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[1] Strain localization in near paleo-Moho metagabbros of the Kohistan Arc, northern
Pakistan, produced anastomosing shear zones. The two-dimensional (2-D) analysis of
strain gradients in planes parallel to the general flow direction reveals simple shear strain
>7 combined with about 50% surface loss. The pargasite-garnet assemblage of the
mylonite has a density 2.8% higher than the protolith, which is insufficient to account for
the measured surface loss. Furthermore, major and trace element compositions of the
gabbro and the mylonite indicate isochemical deformation. Average Vp and acoustic
impedance measured at room temperature and up to 300 MPa increase from gabbro
through the gradient zone to mylonite; they are consistent with density measurements.
The three-dimensional analysis of shape-preferred orientation and lattice-preferred
orientation of sheared and synkinematic minerals indicates that the 2-D surface loss
reflects sideways and lengthwise material transfer. Sideways and lengthwise material
transfers take place in widening and lengthening mylonites, respectively. The
anastomosing shear zone pattern impels this complexity of the regional flow. We conclude
that shear zones with a thinning component are likely representative of deep crustal
flow in other tectonic environments. INDEX TERMS: 8025 Structural Geology: Mesoscopic

fabrics; 8030 Structural Geology: Microstructures; 8099 Structural Geology: General or miscellaneous;
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1. Introduction

[2] Strain localization in high-grade rocks results in
ductile shear zones. These shear zones typically consist
of planar mylonite zones bounded by strain gradients that
display continuous transition to the relatively unstrained
protolith [e.g., Ramsay, 1980]. Across these gradients, finite
strain profiles are classically calculated from the reorienta-
tion of passive markers such as xenoliths [Ramsay and
Allison, 1979], dikes [e.g., Escher et al., 1975], or crystal-
line aggregates [e.g., Burg and Laurent, 1978; Dutruge et
al., 1995; Srivastava et al., 1995; Michibayashi et al.,
1999]. However, strain measurements show mylonites with
plane strain, constriction and apparent flattening fabrics,
and progressive transition from one type to another during
a single progressive shear event [e.g., Passchier, 1998;
Ring, 1999]. These spatial changes in strain geometry may
appear in shear zones with irregularly thick mylonites
bordered by deforming wall rocks [Passchier, 1998]. This
complex geometry is illustrated by arrays of shear zones
anastomosing around lenses of less deformed rock. The
symmetry of the resulting patterns reflects the bulk defor-

mation regime [Gapais et al., 1987], symmetric conjugate
shear zones reflect coaxial deformation, and asymmetric
shear zone patterns reflect the asymmetry of the regional
deformation (e.g., S/C surfaces [Berthé et al., 1979] and
Riedel systems [Riedel, 1929; Tchalenko, 1968]). The aim
of this study was to investigate the geometric features of
deformed gabbros at the near paleo-Moho crustal sequence
of the Kohistan paleo-island arc, withMeans’ [1995, p. 160]
premise that ‘‘. . .rocks themselves should be our best
guides to rock behaviour’’. We apply the structural tech-
niques of shear zone studies to elucidate the relative
contributions of pure shear, simple shear, and volume
changes in these lower crustal rocks. We place emphasis
on features suggesting strain partitioning and disturbances
of the ideal simple shear flow around relatively stiff lenses.
We finally point out the complex nature of variations in the
rock fabric.

2. Geological Settings

[3] The Kohistan paleo-island arc, in the western Hima-
layas, has been described by several authors [e.g., Tahirkheli
et al., 1979; Bard, 1983; Coward et al., 1986; Treloar et al.,
1996]. The plutonic calc-alkaline rocks that form the lowest
crustal levels are dominantly sheared gabbros, hornblende-
gabbros, and diorites [Treloar et al., 1990; Burg et al.,
1998]. In these rocks, a spectacular pattern of anastomosing
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Figure 1. (a) Location of the studied shear zones (geographical coordinates in Table 1). Geological map
from the work of Arbaret et al. [2000]. (b) Lower hemisphere equal-area projection of poles to planes and
stretching lineation of anastomosing shear zones with arrows pointing in the shear direction. Starkey
density contours are 2, 4, 6, 8, and 10%.
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shear zones developed during distributed, southwest vergent
noncoaxial deformation in the mantle-crust transition zone
of the time [Arbaret et al., 2000]. Typically, strain gradients
include progressively curved rock foliations, whose strain
ratio increases toward mylonites, which are fine-grained and
dark amphibolites with few feldspar porphyroclasts. The
study focused on shear zones in the so-called Sarangar
gabbro (Figure 1a). This gabbro comprises a coarse-grained,

