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Abstract Based on analyses of calcite twins, we con-
strain the tectonic history of the Paleozoic Sargaz
complex within the SE part of the Sanandaj–Sirjan zone
(hinterland domain of the Zagros orogen), SE Iran. The
mean width of measured calcite twins was 1.97 μm,
corresponding to the width of type II twins; variations in
twin width with twin density indicate that calcite
twinning in the study area occurred at temperatures of
between 170 and 200°C. These results support the
interpretation that the twins developed at a shallower
depth and lower temperature than those of greenschist
facies metamorphism recorded in this complex, and that
twinning is therefore mainly a late, post-metamorphic
deformation process. The c-axis fabrics of the studied
samples are monoclinic, consisting of an intense point
maximum located slightly anticlockwise of the normal to
the shear plane; this asymmetry indicates non-coaxial
deformation and a dextral component of shear in the thrust
zones. The geometric relationship between stress axes and
bedding reveals that the reconstructed stress tensors
mainly post-date F1-folding. Compressional stress axes

are oriented NE–SW. This compressional stress was probably
related to the (oblique) subduction of the Neotethys beneath
Central Iran by Middle Triassic–Jurassic times, during the
Cimmerian orogeny.

Keywords Calcite twinning . Differential stresses .

Principal stress axes . Sargaz complex . Sanandaj–Sirjan
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Introduction

The Zagros orogen originated from the closure of the
Neotethys following the complete consumption of oceanic
crust at a NE-dipping subduction zone below central Iran
and subsequent Cretaceous continental collision between
the Afro–Arabian and Iranian continental fragments. This
orogenic belt consists of the following four parallel tectonic
zones (from NE to SW): (1) the Mesopotamian–Persian Gulf
foreland basin, (2) the Zagros Fold–Thrust belt that from SW
toNE suddivided into three units: (a) the Zagros simply folded
belt (Falcon 1967), which consist of ca.13–14 km of shelf
deposits of Permo-Triassic to late Cretaceous/Paleocene age
similar to those of Arabia followed by a more complex pattern
of synorogenic sedimentation up to the recent Pliocene
(Berberian and King 1981; Sengor et al. 1988), (b) a crush
zone (or High Zagros) with imbricated tectonic slices
comprisingMesozoic limestone, radiolarites, obducted ophio-
lite remnants and Eocene volcanics and flysch, which are all
thrusted onto the Zagros fold belt, and (c) the Zagros fault,
with the Main Zagros Thrust separating the Zagros domains
from the internal zone. (Berberian and King 1981; Alavi
1994), (3) the Sanandaj–Sirjan metamorphic zone (SSMZ;
Stocklin 1968), (4) the Urumieh–DokhtarMagmatic assem-
blage (UDMA; Schroder 1944). Two major parallel domains
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of the SSMZ and UDMA, to the northeast of the Main
Zagros Thrust, are presumed to be the result of a northeast-
dipping subduction process of Neo-Tethyan oceanic crust
beneach Iranian continental active margin (Berberian and
King 1981). The Sanandaj–Sirjan metamorphic zone extends
for 1,500 km along strike from Sanandaj in the NW to Sirjan
in the SE. The rocks in this zone are the most highly
deformed and share the NW-SE trend of its structures. In the
Golpayegan area, Sanandaj-Sirjan metamorphic zone can be
subdivided into two parts (Eftekharnejad 1981; Ghasemi and
Talbot 2006; Fig. 1): (1) the northern part (north SSMZ),
deformed in the Jurassic-Early cretaceous, contains many
intrusive felsic rocks (such as the Alvand, Brojerd, Arak, and
Malayer plutons). Evidence for Jurassic–Early Cretaceous
deformation and metamorphism is provided by unconform-
ities in the marginal sub-zone and complexly deformed sub-
zones in the Golpayegan area(Mohajjel et al. 2003). (2) The
Southern part (South SSMZ) consists of both Paleozoic strata
that formed in an epicratonic setting and a Carboniferous–
Permian mafic and ultramafic complex (253–279 Ma; Gha-
semi 2001). The Paleozoic units were deformed and
metamorphosed during the Early–Cimmerain orogeny in
the late Triassic. Structures associated with Early Cim-

merian orogenic phase characterized by development of
intense folding with south-southwest vergence and low
grade greenschist metamorphism. The Early Cimmerian
deformation which developed in the southern Iranian
margin suggest that this margin acted at that time as an
active margin. (Berberian and King 1981; Mohajjel et al.
2003; Shafiei 2007; Sheikholeslami et al. 2008). Polyphase
deformation structures of the Sanandaj–Sirjan metamorphic
zone are consistent with dextral transpressional deformation,
which is related to the oblique convergence between the
African–Arabian continent and the Iranian microcontinent
(Mohajjel and Fergusson 2000; Sarkarinejad and Azizi 2008;
Sarkarinejad et al. 2008). This dextral transcurrent compo-
nent resulting from the existing of an oblique component in
the subduction zone (Shafiei 2007; Sheikholeslami et al.
2008)

