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The Sirjan mylonite nappe is part of the HP-LT Sanandaj—Sirjan Metamorphic Belt (Zagros Orogenic Belt, Iran). This
nappe was emplaced in a transpressional regime during oblique convergence between the Afro—Arabian Continent and
Central Iranian Microcontinent. In order to investigate the type of flow, fabrics from deformed quartz and K-feldspar
porphyroclasts were analyzed. Quantitative finite strain (R,, = 1.9-3.8) and mean kinematic vorticity number (W _ =
0.60-0.85) analyses revealed that both the strain ratio and the simple shear component of deformation increase to-

wards SE along a 2 km long NW—SE-oriented transect. Analysis of quartz and K-feldspar textures suggests shearing at
C. 400-650°C. We also conclude that deformation in the Sirjan mylonite nappe began with nearly pure shear flow but
became a more simple-shear flow in character as strain accelerated.
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1. Introduction

Thrust-related ductile zones of high strain are regions
with non-coaxial strain histories localized in planar or
curviplanar collision zones (Regenauer-Lieb and Yuen
2003; Vauchez and Tommasi 2003; Williams and Jiang
2005; Xypolias and Kokkalas 2006; Mukherjee 2012;
Mukherjee and Biswas 2014). Such high-strain shear
zones are encountered commonly in crystalline basement
rocks (Ramsay 1980; Passchier et al. 1993) and are useful
for geometric and kinematic analyses. These zones, at
all scales from sub-microscopic shear bands to zones of
intense deformation tens of kilometers wide, occur in the
different tectonic settings (White et al. 1980; Passchier
et al. 1993; Burg 1999; Carreras 2001; Xypolias et al.
2007). The high-strain zones accommodate significant
part of the total deformation in the middle and lower crust
and subcrustal lithosphere. The mineral assemblages and
geometries of structures within mylonites are good indi-
cators for evaluation of kinematics of these high-strain
zones. Some mineral grains such as K-feldspar, quartz,
garnet and amphibole in a relatively weaker matrix have
received much attention for their kinematic significance.
They allow determination of sense of shear or kinematic
vorticity number, distinguishing different deformation
events, as well as finite strain and deformation tem-
perature (Passchier and Trouw 2005; lacopini et al. 2008;
Hamimi et al. 2014; Mukherjee 2011, 2013, 2014, 2015;
Samani 2013; Faghih and Soleimani 2015).

Kinematic and strain components of movement and
emplacement in a thrust sheet or nappe are controlled

by various mechanisms such as gravitational gliding
(requires sliding of the thrust sheet over a generally
down-dipping basal slope) or gravitational spreading
(horizontal spreading and vertical shortening of a pile
of nappes under their own weight) (Jeffreys 1929; Wun-
derlich 1953; Bucher 1956; van Bemmelen 1960; Kehle
1970; Price and Mountjoy 1970; Price 1973; Ramberg
1980; Rey 2001; Prokesova et al. 2012).

This study focuses mainly on the description and
analyses of quartz and K-feldspar porphyroclasts along a
c. 2 km long NE-SW transect across the Sirjan mylonite
nappe, Iran. These data provide new kinematic constraints
on the shear zone development associated with exhuma-
tion of medium- to high-grade metamorphic rocks in the
HP-LT Sanadaj-Sirjan Metamorphic Belt. This belt is
characterized by ductile transpressional deformation (Mo-
hajjel and Fergusson 2000; Sarkarinejad and Azizi 2008;
Sarkarinejad et al. 2008, 2014), which accommodated de-
formation and displacement of metamorphic rocks during
oblique collision between the Afro—Arabian Continent and
the Central Iranian Microcontinent (Alavi 2004).

