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a b s t r a c t

The Zagros accretionary prism in southwestern Iran is exposed along the NW–SE trending of the Zagros
Thrust System and inclined Zagros transpression zone. This accretionary prism consists of two units: the
upper sedimentary mélange unit on top and the high-pressure metamorphic mélange unit at the bottom.
Both units show characteristics of a tectonic wedge. The upper unit consists of type-I, II and III mélanges
which display S-, C- and C0-type shear-band cleavages, quartz ribbons and rectangular or fish-head boudins.
The lower unit fabrics display s-, and d-type porphyroclasts and quartz ribbon mylonites. These fabrics
formed from a combination of 60.5% simple shear and 39.5% pure shear. Both components were involved in
a lateral exhumation of the high-pressure/low-temperature metamorphic rocks in an inclined trans-
pression wedge-shaped geometry. The estimated kinematic vorticity number (Wk) was calculated from
quartz c-axis patterns, rotation of porphyroclasts and orientation of finite strain with respect to shear zone
boundaries. Using the mean estimated Wm value of 0.84, the inclination angle for the thrust wedge on top of
the NE-subducting Neo-Tethyan oceanic lithosphere is 18�. The 40Ar/39Ar plateau ages of early generations
of biotite from the lower metamorphic mélange are 119.95� 0.88 Ma and 112.58� 0.66 Ma. This late Aptian
age is related to early thrusting and formation of HP–LT metamorphic rocks. The dating of two amphibole
samples from the amphibolite yields a weighted mean age of 91.23� 0.89 Ma. This Turonian–Cenomanian
age suggests a later metamorphic event associated with subduction and obduction of the Neyriz ophiolite
and later lateral extrusion of HP–LT metamorphic rocks along the inclined Zagros accretionary prism.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Most accretionary prisms form wedge-shaped structures
bounded by a roof thrust along their upper surface and a floor
thrust beneath (Chi et al., 2003. In such wedge-shaped structures
the convergence direction is oblique or inclined, and the zone
boundaries are non-planar (Jones et al., 2004; Sarkarinejad, 2007;
Sarkarinejad and Azizi, 2008). During oblique or inclined trans-
pression, there is tendency for pure-shear and simple-shear strain
components to occur in spatially separated domains (Fossen et al.,
1994; Tikoff and Teyssier, 1994; Teyssier et al., 1995; Jones and
Tanner, 1995). Fossen and Tikoff (1993) divided transpression into
pure-shear dominated and simple-shear dominated, depending on
the angle of convergence as defined by infinitesimal strain axes.
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These two cases can be differentiated using the kinematic vorticity
number Wk (Fossen and Tikoff, 1993), which is a non-linear ratio of
the pure-shear to simple-shear component (Tikoff and Teyssier,
1994). There is an angular relationship q between the maximum
horizontal axis of the instantaneous strain ellipsoid and the
boundary zones (Fossen and Tikoff, 1993). The angle q is also related
to a, the angle of oblique plate convergence or flow apophysis
(Tikoff and Teyssier, 1994). Based on theoretical modeling, Fossen
and Tikoff (1993) suggested that simple-shear dominated trans-
pression occurs when 1>Wk> 0.81 and 35� < q< 45� whereas
pure-shear dominated transpression occurs when 0.81>Wk> 0
and 0� < q< 35�.

Strain matrix modeling of transpressional deformation shows
that all three axes of the finite strain ellipsoid are non-parallel to
the Cartesian reference frame which experiences complex non-
planar rotations during ongoing deformation (Jones et al., 2004).
The maximum finite strain axis and material lines are always
‘‘attracted’’ to the extensional flow apophysis (or maximum
extensional flow direction) (Fossen et al., 1994; Passchier, 1997).
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Consequently, a relation exists between the orientation of
strain/fabric and principal flow directions (Teyssier and Tikoff,
1999). Theoretical modeling predicts that the maximum finite
strain axis or stretching lineation switches from horizontal to
vertical with increasing strain (monoclinic transpression; Sand-
erson and Marchini, 1984) or when the stretching lineation lies
almost strike-parallel or is significantly oblique or approximately
down dip (triclinic transpression; Jones and Holdsworth, 1998;
Jones et al., 2004). In all of these models, idealized boundary
conditions are assumed, as defined by Sanderson and Marchini:
deformation is homogeneous, constant volume, laterally and
basally confined, and occurs between parallel zone boundaries
(Jones et al., 2004).

Accretionary prisms form marginal boundary zones in which
the deeply subducted and ‘‘transpressed’’ rocks act as viscous
materials squeezed between two inclined rigid plates. This paper
describes structures and microstructures related to real trans-
pressional zones to test the applicability of the simplified stain
matrix modeling. The objectives of this paper are: (1) to describe
the dominant fabrics identified in the upper sedimentary and lower
metamorphic mélanges, (2) to investigate the c-axis preferred
orientations from quartz ribbons, (3) to estimate the kinematic
vorticity number for quantifying pure-shear and simple-shear
components, (4) to use geochronology to obtain absolute ages for
the deformation events.

2. Geology of the Neyriz area

The Neyriz area is located in southwestern Iran. This area has
an excellent exposure of the Neyriz ophiolite, the Zagros thrust
system, the Hassan Abad upper sedimentary tectonic mélange,
the Seh-Ghalatoun lower metamorphic tectonic mélange and the
HP–LT/HT–LP Sanandaj-Sirjan paired metamorphic belts (Fig. 1).
The Zagros orogenic belt is the central part of the Alpine–
Himalayan mountain chain. This orogenic belt extends for more
than 2000 km in a NW–SE direction from eastern Turkey to the
Minab-Zendan fault system in southern Iran (Haynes and
McQuillan, 1974; Stocklin, 1974. This belt resulted from the
closure of the Neo-Tethyan Ocean due to northeast-dipping
subduction below the Iranian microcontinent (Alavi, 1994;
Vernant et al., 2004).

The geodynamics of the region are dominated by the conver-
gence between the Arabian and Eurasian plates (Jackson and
Mckenzie, 1984). Compressional structures related to the closure of
the Neo-Tethyan Ocean (e.g. Stocklin, 1968; Falcon, 1974; Berberian
and King, 1981; Alavi, 1994) strike oblique to the convergence
direction. This obliquity is probably due to the pure-shear domi-
nated transpression and shortening accommodated by imbricate
thrusting as well as oblique extrusion of deeply subducted high-
grade metamorphic rocks (Sarkarinejad, 2003, 2005, 2007; Sar-
karinejad and Azizi, 2008).