The main purpose of the present paper is to use analyses
of calcite twinning to constrain the tectonic history of the
hinterland of the Zagros orogen by reconstructing the
paleostress fields and the depth at which deformation
occurred in the Sargaz complex, SE Sanandaj–Sirjan
metamorphic zone. Few comparable studies have been
undertaken in Iran, and in this respect the present work will
complement a recent study of late Neogene Arabia–Eurasia
collisional stresses based on calcite twinning in the Zagros
(Lacombe et al. 2007) by providing constraints on the pre-
collisional tectonic history of the Zagros hinterland.

Geological setting of the study area

In the South SSMZ, Paleozoic strata subdivided into six
syntectonic regional metamorphic complexes of varying
metamorphic grade and age, all subsequently overlain by
non-metamorphosed Early Jurassic basal conglomerates
(that contain metamorphic clasts) and volcanic–detrital
rocks. These complexes have been traced continuously
from Hajiabad in the SE to Neyriz in the NW (Berberian
1976), and are each divided into the following three
metamorphic units (from top to bottom): (1) upper complex
(low grade), (2) middle complex (low to medium grade),
and (3) lower complex (high grade). The conventional K/Ar
radiometric age of a single sample of Zarab kyanite-
sillimanite schist collected from the Neyriz area (Watters
and Sabzehi 1970) is 404±8 Ma; i.e., the Silurian–
Devonian boundary. Sections of the middle complex yield
poorly preserved fragments of crinoids stems, several
corals, and a single bryozoa, while Devonian pollen and
spores have been reported from carbonaceous black schist
(Berberian 1976).

The stratigraphic units in the present study area, which
extends from longitude 57°21′-57°3′ and latitude 28°10′-
28°15′ (Fig. 1), consist of the Paleozoic Abshour and

Fig. 1 Tectonic zones of the Zagros orogen in western Iran and
location of the Faryab area in the southeast part of the Sanandaj–Sirjan
metamorphic zone
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Sargaz complexes (middle complex; Sabzehi 1974). The
Abshour complex comprises marbles, meta-basaltic lava,
and meta-dolomites, while the Sargaz complex, which rests
conformably upon the Abshour complex, consists of the
following units: (1) interbedded marbles and calcschists, (2)
metamorphosed volcanic rocks, and (3) quartz- and
muscovite-rich schists. This sequence is unconformably
overlain by lower–middle Jurassic conglomerates and
sandstones (Fig. 2).

Some authors have interpreted these metamorphic
complexes as Precambrian basement rocks (e.g., Stocklin
1968); however, others have proposed that Early Cimme-
rian tectonics were responsible for their syntectonic
regional metamorphism (Berberian 1972, 1973, 1976;
Hushmandzadeh et al. 1972; Majidi 1972, 1974; Sabzehi
and Berberian 1972; Berberian and Nogol 1974; Sabzehi
1974). The Faryab area within the SE Sanandaj–Sirjan
metamorphic zone (internal part of the Zagros belt)
records twofold events. F1-folding have appeared in gently
inclined to recumbent style and include mesoscopic,
macroscopic folds and axial planar schistosity. This

generation is well documented in the Sargaz and thin
units of Abshour complexes. Axial planar schistosity is
commonly parallel to bedding (Fig. 3a,b). The axial planes
of F1-folds dip 10-30° to the NE and their axes plunge
gently to the W. F1-folds formed by flexural flow, and
thrust faults developed along overturned limbs. Formation
of thrust is a result of differential flow in a ductile mass
forming F1-folds, then shearing out of common limb
between the antiform and synform forming these thrusts.
At the southern edge of the central domain, these faults
displaced large slices of calcschists and interbedded
marbles. Fig. 3c, e). F2 folds, which co-axially refold F1-
folds, are well-exposed in the Pasefid, Zartorosht, and
Zehmakan anticlines. F2-folds axes are variable in orien-
tation, trending in the range between S45W and N80W
(Fig. 3f). In the eastern and central domains (Fig. 4), two
outcrops show interference patterns of Z on S, M on S,
and S on S, indicating coaxial refolding of F1 by F2 (hook
shape interference pattern; Fig. 3g–j). The orientations of
F1 and F2 fold axes are consistent with this pattern of
refolding (Shafiei 2007).