2. Tectonic framework

The Zagros Orogenic Belt extends for more than 2000
km from the East Anatolian Fault of eastern Turkey to
the Oman Line in southern Iran (Alavi 1994, 2004). This
curvilinear orogenic belt resulted from closure of the
Neo-Tethys Ocean and subsequent Late Cretaceous conti-
nental collision between the Afro—Arabian Continent and
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Fig. 1 Schematic map showing main tectonic features of Iran. The study area (black box in inset) is located within the Sanandaj—Sirjan Metamorphic
Belt, between the Zagros Fold and Thrust Fault and Urumieh-Dokhtar Magmatic Belt. Detailed structural and geological map of the study area.
Locations of samples used for petrofabric measurements and vorticity analyses are shown in cross-section A-B.

Central Iranian Microcontinent (Stocklin 1968; Berberian
and King 1981; Alavi 1994; Blanc et al. 2003; McQuarrie
et al. 2003; Sarkarinejad et al. 2008; Sheikholeslami et al.
2008; Agard et al. 2011; Faghih and Sarkarinejad 2011;
Mouthereau 2011). From NE to SW, the Zagros region
can be divided into three principal tectonic units (Alavi
1994) (Fig. 1): (1) The Urumieh—Dokhtar Magmatic Belt
(2) The Sanandaj-Sirjan HP/LT-HT/LT Metamorphic
Belt, and (3) The Zagros Fold and Thrust Belt.

The Sanandaj-Sirjan Metamorphic Belt, 150-200 km
wide and over 1500 km long, extends from NW (Sanan-
daj) to SE (Sirjan) in southeastern Iran (Fig. 1). The belt
has been subdivided into southwesterly HP/LT and north-
easterly LP/HT domains (Sarkarinejad 1999). Structure
of this metamorphic belt is dominated by numerous fore-
thrusts transporting rocks towards SW in a piggyback
style (Alavi 1994; Mohajjel and Fergusson 2000).

The study area, located 25 km south of Sirjan city, is a
basement window (Sirjan Window) in the HP—LT domain
(Fig. 1). The Sirjan basement window consists of up to
several hundred meters thick package of gneissic rocks
with a NNE-trending foliation. These rocks structurally

overlay the Sirjan thrust sheet. The metamorphic grade
decreases from top to bottom as the Sirjan thrust sheet
separates gneissic rocks in the hanging wall from a com-
plex of lower grade metamorphic rocks in the footwall.
The thrust plane is sub-parallel to the mean foliation
in both hanging wall and footwall blocks. Strike of the
thrust plane varies from about 170 to 190° with an aver-
age dip of about 20° to the WNW (Fig. 1). The footwall
block comprises deformed greenschists, calc-silicate
schists, slates, phyllites, graphite schists and quartzites.
These metamorphosed rocks display two generations of
subhorizontal stretching lineations defined by long axes
of sheared quartz ribbons and amphibole aggregates: L,
lineation plunges to the ~S to ~SSW and L, lineation
plunges to the ~WSW (Fig. 1). Footwall rocks also show
pervasive S/C fabrics and asymmetric boudins that reveal
top-to-the SW sense of shear (Fig. 2a-b).

The gneisses are variably mylonitized from protomy-
lonitic augen gneiss through mylonitic orthogneiss to ultra-
mylonite. The main mineral assemblage of these rocks is
quartz + K-feldspar + plagioclase + biotite + muscovite +
amphibole and indicates greenschist- to amphibolites-facies
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Fig. 2 Photographs of Sirjan mylonite samples illustrating meso- and micro-scale deformation structures. a — An augen gneiss/sheared mylonite
with rotated K-feldspar porphyroclasts and S/C-type shear bands. Some porphyroclasts in this photo show reverse shear sense. Likewise, Mukherjee
and Koyi (2010) found reverse ductile shear senses from thin sections of their Himalayan samples. b — Asymmetric train of shear-band boudins
(Goscombe et al. 2004) of quartz veins oriented sub-parallel to mylonitic foliation in the Sirjan shear zone. ¢ — Photomicrograph of o-type alkali-
feldspar porphyroclast. d — Photomicrograph of 8-type quartz porphyroclast with muscovite wings. All photos are perpendicular to foliation and

parallel to stretching lineation and show top-to-the-SW sense of shear.

