherjee 2015), that will also affect the length, 
breadth, depth of Moho and lithospheric thickness (McClay 
and Price 1981; McClay 1992; Merle 1998; Wissing et al. 
2003). The style of deformation in which the basement 
remains undeformed, is known as ‘thin-skinned tectonics’ 

Abstract  The Neka Valley nappe complex is exposed in 
the south of Gorgan County in the eastern Alborz fold-
and-thrust belt. We use the results of a regional survey 
of the structural data and their patterns to interpret the 
mechanisms that emplaced the unmetamorphosed nappes 
in the foreland fold-and-thrust belt of the Alborz Moun-
tains. Most of the strain magnitudes are low in the study 
area but increase slightly towards what are probably their 
proximal ends. Strain ellipsoid is dominantly oblate with 
XY aligned along and across the belt (or the nappe com-
plex). The average kinematic vorticity number, Wk =  0.6 
which indicates most of the strain partitioning resulted in 
a general shear. Most of Flinn’s k values and α (the stretch 
along the shear plane) values are lower than 1. Structural 
indicators such as orthogonal extensional joints, pinch-
and-swell structures, anastomosing cleavages, and listric 
normal and growth faults developed by push from the rear. 
Large-scale thrust complexes with opposed-dips such as 
triangle zones (as well as k and α-values <1) are compat-
ible with the shear flow diverging distally and streamlines 
expected of the rear compression emplacement mechanism. 
Together with a later minor brittle deformation, these major 
ductile strains appears to provide a general model suitable 
for the emplacement of the nappes studied in a thin-skinned 
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in which most of the “cover nappes” verge towards the 
foreland constituting regional fore-structures/fore-folds 
(McClay 1992; Escher et al. 1993; Epard and Escher 1996; 
Plašienka and Prokešova 1996; Pfiffner 2006; Prokešova 
et  al. 2012). Stratigraphic units within nappes may con-
tain markers suitable for useful strain analysis. Coward and 
Kim (1981) demonstrated that strains in thrust sheets may 
be subdivided into: (a) layer parallel shear strains, (b) lon-
gitudinal strains such as layer parallel shortening (LPS) or 
extension and (c) layer normal shear strains.

Field, experimental/analogue and mathematical stud-
ies have shown that internal strains can be considered to 
be as a combination of two components of strain (Ram-
berg 1975a, b; Coward 1976, 1980; Sanderson et al. 1980; 
Sanderson 1982; Merle and Brun 1984; Sanderson and 
Marchini 1984; Fossen and Tikoff 1993; Tikoff and Fossen 
1993; Ring 1998; Provost et  al. 2004; Merle 1998; Ring 
and Kassem 2007; Mukherjee and Koyi 2010; Mukherjee 
2012a, b, 2014b, Frehner 2016; Nabavi et al. 2016b). These 
components are: (1) a component of pure shear where 
the stretching α is parallel to the basal plane and relates 
to either a vertical shortening and a horizontal length-
ening (α > 1) or to a horizontal shortening and a vertical 
lengthening (α  <  1), and (2) a component of heterogene-
ous simple shear (γ) (also see Vitale and Mazzoli 2015) 
where the plane of shearing is parallel to the basal plane 
and the intensity of shearing increases towards the base 
of the nappe. The directions of ductile shear (or gravity 
spreading) in plan-form therefore parallel the direction of 
displacement and can be more or less radial during grav-
ity spreading or largely downslope in the case of gravity 
gliding. Hence, the most commonly used division of nap-
pes is based on the presence or absence of more competent 

crystalline basement rocks at or along their bases. Impor-
tant factors controlling the structural styles of cover nappes 
are the compositions, the continuities and thicknesses of 
the weak detachment layers in the nappes and also the lat-
eral extent of stratigraphic units with these characteristics 
above the basal detachment horizon (Davis and Engelder 
1985; Pfiffner 1985, 1993; Jordan 1992; Davis and Lillie 
1994; Plašienka and Prokešova 1996; Wissing and Pfiffner 
2003; Wissing et al. 2003; Prokešova et al. 2012).

Since the first recognition of nappes in the nineteenth 
century, their genesis has been of great interest of structural 
geologists all over the world (see Fig. 1 and Merle 1998 for 
review). There are four major emplacement mechanisms of 
nappes: (1) down slope rigid or frictional gliding controlled 
by Navier-Coloumb criterion of brittle failure (Hubbert 
and Rubey 1959; Siddans 1984; Plašienka and Prokešova 
1996; Talbot and Pohjola 2009; Prokešova et al. 2012; Fos-
sen 2016) (Fig. 1a), (2) ductile or viscous gliding or flow of 
the whole nappe along of down a low viscosity basal stra-
tum (Hsü 1969; Kehle 1970; Siddans 1984; Brun and Merle 
1985, 1988, 1986; Talbot and Pohjola 2009; Fossen 2016) 
(Fig. 1b), (3) ductile or viscous spreading (extensional flow) 
of the whole nappe under its own weight (Talbot 1974; Elli-
ott 1976; Ramberg 1977; Siddans 1984; Brun and Merle 
1985; Merle 1986, 1989; Ramberg 1989, 1991; Talbot and 
Pohjola 2009; Prokešova et al. 2012; Fossen 2016) (Fig. 1c), 
and (4) rear compression (push from behind) (Ramberg 
1977; Chapple 1978; Dahlen et  al. 1984; Siddans 1984; 
Cello and Nur 1988; Guillier 1988; Talbot and Pohjola 
2009; Prokešova et al. 2012; Fossen 2016) (Fig. 1d). Each 
of these emplacement imply a different timing of phases of 
brittle and ductile deformation with respect to the evolving 
orogen and each should display a different but characteristic 