2.1. Structure of the Neyriz ophiolite

The Neyriz ophiolite (Fig. 1), exposed in the southwestern part of
the Sanandaj-Sirjan metamorphic belts, is considered to consist of
allochthonous fragments of the Tethyan Oceanic crust and mantle
(Gansser, 1974; Stocklin, 1968). The Neyriz ophiolite has been thrust
over the Pichkun formation, consisting of abyssal sedimentary
facies containing radiolarian cherts, fossiliferous limestone, turbi-
dite, middle Jurassic oolitic and micro-brecciated limestone, and
middle Cretaceous limestone (Ricou, 1968).

The Neyriz ophiolite is probably the largest, best exposed,
and best-preserved example of oceanic lithosphere in Iran
(Sarkarinejad, 2005). It includes the entire thickness of the
deformed mantle section, from the ultramafic Moho Transition
Zone (MTZ), to the mafic section which includes gabbros, sheeted
dikes and pillow lavas, and to radiolarian cherts on top. The
deformed mantle section (6 km thick) mostly consists of harz-
burgite, serpentinized harzburgite and lherzolite. In thin section
the harzburgite shows coarse- to medium-grained porphyroclastic
fabrics (Sarkarinejad, 2005). High-temperature (HT) deformation
of the coarse-grained granoblastic structures is related to hyper-
solidus or solidus temperatures (1200�–1250 �C), and thus to
large-scale plastic flow below the oceanic ridge. Medium-
temperature (MT; 1100 �C) deformation is related to localized
motion along shear zones and detachment thrusts (Nicolas et al.,
2000). Construction of mantle flow trajectories based on detailed
structural mapping of the Neyriz mantle section reveals three
mantle diapirs aligned along the NW–SE direction (Sarkarinejad,
2005). They are characterized by steep foliations in the high-
temperature harzburgite and an associated steeply dipping
stretching lineation, reflecting localized vertical flow related to
mantle diapirs (Sarkarinejad, 2005).

The Moho Transition Zone (MTZ) is composed of dunite, chro-
mite clinopyroxenite and websterite. The clinopyroxene, ortho-
pyroxene and olivine minerals of the MTZ are moderately
deformed. Low-level layered gabbros are exposed on top of the
MTZ. The normal sequence of the sheeted dikes, pillow lavas,
overlying lava flows and radiolarian cherts is best exposed in the
central part of the ophiolite sequence (Sarkarinejad, 2005). The
sheeted dike complex is uniformly steep, inclined 66�–89� with
a mean dip direction N 47� W, 67� NE (Sarkarinejad, 2005). The
average orientation of the sheeted dikes is vertical and parallel to
the paleo-ridge axis (Nicolas, 1989).

3. Mélange

The mélange outcrop is located in the east to northeastern part
of the Neyriz ophiolite and extends along the Zagros thrust system
(Fig. 1). The mélange is divided into two units based upon: (1) the
lithology and origin of the blocks and surrounding matrix; (2)
intensity of deformation and degree of metamorphism; (3) number
of phases of deformation.

The upper Hassan Abad sedimentary mélange (Fig. 1) is exposed
as a narrow shear zone along the Zagros thrust system. The mél-
ange length extends approximately 53 km and its width varies from
250 to 3750 m. Excellent exposures of mélange are preserved in the
road cuts along the Hassan Abad and Naghare-Khaneh passes. The
mélange consists of lenses, blocks and/or ribbons of radiolarian
cherts, limestone, sandstone, pillow lava, tuff, and serpentinite, in
a matrix of shale, greywacke and mudstone (Sarkarinejad, 2003).
The mélange lenses or blocks range in size from millimeters to
several hundred meters. The sedimentary mélanges can be classi-
fied according to their fabrics; they include type-I, type-II and type-
III tectonic mélanges.

3.1. Type-I mylonite mélange

The upper sedimentary mélange unit is a type-I mylonitic
mélange. Three types of shear-band cleavages were distinguished
in this mélange; C-type C0-type and S-type shear-band cleavages
(Fig. 2A) corresponding to the C- and S-bands of Berthe et al.
(1979a,b). The C-type is an extensional cleavage and is part of an S/C
fabric that consists of S-planes transected by distinct planar C-type
shear bands or C0-planes (Berthe et al., 1979a,b; Lister and Snoke,
1984). The angle between the C- and S-planes is 35�. The angle
between the C- and C0-planes is 45�.

On the microscopic and mesoscopic-scales, porphyroclasts
consist of fragments of sandstone, limestone, pillow lavas and



Fig. 1. Geological map of the Neyriz area showing the distribution of the upper sedimentary mélange along the Zagros thrust system. The rectangle in the southwestern part of the
map is the Seh-Ghalatoun study area (Fig. 3) which lies in the western marginal part of the Sanandaj-Sirjan HP–LT metamorphic belt. This modified map is part of the 1:250,000
Neyriz quadrangle map from Sabzehei et al. (1993).
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radiolarian chert. The matrix is mostly composed of fine-grained
shale, marl, and greywacke. Both s-type (symmetric) and d-type
(asymmetric) porphyroclasts are present (Fig. 2B; Passchier and
Trouw, 2005). These porphyroclasts together with tectonic fish and
foliation fish (Stock, 1992) in sections normal to the foliation plane
and parallel to the stretching lineation were used as shear sense
indicators. They all indicate a dextral sense of shear for the Zagros
thrust system.
3.2. Type-II mélange

Type-II mélange is characterized by the presence of elongate
clasts of fine-grained greywacke and limestone which are set in
a matrix of mudstone or shale. The clasts form ribbons, stripes, rods
or flattened lenses. Type-II mélange has a set of shear bands
without clear S-planes (Lister and Snoke, 1984). The outcrop-scale
fabrics typically vary in size from 5 to 60 cm in length. They mostly
have a horizontal to sub-horizontal plunge and it is difficult to use
them as shear sense indicators.
3.3. Type-III mélange

In the Type-III mélanges, stretched and relatively incompetent
to competent rocks such as sandstone, radiolarian cherts, tuffs and
limestone are present as boudins, ranging from rectangular to fish-
head to barrel-shaped or pinch-and-swell (Fig. 2C). These boudins
are set in a matrix of shale or mudstone. Most of the rectangular or
barrel-shaped boudins are sub-parallel to the C-plane, whereas
pinch-and-swell boudins are sub-parallel to the S-plane. The
preferred orientation of elongated and rotated lens-shaped frag-
ments defines a foliation (fragment foliation) that is sub-parallel to
sedimentary layering on a large scale.
3.4. Lower HP–LT metamorphic mélange