Sampling strategy and measurement

To constrain the stress and kinematic history of the
Sanandaj–Sirjan metamorphic zone in the present study
area based on analyses of calcite twins, six oriented
samples from F1-folds in the south of Zartorosht Au-Index
in the central domain and 13 samples from thrust shear
zones were collected from calcschists within the Sargaz
complex. For each sample, measurements (c-axis, orienta-
tion of twin lamellae, number and width of twins, and grain
width) were made using a U-stage from matrix in the host
rocks. About 50 grains were measured in two perpendicular
thin sections: one oriented normal to bedding and parallel
to its strike, and the other normal to bedding and parallel to
its dip (Fig. 4, Table 1). Our measurements show that the
60% of calcite grains appear with two twin sets (Fig. 7)
while 40% display a single twin set.

Results

Temperature of calcite twinning deformation

The width of calcite twins is an important parameter in
constraining the temperature of deformation. The range in
twin widths within samples from the Faryab area is from 1
to 3.8 μm (mean, 1.97 μm) indicating deformation under a
thick twin (type II) regime (Fig. 5; Burkhard 1993). The
range of twin densities is between 24.8 and 72.7(number/
millimetre, Table 1). According to Ferrill et al. (2004)

Fig. 2 Stratigraphic column of the Faryab area showing the
approximate stratigraphic thicknesses of units
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Fig. 3 a Gentle inclined folding
in thin layer units of Abshour
complex near Pasefid and b
Formation of gentle inclined
folds under flexural flow
conditions in calcschists unit of
Sargaz complex (SW of
Zartorosht Au index). In this
mechanism, hinge collapsed
(HC) and axial surface
schistosity have been developed.
c, d Formation of thrust by
differential flow in a ductile
mass forming a fold , then
shearing out of common limb
between the antiform and
synform forming a thrust. e At
the southern edge of the central
domain, thrust faults displaced
large slices of calcschists and
interbedded marbles. f Pasefide
anticline F2-fold in marble of
Abshour complex. g Outcrop of
refolding F1-fold by Z-type
F2-fold. h, i, j) Z on S, M on S
and S on S patterns in outcrop of
interference pattern in central
domain (C.I.P in Fig. 4)

1192 Arab J Geosci (2011) 4:1189–1205



diagram of twin width versus twin density, the temperature
of deformation for the present samples is 170–200°C
and the twinning strain never exceeds a few percents
(Fig. 6).

These results indicate that the temperature of twin
formation is inconsistent with the greenschist facies
temperature and pressure conditions recorded in the

Faryab area. Groshong et al. (1984) already reported that
twinning does not occur at peak metamorphism but rather
postdates metamorphism. In the present study, the mean
twin width, the high percentage of type II twins, and
estimates of deformation temperatures all indicate that
twinning occurred relatively late, as a post-metamorphic
deformation process.

Fig. 4 Structural map of the Faryab area. 1–6 the locations of samples (black circle with number of sample) were collected from F1-folding; 7–19
are the locations of samples were collected from thrust shear zones
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Kinematic interpretation of calcite fabrics

Wenk et al. (1987) proposed a subdivision of c-axes fabrics of
calcite into low-temperature (LT) and high-temperature (HT)
types. LT fabrics correspond to those obtained experimentally
that show twinning (with minor intracrystalline slip) as the
dominant deformation mechanism, whereas HT fabrics
correspond to the experimental fabrics for which intracrystal-

line slip is dominant. LT fabrics have a single point maximum
oriented approximately parallel to the principal stress axes
and oblique to the shear plane; consequently, the orientation
of this maximum could be used as a shear sense indicator or a
measure of the degree of non-coaxiality of the deformation.