Fig. 1   Mechanical models according to different possible emplacement mechanisms of nappes. a Rigid gliding; b ductile gliding; c gravity 
spreading or gravitational collapse; d rear compression or push from behind. Modified from (Merle 1986, 1998)
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morphology and strain distribution within the nappe. Differ-
ent combination of all these four mechanisms can be clas-
sified into several ratios of gravitational and lateral forces 
and shapes and inclinations of the basal thrust. Identifying 
the forces that emplaced each/any nappe requires recogni-
tion of patterns of foliation trajectories (especially in ver-
tical sections parallel to the displacement direction); finite 
strain gradients; strain regime (coaxial/non-coaxial or both) 
(Mukherjee 2012a; Mukherjee and Biswas 2014); displace-
ment gradients; and the relations between stretching linea-
tions and displacement directions (Prokešova et  al. 2012). 
Strains within nappes have been modelled using simple 
boundary condition (e.g. Ramsay 1981; Pfiffner 1981; Har-
ris et al. 1983; Siddans 1983; Groshong et al. 1984; Siddans 
et  al. 1984; Seno 1992; Fossen 1993a, b; Singh and Jain 
1993; Mitra 1994; Burg et al. 1996; Gutiérrez-Alonso 1996; 
Fowler and El Kalioubi 2004; Pastor-Galán et  al. 2009; 
Thigpen et al. 2010; Sarkarinejad et al. 2015).

Movement of a material volume along a displacement 
surface over other units creates various components of 
pure and simple shear that parallel the thrust or glide plane 
(Mukherjee and Koyi 2010). Hence, the shape and orienta-
tion of the finite strain ellipsoid is a critical tool for under-
standing how particular nappes came into being. Unlike 
thrust and fold nappes in the rest of the world, little atten-
tion has been paid to the nappes in the Alborz Mountain 
Range, especially the geometries of their patterns of inter-
nal deformation/strain. Along with previous research by 
Nabavi et al. (2016a), this study, therefore, aims to discuss 
structural field observations and the geometries of meas-
ured strains so as to propose a model for the emplacement 
mechanism of the Neka Valley nappe complex. These 
issues should certainly be useful to decipher the tectonics 
of nappes and thrust sheets in the Alborz orogeny.

Geological setting

The Alborz Mountain chain has two “arms” along the 
northern border of Iran. West of an N–S corridor between 
52° and 53°, the East the Alborz Mountains trend W–E, 
east of that corridor, they trend SW–NE. The Alborz Moun-
tains are ca. 100 km wide and ca. 600 km long along the 
southern shore of Caspian Sea and accommodate the N–S 
convergence between Central Iran and Eurasia plates in late 
Triassic (Jackson and McKenzie 1984) and the NW motion 
of the South Caspian Basin. These motions have resulted 
in left-lateral shear to NNE–SSW transpression with thrust-
ing for the last 5 ± 2 Ma (Jackson et al. 2002; Allen et al. 
2003; Ritz et  al. 2006; Djamour et  al. 2010; Javidfakhr 
et  al. 2011; Baikpour and Talbot 2012). Both arms of the 
orogeny are double-verging as result of the collision of 
the Iranian plate with Eurasia, starting from the middle to 

late Triassic Eo-Cimmerian orogeny, which continues as 
intracontinental deformation related to the present active 
convergence between the Arabian and Eurasian plates 
(Alavi 1996; Allen et  al. 2003, 2004; Guest et  al. 2007; 
Zanchi et al. 2006, 2009). The Alborz Mountains have been 
deformed during several tectonic episodes. The first, during 
the late Triassic, corresponded to the collision of the Ira-
nian plate with Eurasia (Alavi 1996; Berberian and King 
1981). The second and more important was the following 
convergence between Arabia and Iran that continues today. 
The last event (3 Ma to present) is associated with struc-
tural and strain partitioning (Ballato et al. 2008, 2011; Hol-
linsworth et al. 2008).

The study area is located in the south of Gorgan 
County, Shah-Kuh area, in the eastern part of the Alborz 
Mountains Range (Fig. 2a, b) between the Shah-Kuh and 
Haji-abad thrusts (Fig.  2c). The area includes rock units 
dating mainly from Devonian to Quaternary rocks exist 
here. Devonian conglomerates, sandstones, limestones of 
the Khosh Yeilagh Formation are covered by the Lower 
Carboniferous Mobarak Formation, with basal limestones 
passing upward to well-bedded dark limestones at the top. 
The Middle Carboniferous limestones and oolitic sandy 
limestone of the Quezel-Qaleh Formation pass upward to 
carbonate and terrigenous facies. The Quezel-Qaleh For-
mation occurs at the base of the Permian succession. The 
Permian successions appear at the base of the red con-
glomerates, sandstones, silty limestones and limestones 
with fusulinides that form the Doroud Formation (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 Per-
mian succession. The Early Jurassic Shemshak Formation 
includes sandstones, shales, clays and coal, and is fol-
lowed by continental, lacustrine and lagoonal sequences. 
The Lower Carboniferous Mobarak Formation is not 
exposed in the study area but can be found to the north-
west, where the sandy and inoceramus-bearing limestones 
of the Late Cretaceous Ghalemoran Formation unconform-
ably overlies it (Fig.  3a). Folding is a common response 
to deformation within nappes and thrust sheets. Flexural 
slip folding formed open semi-cylindrical chevron folds in 
the Doroud and Elika Formations with upright to steeply 
inclined axial surfaces, and semi-horizontal to gently 
plunging axes. Upright and overturned folds on metric to 
decametric scale wavelengths and amplitudes formed in 
the Mobarak Formation (Fig.  3b) and Ruteh and Doroud 
limestones (Nabavi, 2012). Gentle asymmetric folds devel-
oped as a result of a break thrust in the Santonian Gha-
lemoran Formation (Fig.  3c). Most of thrusts that affect 
the Permian sequences are listric with both stair-step and 
smooth trajectories; some dip in opposite direction across 
the orogen (Fig. 3d, e).
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Materials and methods