The Seh-Ghalatoun lower HP–LT metamorphic mélange crops
out near the village of Deh Chah, in the eastern part of the Neyriz
ophiolite (Fig. 3). The predominant rocks in the area are amphib-
olite, garnet amphibolite, quartzo-feldspathic gneiss, kyanite



Fig. 2. (A) Upper sedimentary mélange showing type-I mylonite mélange with S/C shear-band cleavages, symmetrical s-type and asymmetrical d-type porphyroclasts and tectonic
fish. (B) Type-II mélange characterized by the presence of elongated fine-grained greywacke and limestone forming ribbons, stripes, rods or flattened lenses. (C) Type-III mélange
which includes pinch-and-swell, fish-head and barrel-shaped boudins.
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gniess, biotite gneiss, muscovite-garnet schist and phyllite. The
amphibolite and quartzo-feldspathic gneiss contain numerous
continuous to discontinuous intercalations of eclogite facies rocks.
These rocks, forming torn-, drawn-, and shear-band boudins, have
a mineral assemblage of omphaciteþ pyrope-rich garnetþ
corundumþ zirconþ kyanite. Pink garnet is rimmed with deep
green amphibole and abundant colorless omphacite. The eclogite
facies is divided into two types: type I is coarse grained and type II
is medium grained, based on the size of porphyroblastic pyrope-
rich garnet. The mean size of type-I garnet is 10.26� 2.8 mm and
that of type-II garnet is 5.8� 1.50 mm, and the mean size of
omphacite grains is 0.82� 0.48 mm.
3.5. Blueschist facies

Blueschist facies rocks are not present in the Seh-Ghalatoun area,
although some outcrop 12 km west of Neyriz. The blueschist facies
slice is about 7 m long and 5 m wide in the olistostrome outcrop, and
is associated with thick and thinly layered asymmetrically folded
marble, amphibolite, serpentinized harzburgite and gabbros. The
mineral assemblage of the strongly foliated and lineated blueschist
facies is glaucophoneþ lowsoniteþ cordioriteþ zeositeþ chloriteþ
actinolite.
4. Deformation history of the metamorphic mélange

Three fabric-forming deformation phases were identified within
the Seh-Ghalatoun area. Two fabrics are associated with the high-
pressure/low-temperature metamorphism. Sarkarinejad (1999)
suggested that the high-pressure rocks, which show characteristics
of Alpine-type HP–LT metamorphism, are associated with the
metamorphism of the Neyriz ophiolite slices. The third fabric was
developed during deformation within shear zones.
5. Structures

5.1. Foliation (S1)

The first generation of foliation (S1) within the Seh-Ghalatoun
area is a penetrative regional-scale foliation in the biotite gneiss,
muscovite-garnet schist (Fig. 4A) and biotite schist. It is defined by
the alignment of medium to coarse-grained muscovite and biotite



Fig. 3. Geological map of the Seh-Ghalatoun area showing major distribution of the high-pressure/low-temperature metamorphic rocks.
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and elongated quartz grains. This foliation is oriented N 54� W, 58�

NE, although it is highly variable with respect to the later folding.
5.2. Foliation (S2)

The second generation of foliation (S2) is a crenulation cleavage
associated with differentiated garnet-muscovite schist, quartzo-
feldspathic gneiss, and quartzite boudins within the biotite gneiss,
and commonly lies at a high angle to S1. The S2 orientation is N 16�

E, 81� W. The formation of this cleavage is due to asymmetrical
chevron micro-folding of the S1 foliation during D2 deformation
(Fig. 5A). The schist contains garnet porphyroblasts up to 3 cm in
diameter and biotite grains up to 1 cm in length. In many areas
several overprinting foliations can be recognized: a ‘‘main foliation’’
may have formed at the peak metamorphic conditions, whereas
later deformation under lower grade conditions produced weaker
or less penetrative foliations.
5.3. Lineation

The regional high-pressure metamorphic rocks have a well-
developed mineral stretching lineation. During the development of
the foliations, amphibole in the amphibolite, garnet amphibolite,
gneiss, and greenschist developed a stretching lineation (Fig. 4B).
The amphibolite and greenschist have been broken up into blocks
and enclosed within the ductility sheared biotite gneiss, forming
the lower metamorphic mélange. Most blocks are mechanically
rotated and thus the lineation has a variable orientation.

The first generation and dominant mineral stretching lineation
in the amphibolite and garnet amphibolite facies rocks is L1 and it is
generally associated with the S1 foliation. The plunge and trend of
L1 averages 25�, S 3� E (Fig. 4B). A second lineation L2 can be seen,
with a plunge and trend varying from 36�, N 11� E to 36�, N 59� E. It
is not clear, however, whether L2 developed by mechanical rotation
of L1 or grew independently during D2.
There are many varieties of boudins within the quartzo-feld-
spathic gneiss and amphibolites (Fig. 5B and C). The geometry of
the boudins can be classified according to Goscombe and Passchier
(2003) and Goscombe et al. (2004). The asymmetric types include
domino boudins and shear-band boudins (Fig. 5B). The symmetric
types include drawn boudins, pinch-and-swell structures and
tapering boudins. Many boudins show polyphase deformation, and
most are sheared, rotated, folded, and refolded. Domino boudins
are either parallel or oblique to the S1 foliation (Sarkarinejad, 2007).

The quartzite boudins were subjected to two phases of defor-
mation. Quartzite layers were extended and boudinaged and then
folded (Fig. 5D). F1 folds are recumbent, isoclinal to moderately
inclined, and asymmetric (f z 130�; f is the bisector of folding
angle). The mean axial trend of F1 folded boudins within the area is
N 77� W; the plunge varies from gentle (0�–15�) to moderately
inclined (30�–60�) to the NE. The recumbent folds have been
overprinted by second generation folds (F2), producing type 3
interference patterns characterized by an undulating axial trace of
F1 (Ramsay, 1962; Ramsay and Huber, 1987). The F2 folds are tight or
isoclinal, with an axial trace that plunges shallowly (17�–32�) to
moderately (34�–38�) to the NE.
6. Shear zones

The shear zone outcrops in the Seh-Ghalatoun and east of the
Ghouri area are associated with the regional-scale Zagros thrust
system and exhumation of deep-seated, high-grade metamorphic
rocks such as amphibolite, garnet amphibolite, eclogite, and
quartzo-feldspathic gneiss. Quartzite within these shear zones
displays a variety of shapes. Most of the eye-shaped lenses, rods,
flattened and rotated lenses, or extensional boudins of quartzite are
surrounded by a matrix of biotite, feldspar, and quartz. They exhibit
a well-defined S/C geometry over an area of 4–50 cm (Fig. 5C and
D). The eye-shaped and sigmoidal-shaped quartzite boudins
display winged s- and d-type porphyroclasts. Mantled porphyr-
oclasts generally have wings with a gently curved centerline and
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are symmetrical to asymmetrical. The d-type porphyroclasts have
strongly curved wings that are asymmetric. These porphyoclasts
indicate a dextral sense of shear.
7. Microstructural analysis