conditions during mylonitization. Penetrative foliation is
defined by alignment of mica grains and stretched quartz
and K-feldspar grains. The orientation of the main foliation
varies from 198°, 25°NW to 165, 30°SW. This foliation is
overprinted by an asymmetrical crenulation cleavage, com-
monly oriented at ¢. 30° to the main foliation. The o-type
and o-type K-feldspar porphyroclasts in a fine-grained
matrix indicate top-to-the-SW sense of shear (Fig. 2c—d).

3. Finite strain analysis

Finite strain ratios (R, ,, R, and R ) were estimated us-
ing the R,/® method (Dunnet 1969; Ramsay and Huber
1983; Lisle 1985) from rotated K-feldspar porphyroclasts
in oriented thin sections (Klepeis et al. 1999; Poli and
Oliver 2001; Xypolias et al. 2010; Kassem 2014). The
sections were cut parallel to the foliation (XY plane of
strain), normal to the foliation and parallel to the linea-
tion (XZ plane of strain) and normal to the foliation and
lineation (YZ plane of strain). In each section, aspect

ratios (a/b) were determined from the longest (a) and
shortest (b) axes of the porphyroclasts. The angle ® was
measured between the long axes of porphyroclasts and
the inferred principal extension direction as a reference
line for each thin section (Fig. 2a). It seems that the prin-
cipal extension direction is subparallel to the C-plane in
S—C mylonites. At least 50 rotated porphyroclasts of
and 6 types were measured in each thin section. By using
the Rf/® software (Chew 2003), the R/® diagrams were
constructed (Fig. 3) and compared to the standard ‘onion
curves’ in which the 0-distribution test (¥?) was used to
find the best-fitting R_ curve (Lisle 1985). In addition,
the symmetry was used as a test of the initial random
orientation. The data are presented in Tab. 1.

Assuming a constant-volume deformation, the 3D
strain was determined by combining 2D data from the in-
ferred R, and R, principal planes of the strain ellipsoid
(Ramsay and Huber 1983). The dominant crystal-plastic
deformation indicated by the subgrain-rotation—recrys-
tallization microstructure (Hirth and Tullis 1992) and
no microstructural evidence for solution transfer both
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Fig. 3 Estimation of R_ finite strain parameters by the R,/® method for the representative samples of Sf3.

indicate approximate constant-volume deformation (e.g.
Sullivan 2008). Principal axes of the strain ellipsoid (X
>Y > Z), strain ellipsoid shape (k) and Nadai octahedral
shear strain (¢,) have been estimated using the Strain and
Shear Calculator 3.2 program (Holcombe 2015).

In the Sirjan mylonite nappe (Fig. 4a), the finite strain
data plot in both the apparent flattening and constrictional
fields but they generally lie close to the plane-strain line
(average k = 1.05). Moreover, samples from the gneissic
rocks show strain magnitude expressed by the Nadai octa-
hedral shear strain (¢ ) ranging from 0.70 to 1.67 (Tab. 2).

4. Finite strain profiles
The results of strain analysis are plotted in Fig. 4b. The

graph illustrates the variation in R (strain ratio in XZ-
plane) values versus distance above the thrust plane. The

Tab. 1 Finite strain data (R,) using the R /¢ method with index of symmetry test (I

strain magnitude increases nonlinearly (possibly nega-
tively exponentially) towards the lower structural levels
of the gneissic rocks. In detail, the R  values decrease
from 3.8 near the basal thrust to ~1.9 at a projected verti-
cal distance of 497 m above it.

5. Vorticity analysis

The kinematic vorticity number (W,) is defined as the ratio
of pure and simple shear deformation, ranging from zero
to one for pure and simple shearing, respectively (Means
1994). The terms sub-simple shear or general shear are
used for intermediate cases between these end-member
deformation regimes (Passchier and Trouw 2005). The
spatial and temporal variations of vorticity in rocks can be
estimated by using a time-averaged (assuming steady-state
deformation history), mean kinematic vorticity number

<y and B-distribution test (c?).