Twelve oriented hand specimens were collected from different 
locations and Formations (identified in Fig. 3c by star symbols 

and listed in Table  1) to measure the finite strains using the 
Fry technique  (Fry 1979). Our two-dimensional strain data 
measurements used the Fry Plot Program (Roday et al. 2010; 
http://fry-plot-program.software.informer.com/). We also used 

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; c geological map of the study area. Position 

of the oriented specimens is shown by Sa and filled stars in this map 
and listed in Table 1. This modified map is part of the 1:250,000 Gor-
gan quadrangle map from Shahrabi (1990)

http://fry-plot-program.software.informer.com/
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Rod J. Holcombe’s Strain and Shear Calculator 3.2 Program 
(http://www.holcombe.net.au/software/straincalculator.html) to 
calculate and plot strain data using a variety of input param-
eters, to simulate simple shear, pure shear, and general shear, 
while showing all the related parameters. Our data measured 
in appropriate 2D profiles were integrated to 3D strain data. 
Three-dimensional strain intensities (εs and D), Lode’s parame-
ter (ν) and logarithmic Flinn’s parameter (K) are calculated by:

(1)εs =
1
√
3

[

(lnX
/

Y)2 + (ln Y
/

Z)2 + (lnX
/

Z)2
]1/ 2

The results were plotted on logarithmic Flinn and Nadai/
Hsü graphs (Flinn 1962; Nadai 1963; Hsu 1966; Ramsay and 
Huber 1983).

(2)D =
√

ln(RXY )
2 + ln(RYZ)

2

(3)ν =
(

log Y
/

Z − logX
/

Y
)/(

logY
/

Z + logX
/

Y
)

(4)K =
ln(RXY − 1)

ln(RYZ − 1)

Fig. 3   a A view of late Cretaceous unconformity where the Gha-
lemoran Formation overlies the folded Mobarak Formation; b over-
turned folds on metric to decametres scale wavelengths and ampli-
tudes formed in the Mobarak Formation; c a break thrust in the 

Ghalemoran Formation, Haji-abad area; d upper part of a listric 
thrust fault in the Ruteh Formation that follows a staircase or stair-
step trajectory; e a listric thrust fault in the Shemshak Formation, 
Shah-Kuh area

http://www.holcombe.net.au/software/straincalculator.html
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Discussion

R–θ′ diagrams and emplacement mechanism

In order to discuss a realistic model for the emplacement 
of the nappes we studied, we used techniques described by 
Coward and Kim (1981), Kligfield et al. (1981), Sanderson 
(1982), Fossen and Tikoff (1993), Tikoff and Fossen (1993) 
and Merle (1998) to consider all possible combination of 
simple and pure shear (i.e. general non-coaxial shear). 
We treated our measurements of deformed ooids and fos-
sils as giving both the shapes and orientations of the finite 
strain ellipses and ellipsoids in our samples. We plot our 
data on a graph of the orientation, θ′, of the maximum finite 

elongation, X, against the strain magnitude, R (Fig. 4). On 
this diagram, contours of pure shear component (α) and 
shear strain (γ) plot as two intersecting sets of curves. The 
strain of several points across a shear zone plotted on the 
R–θ′ diagram will often define a line. It has been argued 
that this line is a very good proxy for the strain path fol-
lowed by the sample rocks in the study area (e.g. Bhat-
tacharyya and Hudleston 2001). Stretch in the y-axis (αy) 
depends on α and α−1 such that the R–θ′ diagram state of 
strain provides no insight into the magnitude of αy (Bhat-
tacharyya and Hudleston 2001; Baird and Hudleston 2007; 
Samani 2015). Figure 4 can be used to constrain the pro-
portions between the two components of α and γ which 
will help comment on the mechanisms of emplacement the 

Table 1   Strain parameters calculated from deformed samples

Sample Lithology Formation Dist. (m) RXZ RXY RYZ k θ′ γ α

1 Limestone Doroud 11,000 2.95 1.45 2.03 0.43 33 1.21 0.88

2 Fusulina-bearing limestone Doroud 10,700 3.07 1.446 2.12 0.4 33 1.29 0.9

3 Fusulina-bearing limestone Doroud 6640 2.75 1.434 1.91 0.48 36 1.09 0.9

4 Limestone Doroud 6200 2.6 1.45 1.7 0.64 36 1.02 0.87

5 Ooid-bearing limestone Doroud 3250 2.5 1.453 1.71 0.64 37 0.95 0.87

6 Sandy limestone Ruteh 2670 2.43 1.45 1.67 0.67 37 0.88 0.89

7 Ooid- and fusulina-bearing limestone Doroud 1080 2.15 1.431 1.6 0.71 34 0.78 0.98

8 Inoceramus-bearing limestone Ghalemoran 55 2.1 1.44 1.45 0.98 36 0.62 0.94

9 Vermicular limestone, dolomite Elika 2445 2.05 1.444 1.41 1.08 37 0.68 0.93

10 Limestone Permian complex 2300 2.69 1.451 1.85 0.53 35 1.05 0.88

11 Limestone Permian complex 2630 2.51 1.45 1.73 0.64 37 0.95 0.87

12 Limestone Permian complex 3100 2.77 1.447 1.9 0.5 33 1.09 0.94

Fig. 4   R–θ′ diagram for zones 
affected by simultaneous simple 
and pure shear. R is the strain 
axes ratio and θ′ is the angle 
between the shear plane or zone 
and the long axis of the finite 
strain ellipse. The blue lines 
are contours of constant simple 
shear (γ) values, while the red 
lines show constant pure shear 
(α). The simple shear curve 
starts at θ′ = 45°. Note that and 
only the horizontal axis is loga-
rithmic (after Tikoff and Fossen 
1993). The black points plot our 
strain data; most ellipsoids plot 
above the simple shear curve 
(α = 1) and in the ranges of 
α = 0.8–1 and γ = 0.7–1.2
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nappes we consider (e.g. Coward 1980; Sanderson 1982; 
Merle 1986; Fossen and Tikoff 1993; Tikoff and Fossen 
1993).