Figure 2. Crossed-polarizer photomicrographs of [XZ ]
thin sections. (a) Protolith, partially recrystallized magmatic
assemblage with amphibole coronas around pyroxene and
oxides. (b) Low-strain domain, amphibole and plagioclase
crystallized at the expense of pyroxene. (c) High-strain
mylonite, granoblastic metamorphic assemblage with
euhedral garnet (Cpx, clinopyroxene; Grt, garnet; Hb,
hornblende; Ox, oxide; Pa, pargasite; Pl, plagioclase; Q,
quartz). Scale is the same for Figures 2a–2c.

Figure 3. [XZ ] field views of the studied shear zones.
White arrows denote sense of shear. ASZ 1, 15-cm-wide
strain gradient in footwall of a shallow-dipping shear zone. A
hornblendite vein and two felsic veins are deflected. Black
arrow denotes folded felsic vein in the mylonite. ASZ 3,
sharp strain gradients between two gabbro lenses. A late
quartz pocket (white irregular zone) occupies the central part
of the footwall lens. ASZ 4, progressively curved and
thinned (bottom right) mylonite. Small antithetic shear bands
(underlined with black lines) are strain accommodation
features imposed at the gabbro lens boundaries.
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garnet-free assemblage of hypidioblastic orthopyroxene,
clinopyroxene, plagioclase, amphibole, epidote, and acces-
sory quartz [Yoshino et al., 1998] (Figure 2a). From proto-
lith to mylonite, the magmatic assemblage evolves through
the progressive development of ferroan-pargasitic to tcher-

makitic amphibole rims around diopside (Figure 2b). In
mylonites, the stable metamorphic assemblage is composed
of fine-grained pargasitic to tchermakitic amphiboles,
epidote, plagioclase, quartz, and poikiloblastic garnet
[Zeilinger, 2002] (Figure 2c). Partial melting generated

Table 1. GPS Geographical Coordinates, Structural Data, Field Image Properties, and Analysis Procedure of the Studied

ASZ Shear Zones

ASZ

1 3 4 57

GPS
Longitude 73.01221�E 73.01862�E 73.02483�E 73.03110�E
Latitude 35.11730�N 35.12019�N 35.12050�N 35.11603�N

Protolith
Foliation (strike/dip), deg 165/83 SW 56/69 NW 75/72 S 72/84 S
Lineation (direction/plunge), deg 125/76 NW 37/9 SW 102/34 E 73/5 E

Shear zone
Foliation (strike/dip), deg 116/20 S 14/43 E 28/14 NW 105/18 S
Lineation (direction/plunge), deg 30/19 SW 8/6 S 38/8 SW 15/18 S
Sense of shear top to SW top to South top to SW top to South

Original image
Size, pixels 12921 � 9333 12750 � 3000 11500 � 2750 1450 � 942
Scale, pixels/cm 200 200 200 99
Orientation (strike/dip), deg 30/90 2/48 W 41/76 SE 15/90

Image analysis
Size of images, pixels 500 � 500 500 � 500 500 � 500 290 � 290
Step of grid, pixels 250 � 250 250 � 250 250 � 250 145 � 145
Number of images 130 230 221 109

Figure 4. ASZ 1 shear zone. Crosscutting relationships between deflected felsic veins and the bent
foliation of (a) the country gabbro and (b) the hornblendite. Note the reactional garnet (sketches)
bordering the veins and particularly developed near the contact between veins and hornblendite. [XZ ]
sections, locations as in Figure 3.
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quartz-plagioclase-garnet-bearing segregation veins point-
ing to temperatures exceeding 650�C under pressure
>0.8 GPa. The ductile strain localization initiated at a
magmatic stage dated at 98.9 ±0.4Ma (U/Pb age [Schaltegger
et al., 2002]) and propagated to form the anastomosing
pattern until at least 83 Myr ago, the minimum age of
retrograde amphibolite facies conditions [Treloar et al.,
1989].