7.1. Microstructures in the muscovite schist

Oriented samples of muscovite-garnet schist display differen-
tiated crenulation cleavage or zonal asymmetrical cleavages
(Fig. 6A). They show two domain structures with alternating
intensity cleavage. Domain structures consist of alternating mica-
rich domains (M) and microlithon domains with light-colored,
coarser-grained zones of crenulated laminae of quartz. The S1 and
S2 foliations (related to D1 and D2) commonly lie at an angle of 30�–
50� to each other and are well preserved; the S1 foliation trends
NW–SE while S2 is a differentiated cleavage trending NE–SW. S1

and S2 form asymmetrical micro-folds.
7.2. Microstructures of kyanite gneiss

Kyanite gneiss consists of kyanite, feldspar, biotite and quartz.
The gneiss contains porphyroclasts of kyanite (1–5 cm in diameter)
surrounded by feldspar, quartz, and biotite. Kyanite lies within the
main foliation and forms micro-boudins (Fig. 6B). The micro-bou-
din necks or inter-boudin surfaces are composed of very fine-
grained secondary minerals. The kyanite micro-boudins include
symmetric drawn boudins and asymmetric domino boudins. The
drawn boudins are symmetric with no block rotation, and layer
extension was accommodated by differential stretch of both layer
and host (Goscambe et al., 2004). The asymmetrical domino bou-
dins with inter-boudin vein material superficially resemble simple
dilatational domino boudins.

7.3. Microstructures of quartz ribbons

Microstructural analysis was carried out on oriented thin
sections normal to the foliation plane and parallel to the stretching
lineation (XZ-plane). The sections were cut from quartzite boudins
within high-grade gneisses of the Seh-Ghalatoun and quartzite
mylonites in the northeastern part of the Ghouri shear zones. They
are composed of quartz ribbons and dynamically recrystallized
quartz grains. The quartz ribbons commonly show undulatory
extinction, deformation lamellae, sub-grains, and new grains
(Fig. 6C and D). They have serrated straight and curved boundaries
with a well-developed lattice preferred orientation (LPO). Coarse
ribbon grains are common and have elongated shapes 0.2–40 mm
long and 0.01–0.5 mm wide, with a mean aspect ratio of 12.5�7.7.

Single rotated amphibole grains within a matrix of sigmodial
quartz ribbons form mantled porphyroclasts (Fig. 6E). The quartz
ribbons are deformed into wings that extend on both sides of the
porphyroclast, parallel to the mylonitic fabric (Passchier and Simp-
son, 1986). These are d-type porphyroclasts (Fig. 6E), which can be
used as shear sense indicators. The internal asymmetry and the stair
stepping of the quartz ribbon wings indicate dextral shear sense.

7.4. Quartz c-axis fabrics

Oriented samples from quartzite mylonites within the Seh-
Ghalatoun gneisses and from the northeastern part of the Ghouri
shear zones were selected for c-axis measurements using a 5-axis
U-stage. Samples qaxes1 to qaxes4 come from the Seh-Ghalatoun
outcrop and samples SZ-1, SZ-2, SZQ-1 to SZQ-6 come from the
Ghouri shear zones. Measurements were carried out on thin
sections cut in the XZ-plane of finite strain ellipsoid. The c-axis
orientations were plotted with respect to the mesoscopic foliation
on an equal-area, lower hemisphere stereographic projection (with
foliation vertical and stretching lineation horizontal), and con-
toured using SpheriState 2.2 software.

Quartz c-axes from both the Seh-Ghalatoun (Fig. 7A) and the
Ghouri outcrops (Fig. 7B) show single girdles. The LPOs from the
Ghouri shear zone have maxima concentrated between the Y- and
Z-axes (Fig. 7B). The c-axis patterns display both external and
internal asymmetries with respect to the foliation (Bahrmann and
Platt, 1982; Platt and Behrmann, 1986). According to Law (1990),
external fabric asymmetry is defined by the angle of obliquity (j)
between the central segment of the fabric skeleton and the folia-
tion, whereas the internal asymmetry is defined by the inclination
of the central fabric segment to the peripheral segments. The j

angle of the Seh-Ghalatoun samples is 60�–64�, consistent with
a dextral sense of shear.

For two samples the c-axis maximum is close to Y whereas for
two others it is between Y and Z (Fig. 7A). Y maxima such as found
in the Ghouri shear zone indicate that prism CaD was the dominant



Fig. 5. (A) Seh-Ghalatoun fold profile showing asymmetrical crenulation cleavage of the muscovite schist. (B) Eastern Ghouri quartzite mylonite shear-band boudins showing a long
curved lenticular shape and large relative displacement. (C) Seh-Ghalatoun high-grade gneiss showing quartzite with S/C shear bands which display a dextral sense of shear. (D)
Asymmetric recumbent type 2 interference folds with wavy outcrop pattern.
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slip system (e. g. Wilson, 1975; Bouchez, 1977; Lister and
Dornsiepen, 1982), typical for deformation of quartz at moderately
high temperature (Schmid and Casey, 1986), e.g. amphibolite facies
conditions (Bouchez and Pecher, 1981; Lister and Dornsiepen, 1982;
Mainprice et al., 1986; Wenk, 1994).
8. Deformation temperatures

During plastic deformation and dynamic recrystallization, the
opening angle of the c-axis girdle increases with increasing
temperature and/or water content, and decreasing strain rate
(Tullis et al., 1973; Lister and Hobbs, 1980; Lister and Dornsiepen,
1982). In the case of plane strain deformation, this opening angle is
defined as the angle between two c-axis girdles measured in the
plane perpendicular to foliation and parallel to lineation (Law et al.,
2004). Kruhl (1998) developed a graph of opening angle versus
estimated temperature of deformation for a range of greenschist- to
granulite-facies environments and demonstrated that at natural
strain rates there is an approximately linear increase in opening
angle with temperature between 300� and 650 �C (Fig. 8). Kruhl
(1998) estimated that for natural deformation, this opening angle
‘‘geothermometer’’ indicates the deformation temperature with an
uncertainty of �50 �C. The underlying assumption in using this
geothermometer is that the degree of uncertainty spans the range
of strain rates and amounts of hydrolytic weakening likely to be
encountered in natural deformation (Law et al., 2004).