LT fabrics are divided into LT pure shear and LT simple
shear. LT pure shear fabrics have a single point maximum
oriented normal to the shear plane. The LT simple shear

Fig. 6 Plot of mean twin intensity versus mean twin width in samples
from the Faryab area (adapted from Ferrill et al. 2004)

Fig. 5 Colour microphotograph of Type II twins in calcite from the
Faryab area (width of view, 2 mm; PPL)

Table 1 Mean number of twins, grain size, and twin density for each of the samples used to determine differential stress

Sample Host or vein
or both

Strike (dip)
of foliation

Mean of no
twin per grain

Mean of grain
size (microns)

Twin intensity
(no/mm)

Differential stress (MPa;
Rowe and Rutter 1990)

1 Host E-W (15 S) 23.8 385 60.7 205

2 Host N85W (10SW) 10.1 230 43.2 184

3 Host E-W (10 S) 17.8 390 36.8 198

4 Host E-W (25 S) 12.3 250 49.4 193

5 Host N70W (20SW) 18.35 360 50.3 195

6 Host N85W (15SW) 15.7 215 71.4 196

7 Host E-W (35 N) 11.8 500 24.8 371

8 Host E-W (30 N) 11.2 416 26.8 149

9 Host N70W (25NE) 16.8 250 64.8 214

10 Host E-W (20 N) 15.1 200 64.7 214

11 Host N80E (25NW) 11.4 300 38 175

12 Host E-W (30 N) 14.5 225 64 213

13 Host N80W (20NE) 9.9 245 48 195

14 Host E-W (30 S) 15.4 360 42.6 183

15 Host N80-W (30SW) 12 270 43.9 186

16 Host E-W (30 S) 10.6 160 64 214

17 Host E-W (40 N) 18.2 390 47.4 191

18 Host N80E (25NW) 18.9 255 72.2 222

19 Host E-W (20 N) 17.7 320 54.5 202
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fabrics are similar to the LT pure shear fabrics, but rotated
counter to the sense of shear. In LT fabrics, c-axes are
subhorizontal to gently plunging (Lafrance 1994). These
fabrics show a girdle with one or two unequal peripheral
maxima with monoclinic symmetry.

Figure 7 show plots of optic c-axis orientations of from
samples 1 to 19. The calcite c-axes fabrics recognised in
samples 1-6 reflects a LT pure shear fabrics conditions. In
these samples concentrations of c-axes show a point maxima
normal to the foliation, whereas in the samples related to
thrusts shear zones (samples 7–19), concentrations of c-axes
are very intense point maxima located anticlockwise of the
normal to the shear plane and reflect a LTsimple shear fabrics.

According to deformation style in the Sargaz complex,
appearance of two twin sets in calcite grains is likely the
result of the F2-folding phase. F2-folding is a post-

metamorphic event consistent with NE-SW shortening that
was in continuation and co-axial with F1-folding. Conse-
quently, calcite c-axes fabric in the samples 1-6 rather reflect
the final phase of deformation at decreasing temperatures
and do not reflect F1-folding conditions. This obliquity or
asymmetry in the LT fabrics indicates non-coaxial deforma-
tion and a component of dextral shear along the thrust zones
(Figs. 7, 8; Lafrance 1994). Based on Turner and Weiss
(1963), the orientations of c-axes in samples1-6 from the
Faryab area indicate post or syn-tectonic (post-F1-folding or
syn F2-folding) twinning.

Paleostress orientations from calcite twins

The direction and/or magnitude of paleostress can usually
be determined by analysing the fabrics of certain minerals

Fig. 7 Calcite twinning data,
including compression and
tension axes and c-axes (lower-
hemisphere, equal-area stereo-
graphic projections, contour
levels 1%). Foliation plane
illustrated in compressive
diagrams
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(e.g., Tullis 1980). Such information plays an important
role in constraining the stress history of orogens and
forelands (e.g., Lacombe 2001). Mechanical twinning is
commonly observed in calcite deformed at low pressure (P)
and temperature (T) (Turner 1953; Rowe and Rutter 1990;
Burkhard 1993; Newman 1994; Ferrill 1998). The orienta-
tions of calcite twin lamellae can be used to determine the
direction and sometimes the magnitude of paleostresses at
the time of deformation. Several methods of strain and
stress analysis have been developed based on calcite e-twin
data (e.g., Turner 1953, 1962; Weiss 1954; Turner and
Weiss 1963; Spang 1972; Laurent et al. 1981, 1990, 2000;
Groshong 1972; Groshong et al. 1984; Rowe and Rutter
1990; Ferrill 1991, 1998; Lacombe and Laurent 1992,
1996; Burkhard 1993; Evans and Groshong 1994; Newman
1994). Some of these methods allow either the complete

(principal stress orientations and magnitudes) or partial
(principal stress orientations only) determination of stress
tensors (e.g., Lacombe 2001, 2007): others provide only
paleo-differential stress magnitudes based on twin density
or the percentage of carbonate grains with one, two, or
three twin sets (e.g., Jamison and Spang 1976; Rowe and
Rutter 1990). The application of calcite twin analyses to the
reconstruction of stress history has proved to be highly
successful in many tectonic settings, including forelands
(e.g., Sevier and Appalachian: Craddock et al. 1993; van
der Pluijm et al. 1997, Northern Pyrenean: Rocher et al.
2000, Southern Pyrenean: Gonzales-Casado and Garcia-
Cuevas 1999, Taiwan: Lacombe et al. 1993; Rocher et al.
1996, and the Zagros: Lacombe et al. 2007), and hinter-
lands of orogens (e.g., Alps: Pfiffner 1982; Cantabrian
zone: Rowe and Rutter 1990).