[4] Bordering strain gradients of four shear zones have
been investigated (Figure 1a and Table 1). These shear zones
have been selected because they record different amounts of
finite strain, which are interpreted as successive develop-
ment stages. These differently oriented mylonites (Figure 3)
crop out in sections perpendicular to foliation and parallel
to the stretching direction, i.e., the [XZ ] plane of finite
strain [e.g., Ramsay, 1980], also called vorticity profile plane
[Robin and Cruden, 1994; Passchier, 1998]. Strain measure-
ments were carried out on this plane. The three-dimensional
(3-D) fabric analysis was performed on oriented samples cut
along [XZ ], [YZ ], and [XY ] planes of finite strain.

2.1. ASZ 1

[5] The flat-lying ASZ 1 shear zone includes a 0.9–1.2 m
wide mylonite zone bordered by 15-cm-wide strain gra-
dients (Figure 3). The wall gabbro shows a very weak
foliation inclined by about 70� to the shear zone orientation,
taken as the mylonite border. In the footwall, the gabbro-
welded fragments of a hornblendite vein indicates sub-
coeval emplacement of the hornblendite dike and the
gabbro. Three differently oriented, centimeter-thick felsic
veins bordered by euhedral garnets crosscut both the gabbro
and the hornblendite. Shear deformation has bent all veins
along with the primary gabbro foliation. The thickness of
the veins is drastically reduced in the mylonite (Figure 4).

2.2. ASZ 3

[6] The ASZ 3 profile straddles the upper, sharp bound-
ary of a nearly isotropic gabbro lens (Figure 3). The shear
zone splits into two branches isolating a decimeter-big lens
of weakly sheared gabbro. The near absence of strain
gradient may originate from the small angle between the
mylonite and the primary foliation preserved in the core of
the gabbro lens. The potential influence of the orientation of
the protolith shape fabric on development of strain gradients
will be quantified by comparing strain at the border of this
shear zone with gradients of ASZ 1 and ASZ 4.

2.3. ASZ 4

[7] The ASZ 4 shear zone illustrates one of the complex
geometries observed in the area. The shear zone progres-
sively curves and thins lengthwise from the steep (upper
right corner, Figure 3) to the flat (lower right corner, Figure 3)
boundaries of a 2-m-long lens of weakly deformed gabbro.
Increasing shear strain from the steep to the flat parts of the
mylonite is suggested by the boudinage and disintegration of
quartz-feldspar veins, which become isolated porphyroclasts
in the thinner mylonite zone. The gabbro lens displays
antithetic shear bands (Figure 3), which may reflect with-
in-lens deformation that accommodates strain imposed at
boundaries between interfering and relatively stiff lenses.

2.4. ASZ 57

[8] The ASZ 57 shear zone is a few centimeters thick and
about 20 cm long. It bends the trace of the gabbro foliation
and did not develop mylonite (Figure 5). This type of shear
zone has preserved the magmatic assemblage throughout
and exemplifies incipient, high-temperature strain localiza-
tion in the gabbro [Arbaret et al., 2000]. ASZ 57 documents
how shear zones die out in the protolith.

Figure 5. ASZ 57 shear zone. (top) [XZ ] field image
(location in Figure 3; image properties in Table 1). White
arrows point to a thin, late magmatic, felsic vein that
crosscuts the earlier ASZ 57 shear zone. Dashed white
square delimits the area used for R and %Pl mapping.
(middle) Strain ratio R map. Double arrows parallel the
local plagioclase shape fabric direction a at centers of each
analyzed image. Double white arrows are preserved
magmatic fabric. (bottom) A %Pl map. Black dots are
centers of analyzed images. Calculation using the INTER-
CEPT.EXE program [Launeau and Robin, 1996]. Angular
counting step is 9� in a circular window.
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[9] In shear zones ASZ 1, 3, and 4, the contact between
the protolith gabbro and the mylonite zone is defined by a
markedly smaller grain size associated with a shape fabric
parallel to the general orientation of the mylonite zone. This
contact, hereafter called mylonite border, is used as the
referential in fabric and strain analyses.