Using this geothermometer, the girdle opening angles within the
Seh-Ghalatoun high-grade gneisses indicate a mean deformation
temperature of 512� � 50 �C, whereas the girdle opening angles
for the Ghouri quartzite mylonite indicate a mean deformation
temperature of 485� � 30 �C. These results indicate that the Ghouri
quartzite mylonites were deformed at epidote-amphibolite facies
conditions whereas the Seh-Ghalatoun gneisses were deformed at
amphibolite facies conditions. Based on a pressure–temperature
diagram showing the major metamorphic facies and the geothermal
gradient(Turner, 1968), deformation occurred at a depth of about
23–25 km on top of the subducting oceanic crust.

9. Kinematic vorticity number in a microscopic and
mesoscopic-scale

The kinematic vorticity number (Wk) is important to measure
for quantifying components of pure shear and simple shear in high-
strain zones (Means et al., 1980). It is defined (for 0<Wk< 1) as
a non-linear ratio of pure shear (Wk¼ 0) to simple shear (Wk¼ 1),
assuming steady-state deformation (Means, 1994). Several
methods have been established to quantify shear-induced vorticity
in naturally deformed rocks, including the geometry of LPO
patterns of quartz c-axes, rotation of porphyroclasts, oblique foli-
ations and the orientation of finite strain with respect to shear zone
boundaries (Law et al., 1984; Platt and Behrmann, 1986; Passchier,
1987; Passchier and Urai, 1988; Wallis, 1992; Simpson and De Paor,
1993; Tikoff and Fossen, 1995; Jessup et al., 2007). We have used
these in the upper sedimentary mélange and lower metamorphic
mélange rocks.

9.1. Method I: strain-ratio/quartz c-axis

Under progressive simple, pure and general shear the central
segment of quartz c-axis fabrics and active slip system develops



Fig. 6. Optical photomicrographs of the Seh-Ghalatoun muscovite schist, kyanite schist and quartzite mylonite. (A) Muscovite schist showing the S1 foliation developed during the
first phase of the deformation (D1). This foliation was overprinted by an asymmetric crenulation cleavage (S2), formed during the second phase of deformation (D2). (B) Kyanite
micro-domino boudins in the kyanite schist (composed of kyanite, feldspar and quartz). Secondary fine-grained muscovite fills the neck of the boudins. (C) Quartzite mylonite
showing quartz ribbons formed by flattening of originally equidimensional grains. (D) Curved quartz ribbons and recrystallized quartz grains with an isolated amphibole por-
phyroclast. (E) Rotated mantled amphibole porphyroclast within quartz ribbons showing d-type porphyroclast with a dextral sense of shear. The tails of the mantled porphyroclast
are composed of strongly elongated quartz grains.
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nearly orthogonal to the flow/shear plane (Platt and Behrmann,
1986; Vissers, 1989; Wallis, 1995). This assumption is strongly
supported by both experimental (e.g. Bouchez and Duval, 1982;
Herwegh et al., 1997) and numerical simulation data (Lister and
Hobbs, 1980), as well as observations from naturally deformed
rocks (e. g. Law, 1990; Sullivan and Law, 2007). Therefore, the angle
b between the perpendicular to the central girdle of quartz c-axis
fabric and the main foliation is equal to the angle between the flow
plane and flattening plane of finite strain (RXZ). Heilbronner and
Tullis (2006) have documented a progressive from Z-axis maxima
to Y-axis maxima with increasing strain-induced grain boundary
migration recrystallization. This transition occurs because grains
oriented preferentially consume other grains during grain
boundary migration recrystallization (Hirth and Tullis, 1992).
Therefore, it is assumed that there is no dynamic recrystallization,
which continuously re-set the LPO. The angle b is a function of RXZ

(strain ratio of rotating porphyroclasts; Wallis, 1992) and Wk, as
expressed by:

Wk ¼ sin
�

tan�1
�

sinð2bÞ
½ðRXZ þ 1Þ=ðRXZ � 1Þ� � cosð2bÞ

��
� ðRXZ þ 1Þ
ðRXZ � 1Þ

This method was applied to seven of the quartz ribbon-bearing
mylonites (up to 95% quartz, samples cut perpendicular to foliation
and parallel to lineation). The samples have mantled porphyr-
oclasts of amphiboles. These measurements yield an estimated
mean kinematic vorticity in the Seh-Ghalatoun outcrop of
Wm¼ 0.79� 0.011.
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Fig. 7. (A) and (B) Contoured LPO patterns of quartz c-axes from the Seh-Ghalatoun gneiss and quartzite mylonite from the northeastern part of the Ghouri shear zone. All
projections are equal-area, lower hemisphere. (A) The LPO patterns of the Seh-Ghalatoun rocks show well-developed type-I cross-girdles of c-axes with both external and internal
asymmetries. (B) The LPO patterns from the eastern Ghouri shear zone have maxima between Y and Z.
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9.2. Method II: the porphyroclast hyperbolic distribution

The use of porphyroclasts to estimate the mean kinematic
vorticity (Wm) of a flowing matrix is important for quantifying the
relative contributions of pure and simple shear. Several models
have been established for the rotation of elliptical objects in a fluid,
demonstrating that during simple shear (mean kinematic vorticity
number, Wm¼ 1) rigid objects will rotate with increasing contri-
butions of pure shear (0<Wm< 1). Thus porphyroclasts will rotate
with a simple-shear component forward or backward until they
reach a stable orientation that is unique to Rf (aspect ratio) and Wm

(Jessup et al., 2007; Ghosh and Ramberg, 1976).
Simpson and De Paor (1993, 1997) proposed the porphyroclast

hyperbolic distribution method for estimating the kinematic
vorticity number. The method is based on the premise that the
orientation of the long axes of backward rotated mesoscopic por-
phyroclasts within the acute angle field between the flow eigen-
vectors delineates the orientation of the unstable eigenvector. The
stable eigenvector is assumed to be normal to the foliation
(Simpson and De Paor, 1997). The angle between the long axis of the
mesoscopic porphyroclasts of the type-I sedimentary mélange and
quartzo-feldspathic gneiss was measured relative to the shear zone
boundary or foliation. Axial ratios (Rf) of the porphyroclasts were
also measured. Both the angle and axial ratio were plotted on
a hyperbolic stereonet (Simpson and De Paor, 1993). The hyperbola
represent the acute angle between two eigenvectors, such that
cosine of this angle (v) yields the mean kinematic vorticity number
(Bobyarchick, 1986) Wm¼ cos(v).