For the all samples of the study area, the XZ axial ratios 
and the angles between the X axes and the shear plane were 
plotted on the strain chart in Fig.  4. Figure  4 plots the θ′ 
against R for all the strain ellipsoids measured from the 

study area; they all lie in α < 1 field. The shear strains are 
all low (0.62 ≤ γ ≤  1.29), homogeneous and oblate. The 
following individual structures photographed in Fig. 5 are 
relevant to constraining the emplacement mechanism of 
nappes: (1) orthogonal dilation (extension) joints in the 
Qezel-Qaleh Formation are attributed to bidirectional hori-
zontal NE–SW extension (Fig.  5a). Planar dilation joints 

Fig. 5   Some of individual structures related to the rear compres-
sion emplacement mechanism in the Neka Valley nappe complex. a 
Orthogonal extension joints in the Qezel Qaleh Formation, Chahar-
bagh area; b pinch-and-swell structure in Ghalemoran Formation. c 
Listric normal faulting in the Shemshak Formation, Shah-Kuh area; d 

left-lateral strike-slip faulting in the Khosh Yeilagh and Ghalemoran 
Formations; e orthogonal extensional fracture on the strike-slip fault 
plane in the Ghalemoran Formation, Haji-abad area; f anastomosing 
cleavages and symmetric boudin in the Ruteh Formation
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that intersect along the inflection point of folds and dila-
tion joints fanning from the hinges of angular folds indicate 
brittle buckles of competent beds (Frehner 2011;  Frehner 
and Exner 2014). This is in addition to the development 
of dilation joints in other beds and folds in areas nearby. 
(2) The long axes of the necks in pinch-and-swell structure 
in the Ghalemoran Formation trend NW–SE perpendicu-
lar to the northeast–southwest extension direction (Nabavi 
2012) (Fig. 5b). In addition, there is listric normal faulting 
in the Shemshak Formation (Fig. 5c), left-lateral strike-slip 
faulting in the Khosh Yeilagh and Ghalemoran Formations 
(Fig. 5d), orthogonal extensional fracture on the strike-slip 
fault plane in Ghalemoran Formation (Fig. 5e), and shear 
elements and anastomosing cleavages and symmetric struc-
tures in shear zones in the Ruteh Formation (Fig.  5f). In 
addition, upright folds that result from LPS are as a proof 
of rear compression mechanism (see Fig. 4c in Nabavi et al. 
2016a). All the individual group of structures on Fig. 5 are 
the products of combined divergent (or extensional) flow 
and shear strains (see Fig. 6a). The mechanism of emplace-
ment being by rear compression is anticipated to result 
in patterns of strain like the combination of divergent (as 
streamlines diverge from one another or orthogonal exten-
sion, coaxial deformation, flattening strain, and no volume 
change), and shear flow (streamlines are parallel, and non-
coaxial deformation) streamlines seen in Fig. 6a. Our field 
measurement indicates α < 1 and k < 1 (Fig. 4; Table 1), 
suggesting that these emplacement mechanism of the Neka 
Valley nappe complex was rear compression (push from 
behind). Therefore, on Fig.  4, the concave curves in the 
model of rear compression are interpreted on the constant α 
curve by the increase in the component γ from top towards 
the base. In two dimension, this emplacement mechanism 
relates to the case where the pure shear component α is <1 
and Flinn parameter k is also <1 (Sanderson 1982; Merle 
1986). Therefore, the allochthonous unit thickens towards 
the source of compression in the rear.  

The numerical simulations introduce a gradient in the 
component α which decreases progressively from the rear 
towards the front (Fig.  6b) (Guillier 1988). The compo-
nent of simple shear increases towards the base in many 
nappes, probably reflecting deformation of more viscous 
hangingwall rocks just above the thrust (Mitra 1994; Yon-
kee 2005; Yonkee et  al. 2013), although similar increases 
in basal shears occur in glaciers, ice caps, salt glaciers 
and experiments with uniform materials (Hudleston 1976, 
1977, 2015; Talbot 1979; Hudleston and Hooke 1980; Brun 
and Merle 1988; Merle 1998). Thus, this mechanism must 
occur by a combination of shear and divergent flow. The 
shear strain is zero at the top of nappe where horizontal 
shortening causes the maximum stretch axis to be vertical 
(Sanderson 1982; Merle 1986). Horizontal stress applied 
by the rear compression mechanism ensures that folds are 

particularly well developed within the rear of the alloch-
thonous unit (Fig. 6c). Upright folds that form in the upper 
parts (the Doroud and Ruteh Formations) are transformed 
to the overturned and recumbent folds along the Mobarak 
and Khosh Yeilagh Formations (Fig. 3b) in the basal zone. 
Hence, the axial planes of folds define a concave upward 
shape from the summit towards the base (e.g. Gray and 
Willman 1991). These changes in folding are related to 
an increasing strain and simple shear towards the rear or 
older units of the nappes complex (Fig. 9b in Nabavi et al. 
2016a). Following Ramsay and Wood (1973), defining the 
lengths of the principal strain axes, a logarithmic strain 
plot is contoured for possible volume change in Fig.  7. 
According to this diagram, the Neka Valley nappe complex 
might have experienced a volume loss (dilation) of 0–30%. 
Although not representing absolute values, Fig. 7 indicates 
that relative volume loss increased with depth and towards 
the rear. Such volume losses would be consistent with a 
transpression dominant geometry (K ≠ 1) (e.g. Dias et al. 
2003; Nabavi et al. 2016a, b). The rear compression mech-
anism requires the formation of a crustal-scale shear couple 
that may detach completely the hangingwall from the foot-
wall units, particularly at crustal levels where deformation 
is likely to be brittle. In addition, NW–SE shortening was 
restricted to the hangingwall and produced km-scale south-
east verging nappes with frontal zones of crumpled upright 
folds. This condition is consistent with a rear compression 
mechanism of nappe emplacement with the simple shear 
component of deformation increasingly accommodated 
within the hangingwall, down dip towards the core of the 
orogen.