Fig. 7 (continued)
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The orientations of calcite twin lamellae can be used to
determine the orientation of the paleostress field at the time
of deformation. Methods of stress analysis based on calcite
twins share the fundamental assumption that the measured
twins formed in a homogeneous stress field and were not
passively rotated after formation. Stress directions are
defined in terms of compression and tension directions as
first introduced by Turner (1953). Among the limitations of
this method is that it applies to monophase calcite

aggregates and that the analysis of calcite twins in term of
stress is dependent on the occurrence of a preferred c-axis
fabric.

The consistent regional contouring pattern maxima of
optic c-axis orientation in our samples show that there was
a preferred orientation of calcite when it was later twinned
at lower temperature. We however perform the twin
analysis in order to evaluate the consistency of the
kinematic interpretation of c-axis fabrics with stress results

Fig. 7 (continued)
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derived from later calcite twinning. We used the Calctstress
Software (Shelly 1989) to compute the direction of the
main compressional and tensional vectors. This software
considers U-stage data of the orientation of calcite c-axes
and e-twin lamellae, and calculates the compression and
tension directions for each c-axis/e-twin lamellae pair. Data
were collected in separate files for c-axes, e-twin lamellae,
compression directions, and tension directions in a form
suitable for direct use in stereographic projection software.
If a grain of calcite may contain two or three e-twin
lamellae, the c-axis reading for those grains will be repeated
two or three times in the output data (Shelly 1989). Figure 7
shows the orientation of c-axes and calculated compression
and tension directions.

The orientation of the principal stress axes were obtained
by using the orientation measurements of the twin planes
and c-axes to calculate the compression and tension
directions for each measured grain and then by contouring
the results obtained from all the grains measured in the given
samples on the an equal stereographic projection ( Turner
1953, 1962; Weiss 1954; Pfiffner and Burkhard 1987).

The stress system deduced from c-axes and twin planes
data is monoclinic, with σ3 coinciding with the maximum
for tension axes and σ1 plotting close to the maximum for
compression axes. The compression axes (σ1) trend NE–
SW, with shallow plunges (7-19°); the tension axes (σ3)
trend NW–SE, with moderate plunges (12-54°). Two stress
axes (σ1 and σ3) are subhorizontal and σ2 axis is
subvertical. The orientations of the mean principal stress
axes are plotted on cross-sections across the eastern (A–A′),
central (B–B′), and western (C–C′) domains. Interestingly,
geometric relationship between compressional stress axes
and bedding indicate that twinning postdates F1-folding
(Figs. 9 and 10). This is in good agreement with the thin-
twin regime indicating that twinning occurred during the
latest stage of deformation. This also show that layer-

parallel shortening, commonly (although not always)
recorded in thrust belts (e.g., Craddock et al. 1993) has
not been either recorded or preserved. Although the
calculated tensors are rather of strike-slip type, the trend
of the maximum compressional stress axes σ1 is consistent
with the kinematics of thrusts and F2-folds, which suggests
a kinematic continuum through time. Interestingly, there is
no obvious record by twinning of late normal faulting as
shown in sections of Fig. 10; this may be related either to
the heterogeneous character of late brittle faulting or to
calcite strain hardening.

Paleodifferential stress magnitudes from calcite twins

Calcite twin data from the Sargaz complex were also
used to constrain the magnitudes of differential stress. In
the case of calcite twinning paleopiezometry, it is
assumed that stress is homogeneously distributed at the
grain scale in natural rocks; however, this is probably a
rare limiting case. The aim of paleopiezometry is to
extrapolate the measured stresses to a regional, kilometric
scale (Burkhard 1993).

The most widely used calcite-based paleopiezometric
technique is that of Jamison and Spang (1976). Its basis is
as follows: in a sample without any preferred crystallo-
graphic orientation, the relative percentages of grains
twinned on 0, 1, 2, or 3 twin plane(s) depend on the
applied (σ1-σ3) value. Since this relationship has been
experimentally calibrated, knowing these relative percen-
tages in a sample and under the hypothesis of a constant
critical shear stress value for twinning, the order of
magnitude of (σ1-σ3) can be estimated. Among the
limitations of this method is that it does not take into
account the grain size dependence of twinning, does not
check the mutual compatibility of measured twin systems,
and therefore should only apply to monophase samples and
is valid only if the stress tensor is of revolution.