XY XZ YZ

Sample R, L' c?* R, Ly c? R, Lo c?

Sfl 3.40 0.98 03.00 3.80 0.91 8.34 3.15 0.93 3.50
Sf2 2.90 0.90 13.00 3.45 0.82 241 3.00 0.87 451
Sf3 2.80 0.80 11.17 3.70 0.82 1.99 2.50 0.86 6.80
Sf4 2.40 0.96 6.14 3.15 0.90 8.43 2.00 0.98 4.80
Sf5 2.30 0.97 11.30 2.90 0.80 14.00 2.10 0.81 5.16
Sf6 1.30 0.87 13.90 2.40 0.96 9.60 1.45 0.83 5.38
Sf7 1.65 0.89 4.41 2.00 0.97 10.83 1.75 0.86 3.77
Sf8 1.80 0.98 2.83 1.90 0.98 4.92 1.70 0.95 8.52

" High value of I, suggests that the data are symmetrical

SYM

*Low value of c? indicates that the initial distribution of marker orientation (0) is random (Lisle 1985)
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Fig. 4a Flinn diagrams from the Sirjan mylonite nappe. Octahedral shear strain, &, contours for finite strain data are also shown. b — Graph illustrat-
ing the variation in R  (strain ratio in XZ section) values versus distance above the Sirjan Thrust.

(W,). Determination of W _ requires that deformation was
mainly by plane strain. Numerous techniques and fabric
types for quantitative analysis of vorticity in naturally
deformed rocks have been proposed (Passchier and Trouw
2005). Among these, several studies (e.g. Ghosh and Ram-
berg 1976; Passchier 1987; Simpson and De Paor 1993;
Masuda et al. 1995; Marques and Coelho 2003; Marques et
al. 2007; Kurz and Northrup 2008; Sarkarinejad and Azizi
2008; Langille et al. 2010; Thigpen et al. 2010) argued that
vorticity of flow can affect the rotation of rigid porphyro-
clasts embedded in a deforming ductile matrix. In order to
constrain the distribution of coaxial and non-coaxial shear
components of deformation, two analytical approaches
were applied here: the rigid-grain and the quartz grain
shape foliation methods.

5.1. Rigid-grain method

The rigid-grain method (Passchier 1987; Wallis et al. 1993;
Jessup et al. 2007) was applied to hand specimens and thin

sections cut perpendicular to the foliation and parallel to
the lineation (XZ-plane). The porphyroclast aspect ratio
method (Passchier 1987) uses a population of asymmet-
ric tailed porphyroclasts with varying aspect ratios (R =
long axis/short axis). This method records graphically the
rotational behavior of porphyroclasts in the XZ plane by
plotting a sectional clast shape factor B (= (R2— 1)/((R>+ 1)
against the angle ¢ between the long axis of clast and the
flow plane (Passchier 1987). For high-strain mylonite, the
straight tails of porphyroclasts are considered to be parallel
to the flow plane (= C-plane/main foliation/mylonitic folia-
tion). In most published studies the trace of mesoscopic
foliation has been taken as the reference line.

Jessup et al. (2007) proposed a new graphical technique,
the Rigid Grain Net (RGN), which unifies the rigid grain
vorticity methods. The vertical parts of the positive and
negative semihyperbolae of the RGN are used to deter-
mine the critical shape value (B_*), which separates grains
that reached a stable orientation from those that rotated
freely. The W _value can be determined directly from B *

Tab. 2 Strain, microstructural and vorticity data for samples from the Sirjan mylonite nappe

Strain Parameter

Vorticity Analysis (W)