Strain ellipsoid shape and strain intensity

One of the usual goals of kinematic analysis is to find the 
dimensions and orientation of the axes of the finite strain 
ellipse (Sarkarinejad et  al. 2010). 2D and 3D Flinn dia-
grams (1956, 1962, 1979) were used to determine the strain 
ellipses and ellipsoid types in the Neka Valley nappe com-
plex. According to Hossack (1968), this classification is 
called strain symmetry. Flinn’s k value defines the ratios of 
the principal strains and distinguishes the different shapes 
of the strain ellipsoid, i.e. constriction or flattening. Appar-
ent flattening and plane strain predominate in the outer 
weakly deformed zones, while apparent constriction, espe-
cially with higher principal stretching strain, occurs mainly 
in the central zone of intensive deformation. This suggests 
that strain patterns are closely related to deformation inten-
sity. See Talbot (2014) for a wide review of the homogene-
ous and heterogeneous strains and related strain ellipsoids 
in some gneiss regions.

Two of our ellipsoids plot on the k = 1 plane represent-
ing shears strains, while the remainder plot in the field of 
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Fig. 6   a Streamlines patterns and flow geometries in the rear com-
pression mechanism. Rear compression emplacement mechanism 
is a combination of divergent and shear flows. In divergent flow, the 
streamlines all diverge in the downstream direction and so the veloc-
ity decreases downstream. In shear flow, the streamlines are all par-
allel, and the velocity is constant. The velocity of the upper surface, 
however, is the highest, and of the lower surface the lowest (after 

Twiss and Moores 2007). b Deformation of grid-with-circles obtained 
numerically from the distribution of the two components α and γ 
in the two-dimensional models of rear compression (modified from 
Guillier 1988). c Schematic block diagram indicated the Neka Valley 
nappe complex emplacement with rear compression in early stages of 
deformation and gravity spreading during next stage (modified after 
Talbot and Pohjola 2009)
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apparent flattening field (K = 0.5–1.06) with D values that 
range 0.5–0.83 (Fig. 8a). Table 1 lists the lengths of the prin-
cipal axes of strain. The three-dimensional strain parameters 
(Table 1), i.e. strain intensity and shape of the strain ellip-
soid, can be defined by using the parameter εs (Eq. 1) k and 
ν. Strain magnitude is quantified by εs from Nadai (1963) 
(Fig.  8b). This parameter is useful because it allows com-
parison of strain magnitude from deformations with different 
strain paths (Nadai 1963; Hsu 1966; Hossack 1968; Owens 
1984; Brandon 1995). A plot of strain data on the k (verti-
cal axis) versus εs (horizontal axis) graph reveal the general 
tendency of our measured strain ellipsoid to flatten more as 
the strain intensity increases (εs =  0.504–0.808) (Fig.  8c). 
The stretch in the Z direction indicates 31–47% vertical 
shortening. Data plot on the modified Hsu (1966) graph 
(Fig.  13 in Talbot and Sokoutis 1995; Talbot 2014) shows 
60°–90° plunge for X axis. A plot of k values versus stretches 
of principal axes of strain (Table  2) shows that one of our 
strain ellipsoids is prolate, with all the others being oblate 
(Fig. 8d).

Ring and Kassem (2007) and Abdelsalam (2010) argued 
that flattening can be associated with nappe emplacement. 
The k = 1 value indicates plane strain, which can be either 
pure or simple shear. It has been argued that strain symme-
try or magnitude depends mostly on metamorphic tempera-
ture (Toriumi 1985; Toriumi and Noda 1986) so that oblate 
strain ellipsoids characterise unmetamorphosed (like the 
Neka Valley) and lower grade metamorphic (such as Gor-
gan Schists in green schist facies, to the north of the study 
area) (Rahimi-Chakdel and Raghimi 2014) rocks in colli-
sion-type orogenies such as Alborz Mountains range, while 
prolate strain ellipsoids are found in higher-grade metamor-
phic rocks and Cordilleran-type orogeny. Flattening strain 

can be produced by volume loss, as previously noted, and 
constriction by volume gain or rotation (Talbot and Sok-
outis 1995; Moriyama and Wallis 2002; Talbot 2014). Due 
to volume changes, changes in the shape and orientation 
of the material lines relative to a reference line after the 
deformation, changes in the strain magnitude, also due to 
kinematic vorticity number (Wk), amount of strain intensity 
varies in the footwall and hangingwall (nappes) blocks, and 
state of strain (strain ellipse or ellipsoid) varies within the 
area. Variation in k values with respect to εs reflects the het-
erogeneous nature of deformation, which in the study area 
ranges from approximately simple shear to non-coaxial 
flattening strain (e.g. O’Hara 1990, Capponi et  al. 2003; 
Ring and Kassem 2007; Vitale and Mazzoli 2008, 2010, 
2015; Tripathy et  al. 2009; Kassem and Abd El Rahim 
2010). The origin of strain heterogeneity can be related to 
temporal evolution of an active deformation zone as (Vitale 
and Mazzoli 2008, 2010).