Jamison and Spang (1976) technique also requires the
assumption of a constant value for the critical resolved
shear stress for twinning, tc. A tc value of 10 MPa was
originally determined for large single crystals of calcite
(Turner 1953; Friedman 1976; Tullis 1980). Rutter (1995)
suggested that a tc value of 10 MPa is not universal;
however, Lacombe and Laurent (1996) analysed experi-
mentally deformed coarse-grained Bathonian Limestone
(deformed at room temperature) and Carrara marble
(deformed at 280 and 400°C), and found that values of
maximum differential stress estimated by assuming a tc
value of 10 MPa were consistent with differential stresses
actually applied during the experiments. On this basis, the
authors concluded that the tc value of 10 MPa commonly
adopted for estimates of differential stress is reasonable
(Ferrill 1998). Lacombe (2001, 2007) have refined these

Fig. 8 Assymetrical concentration of calcite c-axis fabrics in the
samples from thrust shear zones (samples 7–19). This obliquity or
asymmetry in these fabrics indicates non-coaxial deformation and a
component of dextral shear along the thrust zones. w is angle between
the point maximum and normal to shear plane is oriented anticlock-
wise of the shear plane(S) in thrust shear zones
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Fig. 9 a Orientations of σ1 axes in the Faryab area for each sampling
location in the Faryab area. b Two areas in which the compressional
stress orientations were constrained based on analyses of calcite twins:
the Faryab area (Sanandaj–Sirjan zone) and the Fars province,
comprising the Zagros Simply folded belt and southern Iranian
Plateau. c, d Rose diagram of local σ1 trends in the Faryab area
(Shafiei 2007) and Zagros Simply folded belt (Lacombe et al. 2007).

In the Sanandaj-Sirjan metamorphic zone, Thrusts faults have a NW-
SE trend with NE-SW vergence. In the East of faryab area, due to
influence of Sabzevaran dextral Strike–slip fault (upper Cretaceuos),
NW-SE trend rotated to the E-W. If we balance the E-W trend of
Thrust faults to the NW-SE, it is concluded the stress direction
deduced by calcite fabrics is consistent with dextral strike-slip
component within thrust faults
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Fig. 10 Types of principal
stress axes related to NE–SW
compression deduced from
analyses of calcite twins. a
Cross-section A–A′ in the
eastern domain, b cross-section
(B–B′) in the central domain,
and c cross-section (C–C′) in the
western domain (see Fig. 9 for
location of cross-sections). The
geometric relationship between
bedding and the principal stress
axes supports the interpretation
that the calculated stress tensors
post-date F1-folding
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estimates and suggested a value of 10±4 MPa, depending
on the mean grain size and internal twinning strain.

In the present study, differential stresses related to late
twinning was calculated based on Rowe and Rutter
(1990) method. The main parameter in this method is
twin density (number of twins per millimetre). Twin
density (D) is here defined as the rate of change in the
number of lamellae of a given twin set with respect to
grain diameter, measured normal to the trace of the twin
lamellae (Rowe and Rutter 1990). The number of twins
measured in the present study increases approximately
linearly with grain size (Fig. 11). Twin density shows a
linear relation with differential stress, but is independent
on grain size (Rowe and Rutter 1990); accordingly, we
also found an increase in twin density (intensity) with
increasing differential stress (Fig. 12).

With increasing differential stress, progressively a larger
number of grains occur in which all three e-planes are
subjected to a sufficient component of shear stress for
twinning to occur; consequently, the proportions of grains
with none, one, two, or three twin sets can be regarded as a
function of the magnitude of differential stress (Burkhard
1993). Based on σ=–52+171.1 log D and a standard error
of 43 MPa (Rowe and Rutter 1990), values of differential
stress calculated in the present study are about 195 MPa
(Table 1).

Paleodepth of late twinning deformation

Lacombe (2001) reported a decrease in differential stresses
from the hinterland to the foreland of orogens. In the
foreland, the differential stresses decreased from 100 MPa
close to the orogenic front to 10–20 MPa in the far
foreland, mainly reflecting stress attenuation as a function
of distance from the plate boundary (all of the foreland
rocks were likely to have been deformed at similar depths).
Although this effect may also apply at the scale of the entire
orogenic system, the increase in differential stress from 10–
20 MPa in the foreland to 200 MPa in the hinterland
(Fig. 12) rather indicates an overall increase in differential
stresses with depth, as rocks currently exposed at the
surface in fold–thrust belts and metamorphic belts were
deformed at much deeper crustal levels than foreland rocks
during crustal wedging.