Sample R, R, R, X:Y:Z k e Pdeg)  5(de®)  Method1  Method 2
Sf1 3.40 38 315 331:097:0.31 112 167 - ~ 072-080 -
sf2 2.90 3.45 300 293:110:0.34 095 153 12-16 20 058-0.60 089-0.95
sf3 2.80 3.70 250  2.70:096:0.39  1.20 137 11-16 13 0.65-0.75 0.74-0.84
Sf4 2.40 3.15 200  226:094:047 140 111 - - 058067 -
st 2.30 2.90 210 2.23:097:0.46 118 112 13-17 9 060-065 070-0.78
St 130 2.40 145 135104072  0.67 0.45 - - o047-054 -
sf7 165 2.00 175  168:1.02:058  0.87 0.75 - - 042-058 -
Sfs 1.80 1.90 170 1.77:0.98:058 107 0.70 - - 043049 -
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Fig. 6a — Optically measured quartz c-axis fabrics of the three selected quartz-rich samples. Equal area, lower hemisphere stereographic projections;
foliation is orientated left-right and vertical; lineation is horizontal; Contour intervals: 2, 4, 6 and 8 times uniform distribution. n = number of
grains measured in each sample. b — Geometric relationships used in method Il vorticity analyses: Schematic diagram demonstrating the relation-
ship between the main foliation (S,), the quartz grain shape foliation (S), the flow plane, and the quartz [c] axis LPO (Wallis et al. 1993; Law et
al. 2004). &: angle between the main foliation (S,) and the oblique grain-shape foliation (S;); B: angle between the central girdle of quartz c-axis
fabrics and the main foliation. See text for details. ¢ — Frequency diagrams used for vorticity (W, ) estimates by the quartz grain shape foliation

method. n = number of analyses.

because B.* and W,_ are equal (Jessup et al. 2007). The
RGN technique was applied to nine of samples containing
a sufficient number of K-feldspar porphyroclasts (Fig. 5)
which yielded W _ values ranging from 0.43 to 0.80.

5.2. Quartz grain shape foliation method

This approach was proposed by Wallis (1995) and is
based on the theoretical relationship between vorticity

&
Fig. 5 Rigid porphyroclast analysis of K-feldspar porphyroclasts from
samples of the A-B transect (Fig. 1) to determine W, . Rigid Grain Net
(RGN) plots of clast shape factor B* (refer to text) against the angle
between clast long axis and macroscopic foliation. The R numbers
show the cut-off points in each sample and estimate the range of critical
B-value (B_*). Kinematic vorticity number can be determined directly
from B_* because B * and W, are equal (Jessup et al. 2007).

and the orientation of lines of zero instantaneous rota-
tion (the flow apophyses) and instantaneous stretching
axes (ISA). In other words, the orientation of elongated
dynamically recrystallized quartz grains relative to the
flow plane in a given sample can be used to estimate the
kinematic vorticity number W, (Passchier 1988; Wallis
1995). The orientation of the flow plane is determined
by drawing a line perpendicular to the central segment
of the cross-girdle c-axis fabric on the XZ fabric diagram
(Fig. 6a). The angle between foliation and the inferred
flow plane is denoted as B. The orientation of the ISA
is obtained by measuring the orientation of elongate
dynamically recrystallized quartz grains in XZ thin sec-
tion. Then, from the population of measured grains, the
maximum angle of obliquity (5_ ) between the foliation
and the long axes of these grains can be determined.
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Measuring the angles B and 3, we can estimate W, as W,
= sin 2(B + &) (Wallis 1995; Fig. 6b).

In the Sirjan Mylonite Nappe, quartz grain shape fo-
liation method has proved to be applicable to deformed
rocks which are characterized by alignment (S;) of dy-
namically recrystallized elongate grains oblique to the
main foliation (S,) and by a well-developed central girdle
segment of the cross-girdle c-axis fabric. In order to ac-
curately define the ISA, & was measured on c. 130 quartz
grains per sample (Fig. 6¢). The best estimates of the 6
values are listed in Tab. 2 for each of the three samples.
The range of calculated W _ values reflects the degree of
uncertainty in determining the B values from the quartz
c-axis diagrams (Tab. 2). The obtained W _ values vary
from 0.70 to 0.95.