41 samples of mesoscopic porphyroclasts of the type-I upper
sedimentary mélange (Fig. 9A) along the Zagros thrust system and
51 samples of quartzo-feldspathic porphyroclasts from the Seh-
Ghalatoun (Fig. 9B) were analyzed by the modified porphyroclasts
hyperbolic distribution method. The samples from the type-I
sedimentary mélange and those from the quartzo-feldspathic
porphyroclasts yield in the lineation-parallel section (XZ-plane)
Wm¼ 0.766 and Wm¼ 0.866, respectively, indicating general shear.
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Fig. 7. (continued).
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9.3. Method III: the rigid grain net (RGN)

Analytical techniques of Passchier (1987), Simpson and De Paor
(1993, 1997) and Wallis (1995) use rigid porphyroclasts to estimate
W in high-strain zones, all of which rely on the same fundamental
relationships between Wm (mean kinematic vorticity number) and
B* (shape factor), through the following equation:
B* ¼ Mx2 �Mn2 Mx2 þMn2

� �.� �

where Mn, short axis of clast; Mx, long axis of clast, and theta¼
angle of porphyroclasts long axis with respect to the macroscopic
foliation (q). This relation defines a critical threshold (Rc) below
which porphyroclasts continually rotate, and above which they



Fig. 8. Diagram showing effect of temperature of deformation on the opening angle of
small circle patterns of quartz c-axes. The estimated temperatures of deformation for
eighteen naturally deformed rocks at different metamorphic grade are shown as Kruhl
(1998); indicate data from Law et al. (1992), Nyman et al. (1995) and Okudaira et al.
(1995), respectively. The best fit straight-line relationship between opening angle and
temperature is indicated for localities with deformation temperature <650 �C; oblique
rectangle indicates confidence limit of �50� (Law et al., 2004).
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record a stable-sink orientation (Ghosh and Ramberg, 1976;
Jessup et al., 2007). To explore this relationship, Jessup et al.
(2007) proposed the Rigid Grain Net (RGN) program as an alter-
native graphical method for estimating Wm. The RGN contains
Fig. 9. (A and B) Plots of kinematic vorticity data of the porphyroclasts from the upper sedim
net. Stable eigenvectors are shown as lines. (C and D) Plots of kinematic vorticity data of th
mélange on the Rigid Grain Net (RGN) using semi-hyperbolas.
semi-hyperbolas that are the mathematical equivalents to the
hyperbolic net used for the porphyroclast hyperbolic distribution
method. The RGN plot of the type-I sedimentary mélange (Fig. 9C)
and quartzo-feldspathic porphyroclasts (Fig. 9D) yields Wm¼ 0.88
and Wm¼ 0.89, respectively.

Comparison of methods I, II and III indicate that the RGN method
gives higher estimated mean Wm values, especially for the
Seh-Ghalatoun outcrop. These differences may reflect uncertainties
in the analyses, or perhaps the Wk values may record different parts
of the deformation history in different outcrops, or different rates of
rigid block rotation. In natural systems, the vorticity of flow may
vary with both position and time (Fossen and Tikoff, 1998; Jiang,
1998). Wk may change during progressive deformation, and
therefore most methods determine a mean value over time, termed
Wm (Passchier and Trouw, 2005). The estimated mean Wk¼Wm of
the all methods is 0.84� 0.05.

10. 40Ar/39Ar step-heating analytical technique

40Ar/39Ar analyses of oriented biotite samples (KS11-S1, KS5-S7
and KS8-S8), a muscovite sample (KS5-S7) and amphibole samples
(KS2-AM10 and KS4-AM12) from the Seh-Ghalatoun biotite gneiss
and amphibolite outcrops were undertaken at Queen’s University,
Canada, following standard methods (e.g. McDougall and Harrison,
1988). The mineral separates were obtained by crushing hand-sized
samples, sieving and passing 700 mm and 2 mm fractions through
heavy liquids. The mineral concentrates were further purified
(to >99%) by ultrasonic washing in water and hand-picking.
Samples were irradiated in the nuclear reactor at McMaster
entary mélange and Seh-Ghalatoun metamorphic mélange on a half of the hyperbolic
e porphyroclasts of the upper sedimentary mélange and Seh-Ghalatoun metamorphic
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University in Hamilton (Canada), in position 5C for 10 h to trans-
form a portion of K to 39Ar through the interaction of fast neutrons.

Samples were heated with an argon-ion laser. Laser step heating
was done with a defocused beam by changing the output of the
laser from 0.75 W to 7 W. Total fusion was done in the last step by
changing the focusing lens of the 7.0 W laser beam. Gas was
expanded into a stainless steel clean-up line purified with two 101/
s SAES gathers. Argon was analyzed isotopically using a 216 MAP
mass spectrometer. Data were corrected for machine background
determined by measuring system blanks, and mass discrimination
by analyzing atmospheric argon.

10.1. 40Ar/39Ar biotite and muscovite results

Interpreting 40Ar/39Ar dates from deformed and meta-
morphosed terranes is difficult. Among samples from the same
terrane, variations in thermal history, deformation history,
lithology, and exposure to excess argon may account for variations
in 40Ar/39Ar dates (Markley et al., 2002).

40Ar/39Ar step-heating experiments of single 2 mm biotite grain
of the biotite gneiss (Ks11-S1) yielded an age spectrum in which all
8 steps (99.8% of total 39Ar released) define a plateau with weighted
mean age of 119.95� 0.88 Ma. Grouping the medium-grained
biotite from the biotite gneiss (KS5-S7) yielded a plateau including
9 steps (71.4% of the total 39Ar released) that gives a weighted mean
age of 112.58� 0.66 Ma (Fig. 10A). Medium-grained muscovite
from muscovite and biotite schist sample KS8-S8 yielded a flat age
spectrum including 7 of 9 steps (74.8% of total 39Ar released) with
a well-defined plateau yielding a weighted mean age of
83.09� 0.38 Ma.

Two biotite spectra exhibit characteristics common to many
biotite 40Ar/39Ar step-heating spectra worldwide. The relationship
between the 40Ar/39Ar date and grain size may constrain inter-
pretations of the dates (Turner, 1968; Lovera et al., 1989).

(1) Variations in thermal history, deformation history, lithology
(Markley et al., 2002).

(2) Incorporation of excess argon through intragrain diffusion
(Harrison and McDougall, 1981; Pickles et al., 1997) or trapped
within fluid inclusions and/or mineral phases (Kelley, 2002), or
coexisting biotite populations (York and Lopez Martinez,
1986).