Three main stress–depth domains can be recognised in
Fig. 12 (Lacombe 2001): the foreland domain, composed
mainly of sedimentary rocks deformed at shallow depth
(between 0 and 2 km) under differential stress values of
between 5–10 and 40 MPa; the fold–thrust belt domain,
composed of both sedimentary and weakly metamorphosed
rocks deformed at depths of between 300 m and 4–5 km
under differential stress values of between 30 and 140 MPa;
and metamorphic rocks of the inner belt domain, deformed

Fig. 11 a, b Linear relation-
ships between the number of
twins and grain size for samples
from the Faryab area associated
with F1-folding (a) and thrusting
(b)

Fig. 12 a, b Differential stress plotted against the log number of twins per millimetre for Faryab samples associated with F1-folding (a) and
thrusting (b). The best-fit straight line is σ=–52+171.1 log D (Rowe and Rutter 1990)
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at depths of between 5 and 15 km under differential stress
values of between 50 and 200 MPa. This trend of
increasing differential paleostress with depth supports the
interpretation that most of the upper crust is probably at or
near frictional equilibrium (Lacombe 2007), as also
indicated by in situ stress measurements (Townend and
Zoback 2000).

For given stress and pore pressure regimes, it is possible
to predict the maximum differential stress based on the
frictional-failure equilibrium hypothesis and to compare
this prediction with observed values. For a favourably
oriented pre-existing cohesionless fault plane, the condition
of reactivation, which therefore applies to a critically
stressed crust, can be written as follows (Jaeger and Cook
1969):

s1 � Pf

� �
= s3 � Pf

� � ¼ m2 þ 1
� �0:5 þ m
h i2

This equation can be used to predict differential stress
as a function of depth in crust at frictional equilibrium.
For compressional settings [i.e., the largest principal stress
σ1 is horizontal, such that the states of stress are of strike-
slip (σ2 vertical) or reverse-type (σ3 vertical) regimes],

the following equations for strike-slip and reverse-type
regimes have been considered:

s1 � s3 ¼ 2rgz l� 1ð Þ 1� m2 þ 1ð Þ0:5 þ m
h i2� �

= 1þ m2þ1ð Þ0:5 þ m
h i2� �

and s1 � s3¼rgz l� 1ð Þ

1� m2 þ 1ð Þ0:5 þ m
h i2� �

where, 1=Pf/ρgz. The value of 1 is approximately 0.4 for
hydrostatic conditions, 0.9 for near-lithostatic conditions, and
exactly 0 for dry conditions. Figure 12 shows differential
stress–depth curves that correspond to strike-slip and reverse
faulting regimes for values of 1 of 0.38 (hydrostatic) and 0
(dry) and for values of the friction coefficient µ of 0.6 and
0.9 (Lacombe 2007). Based on the differential stresses related
to F1 folding and thrusting, and assuming that the crust is
close to frictional equilibrium, the depth of deformation for
the samples analysed in the present study is estimated to be
around 7–8 (±1) km. These estimates of the magnitudes of
differential stresses and depth of deformation are consistent
with the tectonic setting of deformation of the Sargaz
complex in the inner belt of the Zagros orogen (Fig. 13).

Fig. 13 Values of differential
stress derived from the relation-
ship between paleopiezometry
and depth (log–log). Dashed
lines represent the stress–depth
relationship predicted by Cou-
lomb frictional-failure theory for
coefficients of friction µ of 0.6
and 0.9, pore pressures of 0
(λ=0) and hydrostatic (λ=0.38),
and various tectonic regimes
(SS, strike slip; R, reverse)
(adapted from Lacombe 2007).
Differential stress and depth of
deformation are reported for the
Faryab area
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For an Andersonian stress regime, the principal stress is
vertical and equal to the effective weight of overburden
(ρgz–Pf), where ρ is the average density of overburden, g is
the acceleration of gravity, z is depth, and Pf is fluid
pressure. Evaluating the weight of overburden requires an
estimate of the paleo-depth at the time of the tectonic
event, i.e., 7–8 km in the present case. Given that the pore
fluid pressure at the time of deformation cannot be
determined, we adopt hydrostatic conditions as the most
realistic conditions of fluid pressure (Lacombe 2001,
2007). In the present study, the orientation of the principal
stress axes (Fig. 8) indicates that σ2=σv=(ρ-ρe)gz, with
ρ=2,700 kg/m3 (average density of overburden) and ρe=
1,000 kg/m3 (water density). We can therefore estimate σ2

as being equal to 129 MPa. Considering a depth range of
7–9 km and a reasonable 20–30°C/km temperature
gradient for the upper continental crust, a mean temper-
ature of 160–230°C is derived, in good agreement with the
temperature derived from twin morphology measured in
our samples.