6. Deformation temperature

Feldspar and quartz are abundant minerals in the gneissic
rocks, so deformation microstructures of these minerals
play a critical role in estimating the deformation tem-
perature (T) (Fitz Gerald and Stiinitz 1993; Lloyd and
Freeman 1994; Altenberger and Wilhelm 2000; Hirth
et al. 2001; Stipp et al. 20023, b; Law et al. 2004; Law
2014). In naturally-deformed rocks, brittle fracturing of
K-feldspar starts at T ~ 400°C (Passchier and Trouw
2005). Bulging recrystallization grain boundaries (BLG)
of K-feldspar are common at T ~ 400-600 °C (Borges and
White 1980; Gapais 1989; Gates and Glover 1989; Tullis
and Yund 1992; Simpson 1998; Shigematsu 1999; Tullis
2002). Dislocation climb and recovery in K-feldspar be-
gin at T > 450 °C, and subgrain rotation recrystallization
(SGR) becomes important at T ~ 500550 °C (Simpson
1985; Gapais 1989; Fitz Gerald and Stiinitz 1993; Pryer
1993). Above 600 °C, K-feldspar grains deform by SGR
and BLG recrystallization that may involve the growth
of myrmekite (Vidal et al. 1980; Olsen and Kohlstedt
1985; Tullis and Yund 1985; Simpson and Wintsch 1989;
Pryer 1993; Kruse and Stiinitz 1999; Altenberger and
Wilhelm 2000).

In addition, ductile deformation of quartz is typically
defined either by the dislocation creep regimes (Hirth
and Tullis 1992) or by mechanisms operating during
recrystallization: bulging recrystallization, subgrain-
rotation recrystallization, and grain-boundary migration
recrystallization (GBM) (Stipp et al. 2002a). Stipp et
al. (2002a, b) correlated these three dynamic recrystal-
lization mechanisms to temperatures in nature: BLG is
dominant between ~280 and 400 °C, whereas SGR pre-
vails between 400 and 500 °C, and the transition to GBM
occurs at ~500 °C.

Microscopic observations demonstrate that K-feldspar
and quartz deformed by dynamic recrystallization in the

Sirjan nappe mylonites. Some K-feldspar porphyroclasts
show deformation in the form of patchy undulose extinc-
tion or deformation twinning. Especially larger grains
have been affected by synthetic and antithetic shear frac-
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Fig. 7a — Fractured K-feldspar porphyroclast in mylonite indicating
top-to-the-SW sense of shear. Grain-boundary migration recrystalliza-
tion of quartz textures in matrix overprinted by SGR recrystallization.
b — Weakly deformed K-feldspar porphyroclast wrapped by a discrete
mantle of fine-grained quartz, feldspar and mica. Part of the K-feldspar
porphyroclast may show subgrain rotation recrystallisation and bulging
into the matrix. Ribbon quartz with grains indicating SGR recrystalliza-
tion. ¢ — Coexistence of GBM recrystallized quartz and BLG + SGR
recrystallized K-feldspar grains, indicating top-to-SW shear sense. Qtz,
quartz; Bt, biotite; Ms; muscovite, Kfs; K-feldspar.
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tures (Fig. 7a). Core and mantle structures show bulging
and dislocation climb in ~30 % of K-feldspar grains (Fig.
7b). Retrogressive alteration of K-feldspar to muscovite
and quartz is common and was probably associated with
the cooling of the Sirjan gneissic rocks. Quartz grains
have serrated boundaries and fine grain sizes indicative
of GBM recrystalization, while K-feldspar BLG and SGR
are widespread in thin-sections (Fig. 7c). In quartz-rich
samples, recrystallized grains show oblique grain-shape
preferred orientations (Fig. 6b) and confirm the overall
top-to-the-SW sense of shear.