(3) Recoil-induced 39Ark redistribution and differential release
from interlayered chlorite (Lo and Onstott, 1989) and/or other
fine-grained minerals (Dong et al., 1997) during step-heating,
and deformation-induced dislocations or sub-grain networks
that alter argon diffusivity, retentivity and/or susceptibility to
dehydroxylation reactions (Kramar et al., 2001; Foster and
Lister, 2004).
10.2. 40Ar/39Ar amphibole results

Two groups of coarse-grained amphiboles from the Seh-
Ghalatoun amphibolite samples (KS2-AM10 and KS4-AM12)
measured using the step-heating method give plateau ages of
89.09�1.34 Ma and 90.18� 0.88 Ma (all errors� 1s). The combi-
nation of 14 steps of the sample isochron ages (62.8% of the total 39Ar
released) gives a weighted mean age of 91.23� 0.89 Ma (Fig. 10B).

Two coarse-grained amphiboles with a mean age of 91.23�
0.89 Ma display fairly similar age spectra. These small variations in
age could be due to: (1) very minor, optically undetectable miner-
alogical contaminants in amphibole concentrates; (2) petrograph-
ically unresolvable exsolution or compositional zonation within
constituent amphibole grains, (3) minor chlorite replacement
of hornblende, and/or (4) intracrystalline inclusions (Wilson
et al., 2000).

Previous K–Ar age spectra obtained from biotite and hornblende
of the biotite schist and garnet amphibolite in this area yielded
w87� 7 Ma and 96�1.3 Ma (Haynes and Reynolds, 1980). Lan-
phere and Pamic (1983) also measured 40Ar/39Ar amphibole from
the diabase, and obtained ages of 85.9� 3.8 Ma and 83.6� 8.4 Ma.
The weighted mean age of hornblende from five hornblende
samples from the Neyriz ophiolite is 87.5�7.2 Ma (Lanphere and
Pamic, 1983).

11. Discussion

11.1. Characteristics of the Zagros accretionary prism

The fabrics of the Hassan Abad upper sedimentary mélange and
Seh-Ghalatoun lower metamorphic mélange along the Neyriz
ophiolite show characteristics of a classical accretionary prism,
including type-I mélange with S-, C-, and Ć-type shear-band
cleavages; type-II mélange with stretching lineations defined by
ribbons, stripes, rods or flattened lenses of greywacke or limestone;
and type-III mélange with rectangular, fish-head, or barrel-shaped
boudins set in a shale or mudstone matrix. The type-II and type-III
mélanges were formed by sub-horizontal layer–parallel extension,
which has been explained by two models: (1) gravity-driven
slumping or sliding of surfacial slope sediments covering the prism
(e.g. Cowan, 1985), or (2) layer-parallel shear during vertical loading
of sediments in and below the decollement (Fisher and Byrne,1987;
Brown and Behrmann, 1990; Kusky and Bradley, 1999). A number of
studies have shown that components of horizontal stretching are
associated with lateral extrusion of the deformation zone (Harland,
1971; Jones et al., 1997). Shear zones accommodating the lateral
escape of large lithospheric fragments may undergo a component of
lateral extrusion (Teyssier and Tikoff,1999). Significant components
of simple shear relative to pure shear may be involved in the
inclined lateral exhumation of high-grade metamorphic rocks.
Passchier (1998) proposed ‘‘non-simple-shear zones’’ or ‘‘general
shearing’’ (Simpson and De Paor, 1993) or transpression (Sanderson
and Marchini, 1984) for fabrics resulting from simultaneous simple
and pure shear. Modeling of finite strain accumulation shows that
combinations of simple and pure shear are associated with strike
slip and oblique convergent systems (Tikoff and Teyssier, 1994).
Exhumation of high-grade metamorphic rocks (such as eclogite,
blueschist, garnet amphibolite and kyanite schist) produced the
wedge-shaped Sanandaj-Sirjan HP–LT metamorphic belt (Sarkar-
inejad, 2007). Simultaneous strike slip and dip slip may occur
especially in orogenic belts which have wedge-shaped geometries
and non-planar zone boundaries (Jones et al., 2004).

11.2. Inclined lateral flow and stretching lineation

The presence in the lower metamorphic mélange unit of
amphibolite and garnet amphibolite, which contain boudins of
eclogite and slices of blueschist, provides kinematic indicators
suggesting simultaneous strike slip and dip slip and shear zones
which allow inclined lateral exhumation of high-pressure rocks to
the top of the subduction zone. In the amphibolites, the dominant
sub-horizontal mineral stretching lineation L1 (25�, N 3� W) and the
moderate foliation (N 54� W, 58� NE) confirm the inclined lateral
exhumation of the high-pressure metamorphic rocks.

11.3. Rotation of blocks within the prism

The estimated mean kinematic vorticity number (Wk) based on
several indicators is 0.84. According to Fossen and Tikoff (1993),
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Fig. 10. Laser step-heating 40Ar/39Ar spectrum for coarse single grained biotite (KS11-S1), medium-grained biotite and muscovite samples (KS5-S7) of the Seh-Ghalatoun biotite
gneiss. (B) Laser step-heating spectrum for amphibole (KS2-AM10 and KS4-AM12) and combination of KS2-AM10 and KS4-AM12 isochron ages of 14 steps.
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there is a relationship between Wk and the angle q between the
maximum horizontal axis of the instantaneous strain ellipsoid (s1)
and the deformation zone boundaries. Using Wk values, the esti-
mated q angle for the Zagros accretionary prism is 37�, character-
istic of wrench-dominated transpression. Wrench-dominated
transpression is indicated when 1>Wk> 0.81 and 35� < q< 45�

(Fossen and Tikoff, 1993). In such cases s1 and s3 (maximum and
minimum axes of the instantaneous strain ellipsoid) lie in a hori-
zontal plane, and strike slip and thrust faults both continue to be
active during deformation and accommodate transcurrent and
contractional components of deformation (Tikoff and Teyssier,
1994). Applying the relationship between q and a, the estimated
value for a in the Zagros accretionary prism based on the kinematic
vorticity number is 18.5�. This is the mean angle of plate conver-
gence in the tectonic wedge, and varies from 23� in the upper
tectonic sedimentary mélange unit to 11� in the lower high-pres-
sure metamorphic mélange unit. Possible reasons for different
kinematic vorticity numbers and variations of the a angle include
different rates of rotation and clockwise and counterclockwise
rotations of rigid blocks on top of the NE-dipping Neo-Tethyan
subducting plate.

The block rotations in the upper sedimentary mélange unit are
clockwise. However the quartz c-axis patterns and meso-scale
sheared or rotated boudins indicate counterclockwise rotation.