3. Two-Dimensional (2-D) Shape Fabrics

[10] The protolith gabbro comprises light color feldspar
and dark pyroxene/amphibole. Grains are approximately
equidimensional on any outcrop orientation and become
elliptical within [XZ ] planes of strain gradients. The fabric
was measured using the intercept method, which analyzes
boundaries of objects with unique characteristics as a popu-
lation of lines. The method involves a Fourier series decom-
position of the polar plot of intercepts and yields a rose of
directions, which quantifies the fabric symmetry, its direction
a (in this study, with respect to the orientation of the mylonite
border), and its intensity expressed by the strain ratio R
[Saltikov, 1958; Launeau et al., 1990; Launeau and
Robin, 1996]. Our results actually quantify the shape fabric
of feldspars, the weakest mineral phase in the gabbro. Images
were divided into 500 � 500 pixel images following a
diamond-shaped grid (arrows in Figures 5–8 are at image

centers). Fabric measurements and surface percentage (%Pl)
maps were obtained from a mosaic of the 500 � 500 pixel
images.
[11] The shape of individual grains depends on several

factors including local strain and deformation mechanisms.
The feldspar grain shape is not the finite strain ellipse
because weakest phases deform more than a theoretical
marker. However, differences in directions and shapes
obtained by the intercept method give a semiquantitative
indication of strain variations.

3.1. ASZ 1

[12] Plagioclase forms 33.2% ± 5.2 of the imaged wall
protolith (Figures 6 and 9c). This content increases to
%Pl = 48.2% ± 9 in patch-like zones, with a maximum
%Pl = 62% (Figure 6). The plagioclase percentage begins
to decrease at about 7 cm from the mylonite border along
which %Pl < 15%. Plagioclase-rich zones are common in
the gabbro whose feldspar-shape fabric has a consistent
direction a = 103� ± 7 and strain ratio R = 1.23 ± 0.04,
independent of the local variation in plagioclase content
(Figure 9). Fourteen centimeters away from the mylonite
border, the primary fabric begins turning into the strain
gradient. The strain ratio decreases to R < 1.1, as the
direction a becomes subperpendicular to the shear zone.

Figure 6. (left) Analyzed field image of ASZ 1 [XZ ] surface (location in Figure 3; image properties in
Table 1). All symbols in R map (middle) and %Pl map (right) and calculation procedure are as in
Figure 5. Note the plagioclase-rich, patch-like zone at the bottom right of the photo and %Pl map. Black
dashed square at the bottom of the photo denotes reference image used for numerical deformation.
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The strain ratio then increases to reach R = 1.55 along the
mylonite border (Figure 9b).
[13] The mylonite zone is characterized by a homoge-

neous direction a = 1.0� ± 2.4 and a stable strain ratio
R = 1.36 ± 0.04 (Figures 6 and 9). This strain ratio is lower
than the maximum in the strain gradient but remains higher
than the average ratio in the gabbro. The plagioclase
percentage is low, locally <5% but is underestimated
because some grains are too small to be detected.

3.2. ASZ 3

[14] In the gabbro next to this shear zone, the plagioclase
percentage is regular, with an average of %Pl = 28.2% ±
3.9 (Figures 7 and 9c). Similar to ASZ 1, this average value

is constant up to about 7 cm away from the mylonite border.
The strain ratio is on average R = 1.16 ± 0.06 up to 14 cm
from the mylonite border toward which it then increases
within the strain gradient (Figure 9b). At 30–35 cm from the
mylonite border, the main fabric direction a = 56.3� ± 15.3 is
affected by a centimeter-scale shear zone along which a
becomes perpendicular to the mylonite border (lower right
part, Figure 7). The vicinity of two shear zones affecting
together the shape fabric explains the apparent absence of
fabric gradient at this place. From this shear zone to 5 cm
from the mylonite border, the fabric direction decreases
linearly. Between 5 and 0 cm from the border, the fabric
direction is stabilized at a = 2.3� ± 1.6 (Figure 9a). In the

Figure 7. ASZ 3 shear zone. (left) Analyzed [XZ ] field
image (location in Figure 3; image properties in Table 1).
(right) R and %Pl maps. All symbols in R map and
calculation procedure are as in Figure 5.

Figure 8. ASZ 4 shear zone. (left) Analyzed [XZ ] field
image (location in Figure 3; image properties in Table 1).
(right) R and %Pl maps. All symbols in R map and
calculation procedure are as in Figure 5. SB1, 2, and 3 are
minor antithetic shear bands.
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Figure 9. [XZ ] evolutions of (a) the shape fabric direction a, (b) strain ratio R, and (c) surface
percentage %Pl of plagioclase in ASZ 1, ASZ 3, and ASZ 4; n is number of measurements.