7. Discussion

We analyzed petrofabric of K-feldspar and quartz-rich
samples from the hanging wall of the Sirjan Thrust in
order to deduce the flow history of the exhumed gneissic
rocks during metamorphic peak. Quantitative finite strain
analyses demonstrate that the strain ratio increases struc-
turally downwards the Sirjan Thrust. The structurally
higher part of Sirjan thrust sheet is characterized by high
strain magnitude associated with plane strain deforma-
tion. Deformation in the structurally deeper sections oc-
curred under approximately plane strain conditions and
was characterized by a lower strain magnitude (Fig. 4a).
Results of the vorticity analysis of each sample were
plotted against structural distance above the basal thrust
sheet to examine the spatial variation of W values within
deformation zones as well as
the consistency of the both

shear component close to the thrust sheet (e.g. Langille
et al. 2010; Xypolias et al. 2010). It should be noted that
if the central part of the quartz c-axis fabric girdle rotates
in the shear direction with progressive shearing, as was
the case in recent general shear experiments by Heilbron-
ner and Tullis (2006), then results of this method would
overestimate W,. The mean kinematic vorticity number
estimates from mylonites in the study area range from
0.46 to 0.76 (40-70% pure shear) using the rigid-grain
method (n = 8) and between 0.74 and 0.93 (20-30%
pure shear) using the oblique quartz grain shape folia-
tion method (n = 3). Vorticity constrained using quartz
shape fabrics shows a higher component of simple shear
than that estimated using rigid porphyroclasts. Assuming
that the quartz is more sensitive to late-stage changes in
deformation than the rigid porphyroclasts, W estimates
derived from the quartz fabrics can be interpreted as re-
cording the last increments of ductile deformation (Wallis
1995; Xypolias 2009).

The temporal variations of natural flow are, however,
difficult to demonstrate from kinematic indicators (Ji-
ang and White 1995; Fossen and Tikoff 1997; Xypolias
2001). Fossen and Tikoff (1997) showed the importance
of temporal variations of flow type during deformation
and suggested that deformation that undergoes minimum
strain path commences close to simple shear but rapidly
changes to a more pure shear dominated flow.

Moreover, earlier quantitative field studies from
the Main Central Thrust Zone of NW Himalaya (e.g.

Percent pure shear

methods (Fig. 8). Bars in Fig. 8 100 90 80 70 60 50 40 30200
reflect the degree of uncertainty | | | | | | | |10
in the input data. Our observa- L L
tions indicate that the deforma- I I I
tion of rocks in the Sirjan my- 5007 sf8 @ ——————— I|— — ————I|———
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by W, values (~0.78) that are ¢ 400 Sf6 - II_ __‘ ______ T__
highest close to the basal thrust 2 1 s o + 4 e
sheet and decrease structurally S 3004 Sf4 — + = +——
downwards, reaching a value of .2 I I I
~0.46 at a structural distance of  — 1 Sf —_ L e —

' < I I I
c. 500 m above the thrust sheet. 5 200 | | |
Given the vorticity profile, © 4 sf2 - L e =
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Fig. 8 Graph illustrating the variation 00 01 02 03 04 05 06 0.7 0.8 0.9 1.0

in W_ values versus structural distance
from the Sirjan thrust zone. Length of
bars reflects the uncertainty in the cal-
culated W, values. For further details,
see Tab. 2.
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Graseman et al. 1999), the Ochi nappe in the Alpine
orogenic belt of Greece (e.g. Xypolias et al. 2010), the
Mount Everest Massif of Tibet/Nepal (e.g. Jessup et al.
2006), Sutlej section in Higher Himalayan Shear Zone
(e.g. Mukherjee and Koyi 2010) and the Sanbagawa
Belt (SW Japan; Wallis 1992, 1995), have shown that in
natural shear zones the assumption of decelerating and
accelerating strain paths appeared to be valid, at least
as a qualitative approach. A decelerating strain path is
a special type of deformation path, where the kinematic
vorticity number decreases as deformation proceeds. On
the other hand, an increase in simple shearing during the
final increment of ductile deformation implies an accel-
erating flow path (Xypolias 2010).