The flattening field is characterised by cylindrical 
folds, probably with boudinage and cross-jointing parallel 
and perpendicular to the fold hinges, respectively (Ram-
say 1967; Frehner 2011); we found such structures in the 
Ghalemoran, Ruteh and Doroud Formations. The Gorgan 
schists are mainly slates and phyllites in nappes nearer 
the hinterland (to the north of the study area) were typi-
cally deformed at higher temperatures (Zanchi et al. 2009; 
Rahimi-Chakdel and Raghimi 2014). Higher temperatures 
complicated the internal deformation patterns that include 
components of simple shear, and pure shear (Coward and 
Kim 1981; Sanderson 1982; Mitra 1994; Seno et al. 1998; 
Yonkee 2005; Yonkee et al. 2013). Figure 8d indicates that 
all but one of our strain ellipsoid from the Neka Valley nap-
pes are oblate. Three things stand out from Fig. 8: (1) the 
εs values normally remain quite low (<0.8) throughout the 
nappe, (2) the intensity of the strain increases with increas-
ing Lode’s parameter or decreasing k (Fig. 8c), and (3) the 
dominance of oblate strain ellipsoids suggests a pure shear 
model for the study nappe complex. It is also obvious that 
there is a gradual increases in heterogeneous strain towards 
the rear (i.e. NNW) and that the shear zone widens away 
from the nappe boundaries (e.g. Aoya and Wallis 2003; 
Vitale and Mazzoli 2009, 2015).

Similar patterns have been observed in many thrust 
sheets in fold-and-thrust belt throughout the world (Fig. 9). 
Our strain analyses (Fig. 9b in Nabavi et al. 2016a) indicate 
that the sectional α and Wk increase, whereas γ decreases 
towards the front with increasing distance from the rear. 
The variation of α is small compared to that of γ. The strain 
increments from the back to the front of the nappes reflect 
an increase in the non-coaxial component of the deforma-
tion. This gradient may be included by the gravity-driven 
movements of the flow. We follow Abad et al. (2003) and 

Fig. 7   Contours of volume change (Δ) in a logarithmic strain-shape 
plot (after Ramsay and Wood 1973)
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attribute the increase in strain close to the major thrust 
faults to the simple shear component increasing towards the 
faults. This variation in strain in the nappe profile may be 
related to the combination of different movements between 
the frontal and lateral tips to a major thrust zone, as shown 
by Lagarde and Michard (1986). This pattern can also be 
attributed to spatial proximity to several active thrust faults 
or minor shear zones, as well as superposed emplacement 
mechanisms. Fissler (2006) and Pastor-Galán et al. (2009) 
have shown that regional-scale variations in strain magni-
tude cannot be linked to changes in the concentrations of 
clast types and petrographic parameters such as grain size, 
sorting, percentage of matrix, carbonate or feldspar content 
within their outcrops. Therefore, their low strain values 
could be due to thin-skinned tectonics, brittle deformation, 
the existence of splay reverse faults between the two major 
thrusts, and/or thermal relaxation that led to a low-temper-
ature dynamic metamorphism and more brittle deforma-
tion after the Neka Valley nappe complex was emplaced at 
higher temperatures. Therefore, our low strain values indi-
cate that the study nappes can only have undergone stretch-
ing and thinning (Bhattacharyya and Mitra 2009).

The determination of Wk allows us to interpret the 
emplacement of the Neka Valley nappes in terms of flow 
mechanics: pure shear (planar extensional) flow, simple 
shear flow and hyperbolic flow. The flow type may also be 
determined whether the angle θ′ between the flow asymp-
totes and streamlines is known. In the Neka Valley, nap-
pes θ′ ranges 32°–43° and decreases from the front to the 
back. All of our data (Fig. 8) fall in the field of the hyper-
bolic flows (0° < θ′ < 90°) and depict a roughly continu-
ous trend fitting an empirical power law. This conclusion 
leads to important implications. The data confirm that the 
Neka Valley nappes advanced by a rear compression trans-
port model. Internal deformation developed during rear 
compression and every other emplacement mechanisms 
(α < 1). In addition, some particular structures provide a 
key to this mechanism. These are the orthogonal exten-
sional joints, pinch-and-swell structures, listric normal 
growth faults which develop by push from the rear, shear 
senses and left-lateral shear displacement along Talan-
bar thrust, symmetric structures in shear zone with nearly 
straight tails that develop in and compressive shear (e.g. 

Fig. 8   a Logarithmic Flinn plot showing amount and symmetry of 
strain found by Fry analysis as black dots. The plotted data show k 
value =1 for shear and <1 for triaxial oblate ellipsoids. b Nadai/Hsu 
(1963) or Hossack’s (1968) radial diagram plots show strain ellipsoid 
distortion (strain magnitude) (εs) versus shape or symmetry as Lode’s 
factor (ν). c Plot co-coordinate graph plot of k versus εs with data. d 
Plot of strain symmetry versus stretches of principal strain axes shows 
negative correlations for X and Y and a positive correlation for Z

▸
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Zwart 1974; Gee 1978; Mukherjee 2016a), and opposed-
dip large-scale thrust complexes such as the triangle zone, 
defined by the Shah-Kuh thrust and its related minor 
thrusts in relying on the Talanbar, Haji-abad and Radekan 
thrusts.