The opening angle of quartz c-axis fabrics has been used to
determine the active slip system and indirectly the temperature of
deformation, with an estimated accuracy of �50 �C (Kruhl, 1998;
Law et al., 2004). The inferred deformation temperature varies from
485� � 30 �C to 512� � 50 �C. The upper part of the wedge has
a lower temperature of deformation (geothermal gradient, strain
rate) and the ductile lower crust and mantle at depth have a higher
temperature.

11.4. Simple-shear and pure-shear components of deformation

The estimated mean kinematic vorticity number determined by
different methods yields Wm values of 0.84� 0.05. In natural
systems, the vorticity of flow may vary with both position and time
(Fossen and Tikoff, 1998; Jiang, 1998). In such cases of non-steady-
state deformation, flow is more appropriately characterized by the
mean kinematic vorticity number Wm, in which the vorticity of flow
is integrated over space and time (Passchier, 1988). Wk (instanta-
neous deformation) is equal to Wm (finite deformation) for steady-
state deformation (Law et al., 2004). The mean estimated finite
deformation (Wm) value indicates 39.5% pure shear and 60.5%
simple shear (Fig. 11; corresponding to Wk¼Wm¼ 0.84).

11.5. 40Ar/39Ar interpretation

40Ar/39Ar step-heating measurements on the biotite and
muscovite from the biotite gneiss of the Seh-Ghalatoun lower
metamorphic mélange are consistent with the overprinting rela-
tionship determined from field observations. The first generation of
foliation (S1) has a NW–SE orientation with a moderate NE dip.



Fig. 11. Diagram showing the non-linear relationship between kinematic vorticity
numbers of pure and simple shear for instantaneous 2D flow. Wk is defined as a non-
linear ratio of the pure-shear (Wk¼ 0) and simple-shear (Wk¼ 1) components of
deformation, assuming a steady-state deformation (Means, 1994).

K. Sarkarinejad et al. / Journal of Structural Geology 31 (2009) 691–706704
The first generation of biotite yields plateau ages of 119.95�
0.88 Ma and 112.58� 0.66 Ma. These late Aptian ages are related to
early thrusting and formation of high-pressure metamorphic rocks
at the peak of metamorphism prior to formation of the Neyriz
ophiolite. The ages we determined are consistent with other age-
constraint data from the Oman ophiolite. The Neyriz and Oman
ophiolites were originally parts of the Neo-Tethyan oceanic litho-
sphere and were separated during the late Cretaceous by collision
of the Iranian microcontinent with the Afro-Arabian continent
(Sarkarinejad, 2005). 40Ar/39Ar apparent ages of the exhumation-
related fabrics of glaucophone-bearing eclogites of the Oman
continental margin as distinct metamorphic/cooling intervals of
140–135,120–98 and 92–80 Ma (Gray et al., 2004a) and 110� 9 and
109�13 Ma ages interpreted the timing of prograde, peak of high-
pressure metamorphism in the rocks that are structurally beneath
the Samail ophiolite (Gray et al., 2004b).

40Ar/39Ar incremental-heating of amphibole from the Seh-
Ghalatoun amphibolite gives isochron ages of 89.09�1.34 Ma and
90.18� 1.88 Ma or a weighted mean age of 91.23� 0.89 Ma. This
Turonian–Cenomanian age indicates subduction and obduction of
the Neyriz ophiolite and later lateral extrusion and exhumation of
the high-pressure metamorphic rocks such as eclogite and blues-
chist along the Zagros accretionary prism. Reconstruction of
ophiolite emplacements in Turkey and Oman along the Alpine–
Himalayan orogenic belt confirms synchronous ophiolite
emplacement. 40Ar/39Ar step-heating measurements on amphibole
from the Mersin ophiolite (southern Turkey) give a weighted mean
age of 92.6� 0.2 (Parlak and Delaloye, 1999). Other 40Ar/39Ar
hornblende ages indicate that amphibolite facies deformation and
metamorphism of the sole thrust were completed by 93.7� 0.8 Ma
(Hacker, 1994).

12. Summary and conclusions

(1) The presence of an upper sedimentary mélange and a lower
metamorphic mélange, exposing HP–LT metamorphic rocks
along the Neyriz ophiolite, provides evidence of an ancient
accretionary prism. Type-I mélange displays S-, C- and C0-type
shear-band cleavages; type-II mélange contains a stretching
lineation defined by ribbons, stripes or rods or flattened lenses
of greywacke or limestone; type-III mélange includes rectan-
gular, fish-head or barrel-shaped boudins set in a matrix of shale
or mudstone. The lower metamorphic mélange displays eye-
and sigmoidal-shaped and winged s-type and d-type porphyr-
oclasts, indicating non-planar rotation during transpression.

(2) The dominant HP–LT metamorphic rocks such as amphibolite
and garnet amphibolite, which contain continuous to discon-
tinuous rotated shear-band boudins of eclogite and slices of
blueschist in the lower metamorphic mélange unit, provide
kinematic indicators suggesting simultaneous strike slip and
dip slip, and shear zones allowing inclined lateral exhumation
of the high-pressure rocks of oceanic and continental crustal
origin to the top of the subduction zone along the marginal
boundaries of the inclined transpression zone.

(3) The estimated mean kinematic vorticity number (Wm) based
on quartz c-axis patterns and rotating porphyroclasts in
a flowing matrix is 0.84. There is a relationship between Wk

and the angle q between the maximum horizontal axis of the
instantaneous strain ellipsoid (s1) and the deformation zone
boundary. Using Wk values, the estimated q angle for the Zagros
accretionary prism is 37�, which is characteristic of wrench-
dominated transpression.

(4) The mean estimated finite deformation (Wm) value indicates
39.5% pure shear (corresponding to Wk¼Wm¼ 0.84) and 60.5%
simple shear. Deformation thus involved simultaneous strike
slip and dip slip, and exhumation of the HP–LT rocks along an
inclined convergent boundary. 40Ar/39Ar step heating of
amphibole from the amphibolite gives isochoron ages of
89.09�1.34 Ma and 90.18� 1.88 Ma, or a weighted mean age
of 91.23� 0.89 Ma. This Turonian–Cenomanian age indicates
convergence of the Afro-Arabian continent with the Iranian
microcontinent and closure of the Tethyan Ocean, leading to
obduction of the Neyriz ophiolite and later lateral extrusion
and exhumation of the high-pressure metamorphic rocks of
the Sanandaj-Sirjan HP–LT metamorphic belt parallel with the
NW–SE trending Zagros thrust system.
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