Figure 10. ASZ 57 shear zone: [XZ ] evolutions of (a) the shape fabric direction a, (b) strain ratio R,
and (c) surface percentage %Pl of plagioclase. The horizontal zero line marks the middle of the shear
zone, i.e., highest strain ratios. The vertical dashed line in Figure 10a separates directions a of the
magmatic fabric (white dots) from directions a in the strain gradient (black dots). Number of analyzed
images is n = 109.
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mylonite zone, the direction a = 4.0� ± 1.9 and the strain
ratio R < 1.35 are nearly the same as in the ASZ 1 mylonite.
However, the percentage of plagioclase is slightly higher
(average %Pl = 18.2% ± 2.8; Figure 9c).

[15] The percentage and shape fabric of plagioclase have
been analyzed in the size-size lens included within the
mylonite zone (Figures 7 and 9). From both mylonite
borders to the center of this lens, the direction a increases

Figure 11. ASZ 1, Simple shear strain g versus distance to the mylonite border. Black symbols denote g
calculated from the trace of the plagioclase shape fabric direction a assuming passive deformation. g
points calculated from a across ASZ 3 and ASZ 4 are hidden below the white symbols g calculated from
the bending of the felsic and hornblendite veins. The ASZ 3 and ASZ 4 measurements are displayed in
Figure 12.

Figure 12. (top left) Binarized bottom part of Figure 6 used as reference g = 0 for ASZ 1 and its
numerical deformation to g = 1.73. White denotes plagioclase; black denotes pyroxene + amphibole +
oxides. Grey ellipse denotes theoretical XZ strain ellipse. The a/R diagrams [Tikoff and Fossen, 1993]
document the relative importance of simple shear (g) and pure shear surface loss (k) in the respective
shear zones. See discussion in the text.
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from about 0� to 41� (Figure 9a), whereas the strain ratio R
decreases from more than 1.7 to less than 1.1 (Figure 9b).
The plagioclase content, which is minimum along the
mylonite borders at %Pl = 11%, is 43% in the center of
the lens (Figure 9c), which has thus preserved protolith
characteristics.

3.3. ASZ 4

[16] The primary fabric of the gabbro, 37 cm from the
shear zone (white arrows in Figure 8), has an average
direction a = 68.8� ± 11.5 and a strain ratio R =
1.15 ± 0.05, while the plagioclase proportion averages
%Pl = 36% ± 11 (Figure 9). Along the two upper, antithetic
shear bands SB1 and SB2 (Figure 8) and in between, the
direction a becomes parallel to the mylonite border with a
strain ratio R increasing to more than 1.52 in both bands. The
strain ratio in the SB3 shear band is <1.04. This low ratio is
related to strain interference of opposed senses of shear
between SB3 and ASZ 4 (Figure 8). Despite the influence of
SB3, both R and %Pl evolve across ASZ 4 in a similar
manner as across ASZ 1. In the mylonite, the plagioclase
fabric is almost parallel to the shear zone direction (a =
1.5� ± 3.4) and has a strain ratio of R = 1.41 ± 0.12
(Figure 9). The plagioclase percentage has a large standard
deviation in this mylonite with %Pl = 22% ± 9. Maximum
local values of %Pl = 42% are correlated with the presence
of size-size plagioclase porphyroclasts derived from disag-
gregated felsic veins (Figure 3).

3.4. ASZ 57

[17] This shear zone represents lengthwise-terminated
discrete zones without a central mylonite zone (Figure 5).
The primary shape fabric has a homogenous strain ratio
R = 1.12 ± 0.05 (Figure 10b) and a homogeneous foliation
direction a � 65� (white double arrows in R map, Figure 5).
The primary foliation progressively turns into nearly sym-
metric strain gradients (Figures 5 and 10a). The plagioclase
percentage is scattered from 21 to 53% with an average of
%Pl = 35% ± 7 (Figure 10c).
[18] With no mylonite border, the reference line is taken

as the regularly oriented trend made by the maximum values
of R = 1.68 (Figure 5). Approaching this reference line, the

fabric direction becomes a = �17.5� ± 7.9 (Figure 10a).
The plagioclase percentage decreases to %Pl = 18.5%
(Figure 10c). It is worth noting that the smallest %Pl does
not match the maximum strain ratio because strain locali-
zation took place along the border of plagioclase-rich
domain. Therefore the distribution of the weakest mineral-
ogical phase seems to play a vital role in strain localization
[Goodwin and Tikoff, 2002].