Comparison of the Neka Valley nappe complex 
with thrust sheets in other orogens

According to the ratio of pure and simple shear compo-
nents, the Neka Valley nappe complex deformed mainly 

Table 2   Stretches in the X, Y 
and Z directions

Sample X Y Z lnX/Z lnY/Z lnX/Y K D ν εs

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 0.913 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

Fig. 9   Plot of RS (X/Z) versus θ′ data from this study (is in dark 
blue patch labelled “Nv”) compared to data compiled from studies 
of thrust sheets in different orogens (Wq, Mq, Wm, Li, Ap, Mm and 
Wb), transpressive belts (Su and Sa) and shear zones (SZ); modi-
fied from Yonkee (2005). Contours of thrust-parallel shear plane (Г), 
ratio of thrust-parallel to thrust-perpendicular stretch (α1/α3), and 
mean kinematic vorticity for plane strain (Wp) shown. Typical values 
for the Neka Valley nappe complex (Nv, dark blue) lie in dark blue 
patch labelled Nv. Abbreviation and data sources: Wq (light blue)—
micaceous to arkosic quartzite at intermediate levels of Willard thrust 
sheets, Sevier fold-thrust belt (Yonkee 2005); Wb (yellow)—basal 

levels of Willard thrust sheet (Yonkee 2005); Mq (blue)—Moine 
thrust quartzite (Coward and Kim 1981); Mm (dark green)—Moine 
thrust mylonite zones (Sanderson 1982); Gl (light green)—Glarus 
thrust greywacke (Ring et al. 2001); Ap (light blue)—Northern Appe-
nine limestone (Kligfield et  al. 1981); Li (orange)—Ligurian Alps 
meta-conglomerate (Seno et al. 1998); Su (dark red)—Superior Prov-
ince belt (Czeck and Hudleston 2003); Sa (brown)—Sambagawa belt 
(Wallis 1995); SZ (blue)—examples from various shear zones (Eyster 
and Bailey 2001). All results indicate the importance of sub-simple 
shear
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by pure shear (Fig.  9). Local strain patterns in the study 
area record sub-simple/general shear as found in studies 
of many other thrust sheets (Coward and Kim 1981; Klig-
field et  al. 1981; Sanderson 1982; Seno et  al. 1998; Ring 
et  al. 2001; Yonkee 2005, Long et  al. 2011; Yonkee et  al. 
2013), transpressive belts (Wallis 1995 Czeck and Hudles-
ton 2003) and shear zones (Talbot and Sokoutis 1995; 
Eyster and Bailey 2001; Carosi et  al. 2016). Such similar 
strain patterns probably reflect shared mechanical pro-
cesses. The differences in strain patterns between different 
thrust sheets probably signal such different environmental 
factors as: temperatures, fluid pressures, lithologies, and 
boundary conditions. Thrust sheets vary from having broad 
zones of distributed strain in thick intervals of weak rock 
(Gray 1995), to having narrow zones of strain concentrated 
near faults where thick intervals of strong rock are present 
(Mitra and Boyer 1999). Unmetamorphosed, external thrust 
sheets (like the Neka Valley nappe complex) typically have 
only limited LPS and minor simple shear concentrated 
along their bases and along independent weak units or hori-
zons. LPS can be a significant internal strain mechanism in 
unmetamorphosed thrust sheets (Coward and Kim 1981; 
Wojtal 1986; Mitra 1994; Yonkee 2005). According to 
Hatcher and Hooper (1992) and Hatcher (2004), there are 
three principal types of thrust in orogenic belts: (1) fore-
land fold-and-thrust belt thrust sheets or thrust models (e.g. 
Platt 1986; Schmalholz et al. 2014), (2) type C crystalline 
thrust sheets that detach along the ductile–brittle transi-
tion in either continental or oceanic crust, and (3) type F 
or fold-related crystalline thrust sheets that are generated 
beneath the ductile–brittle transition by plastically shearing 
the common limb between antiforms and/or synforms. The 
characteristics of these thrust sheets have been discussed in 
detail by Hatcher and Hooper (1992) and Hatcher (2004). 
Several individual structures are linked together in the 
Neka Valley in the outer parts of the Alborz foreland fold-
and-thrust belt. The study nappe complex consists mainly 
of unmetamorphosed sedimentary rocks that display many 
buckles and chevron folds but few flow folds (except per-
haps the nappe themselves). The Neka Valley nappe com-
plex is part of a foreland fold-and-thrust nappe complex 
in an orogenic belt in which the thrusts propagate within 
a strongly anisotropic foreland-thinning wedge of layered 
sedimentary rocks that contains lithic units that are both 
weak and strong.

Among models of thrust nappes, the dominant process 
of nappe formation is the brittle and/or ductile accretion 
of tectonic units from a subducting plate into the overly-
ing orogenic wedge by thrusting. Rocks of the Neka Val-
ley nappe complex were not deformed very strongly dur-
ing thrusting, strain pattern change systematically with 
structural and position, and obvious deformation is often 
confined to the basal thrust plane as in the Helvetic nappes 

of the European Alps (e.g. Zwart 1974), and the Willard 
thrust sheets of Idaho–Utah–Wyoming thrust belt (Yonkee 
2005). This type of nappe tend to form at depths of less 
than ~5 km, and to be stacked in coherent piles of imbricate 
nappes. Such nappes range in size from mesoscopic (a few 
km long) to giants with strike lengths more than 700  km 
and their rheologies range from elastic to elastic–plastic 
(or even plastic) on the scale of the orogen (Chapple 1978; 
Hatcher 2004). The dominant deformation mechanism 
within foreland thrust sheets is the displacement of blocks 
of weakly deformed rock along discrete, mineral-coated 
minor faults (Wojtal 1986).