Based on these ideas, we suggest that thrusting ex-
humation/extrusion (Beaumont et al. 2004) along the
Sirjan mylonite nappe may also have involved such a
non-steady-state deformation path. Comparison of these
strain data with the theoretical curves in Fig. 4a and
Tab. 2 confirms that the shear strains increase down to the
basal thrust sheet. Spatial variation of strain in combina-
tion with the spatial variation of the kinematic vorticity
number implies a heterogeneous pattern of deformation
in Sirjan mylonite nappe.

K-feldspar in the mylonites of the study area exhibits
widespread recrystalization with the BLG or a mixture
of BLG and SGR. These recrystalization types indicate
deformation temperature of 500-650 °C (Passchier and
Trouw 2005). In addition, within some samples, quartz
experienced SGR recrystallization and K-feldspar por-
phyroclasts deformed by brittle fracturing which indi-
cates deformation temperatures of 400-500 °C (Fig. 7a).
In such samples, quartz GBM recrystallization was
overprinted by SGR recrystallization. The rare quartz
BLG recrystallization suggests that temperatures were
probably in the transitional zone between BLG and
SGR. Mylonitization temperatures inferred from quartz
microstructure are similar to estimates from K-feldspar
recrystallization.

These petrofabric observations suggest that earlier
pure shear dominated flow was associated with quartz
GBM and K-feldspar SGR recrystallization (rigid-grain
method) at higher temperatures and was overprinted by
non-coaxial flow (quartz grain shape foliation method)
at lower temperatures (Langille et al. 2010). It seems
that the rigid-grain method (40-70% pure shear) records
an early part of the exhumation history when deforma-
tion was in transition from high-temperature distributed
shear located to mylonite (Fig. 8). This was followed by
quartz fabrics with W indicating 20-40% pure shear;
we interpret these values as recording a later part of the
deformation history when these rocks were exhumed
(Fig. 8). The data show a spatial and temporal variation
in deformation that progressed from dominantly pure

shear to dominantly simple shear deformation during
exhumation and cooling from 650 to 400 °C. Assuming a
linear, steady-state geothermal gradient of ~30 °C/km for
the orogenic crust, the Sirjam gneissic nappe may have
developed at depths of ~13-21 km. The exhumation of
the Sirjan mylonite nappe and the associated spatial and
temporal patterns of inferred flow kinematics and defor-
mation temperature are consistent with other high-grade
nappes described elsewhere (e.g. Jessupe et al. 2006; Law
2010; Xypolias et al. 2010; Law et al. 2013).

8. Conclusions

Detailed microstructural data and kinematic analyses
carried out on deformed gneisses of the Sirjan mylonite
nappe within Zagros Orogenic Belt suggest that they
record deformation under greenschist- to amphibolites-
facies conditions. 3D strain analyses using the K-feldspar
porphyroclast populations as strain markers indicate
that mylonitic samples lie close to the plane strain path
(k = 1) on the Flinn diagram. Finite strain ratios and shear
strain for the hanging wall are the highest (R = 3.8 and
&= 1.67) close the Sirjan Thrust plane. Quantitative ki-
nematic vorticity and microstructural analyses show that
deformation within the Sirjan mylonite nappe involved
general non-coaxial flow with contemporaneous contri-
butions of pure and simple shear. The relative contribu-
tions of simple shear presumably changed with time: the
earlier exhumation stage developed during a pure-shear-
dominated regime whereas the later exhumation stage
took place in simple-shear-dominated deformation (i.e. a
accelerating strain path). Spatial variation in the deforma-
tion path is demonstrated by changes from simple shear
to more pure shear components with increasing structural
distance from the basal thrust sheet.
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