Discussion and conclusions

Our structural analyses of the Faryab area reveal that the
deformation sequence recorded in the Sargaz complex
involved mainly folding and thrusting as a result of
progressive deformation related to Cimmerian tectonics. F1
folding developed under conditions of ductile flow related to
the underplating of a Devonian–Carboniferous sequence
beneath central Iran due to subduction of the Neotethys. The
overturned limbs of F1-folds cut by ductile, thrust shear
zones; the metamorphism of these shear zones under lower
greenschist-facies conditions indicates a moderate dip upon
thrust planes during the Cimmerian orogeny.

Caclite c-axes fabrics in samples1-6 show a symmetric
concentration that are normal to foliation. These concentra-
tion of c-axes are consistent with contraction component in
the convergence systems. Temperature and depth deforma-
tion calculated show these fabric are not consistent with F1-
folding and green schist metamorphism facies. Samples 7-19
that were collected from thrust shear zone show a post F1-
folding (syn-thrusting) fabric. These fabrics reveal well-
oriented calcite grains in a strongly foliated calcschists
within the thrust shear zones. In these samples, c-axes
fabrics show a asymmetric concentration, is consistent with
LT simple shear. This obliquety reveals a strike-slip
component on shear plane. These concentration of c-axes
in these samples show oblique shearing in thrust shear
zones.

Analyses of calcite twins in the Sargaz complex reveal
that the maximum compression was oriented NE–SW. The
geometric relationship between stress axes and bedding

reveals that reconstructed stress systems mainly post-date
folding; σ1 and σ3 are subhorizontal and σ2 is subvertical.
The ages of the analysed samples, together with the
geometric relationship between stress axes and bedding
relative to folding and thrusting, indicate that twinning
postdates folding and is likely Late Triassic to Early
Jurassic in age.

The compressional stress recorded by calcite twinning,
along with the style and age of deformation of the Sargaz
complex, is likely to be related to subduction of the
Neotethys beneath the southern Sanandaj–Sirjan zone,
central Iran, by the Middle Triassic. The results of our
study demonstrate that a dextral transcurrent regime may
have prevailed in metamorphic complexes within the
hinterland of the Zagros orogen during Middle Triassic–
Jurassic times, related to the oblique subduction of the
Neotethys beneath central Iran. Interestingly, Triassic–Early
Jurassic σ1 trends in the Faryab area (hinterland of the
Zagros orogen, upper plate) are comparable with Mio–
Pliocene σ1 trends in the Fars province, Zagros Simply
Folded Belt (Arabian lower plate) and those recorded
upon the southern Iranian Plateau (former Central Iran
upper plate; Lacombe et al. 2007). These trends are
consistent and oriented NE-SW, in agreement with the
present-day compressional trend in the basement below
the Hormuz decollement level revealed by earthquake
focal mechanisms in the Simply folded belt (Lacombe et
al. 2007), which, in the absence of sampling in the stable
foreland, supports the absence of larhe thrust sheets
rotations in the thrust belt. Although a large time span
separates these deformation events, and despite the com-
plexity of the geodynamic setting (i.e., oblique subduction),
this similarity could possibly indicate that the two stress
regimes in the upper plate remained rather similar to a first-
order approximation over the period spanning from the
initiation of subduction in the Middle Triassic until the
Mio–Pliocene Arabia–Eurasia collision; additional re-
search is clearly required to reach a definitive conclusion
regarding this point.

The mean differential stress magnitudes are consistent
with values reported previously for the hinterlands of
orogens (e.g., Lacombe 2001), and are consistent with a
depth of deformation of approximately 7–9 km. The mean
width of measured calcite twins documents the occurrence
of twinning under a type II twinning regime, which
constrains the temperature of deformation to between 170
and 200°C. Patterns of twinning development, including
twin type and the depth and temperature of deformation,
recorded for samples from the Faryab region are inconsistent
with greenschist facies P–Tconditions, thereby supporting the
proposal that twinning occurred mainly as a late, post-
metamorphic deformation event within the tectonic history
of the Sargaz complex.
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