Conclusions

The magnitude of finite strain in the Neka Valley nappe 
complex is generally low, and its distribution is related to 
the Eo-Cimmerian deformation phase of the Alborz orog-
eny. Splays of reverse faults in the footwalls and hanging-
walls of thrusts point to brittle deformation during thin-
skinned tectonics. The nappes emplaced and subsequently 
deformed at temperatures just low enough to avoid meta-
morphosing the sediments. Heat produced due to defor-
mation (Mukherjee and Mulchrone 2013; Mulchrone and 
Mukherjee 2015, 2016; Mukherjee 2016b) seems to be 
negligible. Subsequent thermal relaxation led to more 
brittle deformation during low-temperature dynamic 
metamorphism. The systematic variation of finite strain 
parameters (k, ν and εs) within the study area indicates 
heterogeneous simple shear and non-coaxial flattening. On 
the largest scale, the patterns of strain within the nappes in 
the eastern segment of the Alborz Mountain Range were 
probably regular. However, partitioning of the strain and 
its intensity on small scales was everywhere characterised 
by two heterogeneous effects. Plotting finite strains on the 
Flinn diagram suggests that a huge majority of the sedi-
ments in the fold-and-thrust belt flattened by oblate strain 
along a gentle SW–NE plane. This strain symmetry relates 
the ductile to brittle deformation during thrusting of the 
Khosh Yeilagh and Ruteh sequences over the Ghalemo-
ran limestones along the Tertiary Talanbar and Haji-abad 
thrusts. This thrusting was followed by left-lateral strike-
slip shear between these two formations. Such differential 
transport condition within nappe complex can develop 
perhaps beside sidewall ramps. Most ductile structures 
are overprinted by brittle structures. Structures such as 
orthogonal extensional joints striking NE–SW and NW–
SE and pinch-and-swell structures in the west and east of 
the with steep ~NW–SE strike as tectonic transport paral-
lel extension are compatible with diverging and parallel 
flow streamlines patterns of slowing flow accelerating to a 
steady shear flow.
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Deformation can be coaxial in the slowing flow signalled 
by divergent streamlines but the strain path lies in the field 
of apparent flattening on the Flinn diagram (Fig. 8a–c). The 
axes of flow folds are generally at high angles perpendicular 
to the tectonic transport direction indicated by the stream-
lines mapped by any flow foliation. The cross-sectional 
area across the streamlines increases during divergent flow 
from NE to SE across the region (e.g. Hansen 1971). Diver-
gent flow is recorded by orthogonal extension joints in the 
Qezel Qaleh Formation, orthogonal extensional fracture on 
the strike-slip fault plane in Ghalemoran Formation, and 
pinch-and-swell structures along the strike of the Ghalemo-
ran Formation (Fig. 5). In shear flow signalled by parallel 
streamlines, the deformation is non-coaxial and the cross-
sectional area remains constant. A vertical velocity gradient 
across a steady shear will induce non-coaxial deformation 
(Xypolias and Kokkalas 2006; Mukherjee 2012a, b). Field 
evidence for non-coaxial deformation in the Neka Val-
ley nappe complex includes recumbent, asymmetric folds 
(e.g. Fossen and Rykkelid 1990; Fossen and Holst 1995; 
Carosi et al. 2004, 2005) and multiple generations of faults. 
In addition to the simple shear component, the local pres-
ence of upright folds demonstrates that there is a coaxial 
pure shear component in nappe emplacement mechanism. 
In that case, the coaxial strain includes a velocity gradient 
parallel to the direction flow (red lines in Fig. 6a).

The NE–SW strikes with NNW–NW dips of most of the 
faults in the Neka Valley confirm the southeastward tec-
tonic transport direction of the allochthonous units in the 
eastern Alborz (e.g. Zwart 1974; Ramberg 1977). In addi-
tion, mesoscopic (~100  m) and large-scale (km) thrust 
slices with thrusts dipping uniformly north to northwest 
demonstrate a uniform top-to-southeast sense of tectonic 
transport and brittle–ductile shear in the study area (e.g. 
Mukherjee 2007, 2011a, b, 2012a, b).

Combining all the structural evidence of values of 
k < 1 and α < 1 suggests to us that the dominant drive of 
emplacing the Neka Valley nappe complex was a rear com-
pression (push from behind). In general, the forces driving 
the emplacement of any nappes affect the evolution of the 
regional structural patterns in both time and space. In other 
words, the rear compression emplacement mechanism in 
the study nappe complex is demonstrated by nappe com-
plex thinning from the rear in the NW to the front in the 
SE. This arrangement could also be due to other emplace-
ment mechanisms, such as gravity spreading or glid-
ing from the NW to the SE. Both gravity spreading and 
gliding from the NW to the SE could have followed the 
collision between Iran and Eurasia and be a result of the 
subsequent NW–SE continental convergence over a hori-
zontal no-slip basal boundary of an orogenic wedge with a 
foreland-inclined palaeoslope which is marked by a tank-
track fold due frontal rolling (Brun and Merle 1985, 1988; 

Merle 1986; Talbot and Aftabi 2004; Talbot and Pohjola 
2009; Baikpour and Talbot 2012; Nabavi 2012; Fig. 9c in 
Nabavi et al. 2016a).

The kinematic vorticity number (Wk) derived from our 
strain data is estimated to range from 0.4 to 0.85 with an 
average of Wk = 0.6. This implies that the NE arm of the 
Alborz orogeny underwent a general non-coaxial shear 
(e.g. Ring 1998; Mukherjee and Koyi 2010). The implica-
tion of our strain ellipsoids plotting in the field of appar-
ent flattening, and of S > L fabrics being the most com-
mon throughout the region is that the Neka Valley nappe 
complex is a zone of sinistral inclined transpression domi-
nated by pure shear (Nabavi et  al. 2014, Nabavi et  al. 
2016a).

The complex patterns in the parameters of finite strain 
which include variations in the magnitude of strains are due 
to strains partitioning on a range of different scales through-
out the region. The patterns of finite strain within the Nake 
Valley nappe complex found here is consistent with Eo-
Cimmerian transpression. There appears to have been little 
internal deformation within the Neka Valley nappe complex 
associated with such major thrusts as the Talanbar, Haji-
abad, Radekan, Shah-Kuh and North Alborz thrust. As seen 
in the study of other mountain belts (e.g. Alps, Zagros), the 
study of finite strain of deformed objects can be a very help-
ful tool to better understand, interpret and analogue and or 
numerically model the nappe tectonics along the eastern 
branch of the Alborz Mountains. Brittle deformation (Babar 
et al. 2016; Kaplay et al. 2016, submitted; Misra et al. 2014; 
Misra and Mukherjee 2016) subsequent to ductile deforma-
tion usually does not alter strain analyses.
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