3.5. General Evolution

[19] The four shear zones illustrate different geometries in
the same anastomosed network. Yet a general evolution
from the protolith gabbro to mylonite can be recognized
from the 2-D [XZ] variations of feldspar-shape fabrics. The
trace of the primary foliation is similarly bent in meter- to
centimeter-thick strain gradients, which indicate that the
process is scale-independent. The strain ratio R evolves in a
manner similar to maximum values of about 1.70 at the
mylonite borders, where the plagioclase percentage is at a
minimum (%Pl < 20%). Plagioclase-rich zones were crucial
in the strain localization process.
[20] In the mylonites, the fabric direction a is nearly

parallel to the mylonite border. The strain ratio R is stable
(about 1.35) at more than 2 cm from the protolith. The
plagioclase percentage varies depending on the presence of
partly or totally disaggregated felsic veins.

4. Shear Strain Analysis

[21] A strain analysis could be performed in the [XZ ]
planes of finite strain (1) using the angular relation of the
foliation to the boundary of the ASZ 1, 3, and 4 mylonites
and (2) computing deflection of the hornblendite and felsic
veins deformed into ASZ 1.

4.1. Simple Shear Hypothesis

[22] The simplest strain technique considers that the
foliation in [XZ] planes of shear zones traces the direction
of the long axis of the finite strain ellipse. Assuming ideal
simple shear, simple shear strain g is represented by
[Ramsay and Graham, 1970]

g ¼ 2= tan 2að Þ: ð1Þ

Figure 13. Evolution of volume loss � and simple shear strain g�� components in the ASZ 1 shear
zone calculated from passive deflection of the felsic veins (Figure 3). White symbols denote g from
Figure 12.
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We used the measured direction a in equation (1). The shear
strain versus distance curves across the ASZ 1, 3, and 4
strain gradients (Figure 11) vary from zero, within the
protolith, and typically become asymptotic to infinite values
of g in the mylonites because the fabric directions a become
near-parallel to the mylonite walls.
[23] An independent measure of the shear strain can be

obtained from the deflection of three veins with different
initial orientations within the ASZ 1 shear zone. The local
shear strain g is calculated from the mathematical expres-
sion [Ramsay, 1980]:

g ¼ cot d0 � cot d; ð2Þ

where d is the initial orientation of the vein in the
protolith gabbro and d0 is the deformed orientation, i.e.,
the slope between two successive digitized points of the
deflected veins with respect to the reference mylonite
border (Figure 3). The regular digitalization step was
0.215 cm along the felsic veins. Five centimeters away
from the mylonite border, the NE margin of the
hornblendite is very irregular and was therefore excluded
for strain calculation. A similar variation of g is obtained
within the range of errors from both felsic and hornblendite
veins (Figure 11). This similarity indicates that viscosity
contrasts between all veins, and the screening gabbro
was low enough to allow passive deformation [March,
1932].
[24] In mylonite, the large spread of shear strains calcu-

lated from all veins (2 < g � 12 average g = 7.2 ± 3.5;
Figure 11) reflects the imperfect initial shape of the veins
combined with large errors in measuring small angles
between shear zone boundary and veins. For example, g
calculated from the felsic vein 1 varies from g = 6 to g = 3.5
within the mylonite.
[25] Now we compare the evolution of g calculated

independently from equations (1) and (2). The shape strain

Table 2. Whole Rock Analysis of Major (Measured and Normal-

ized) and Trace Elements Measured by Inductively Coupled

Plasma Mass Spectrometry on Samples From Both the Protolith

Gabbro and the Mylonite of ASZ 1a

Protolith Mylonite

Major Elements, wt %
SiO2 52.29 53.56
Al2O3 17.96 17.73
Fe2O3 9.68 9.41
MgO 5.16 4.5
CaO 9.87 9.54
Na2O 2.58 2.91
K2O 0.37 0.27
TiO2 0.72 0.76
P2O5 0.13 0.13
MnO 0.16 0.15
LOI 0.91 0.86
Total 99.83 99.82

Normalized Major Elements, wt %
SiO2 52.37 53.65
Al2O3 17.99 17.76
Fe2O3 9.69 9.42
FeO 5.16 4.50
MgO 9.88 9.55
CaO 2.58 2.91
Na2O 0.37 0.27
K2O 0.72 0.76
TiO2 0.13 0.13
P2O5 0.16 0.15
MnO 0.91 0.86
Total 100.00 100.00

Trace Elements, ppm
Ba 137.0 79.5
Ce 11.4 12.4
Co 29.5 26.8
Cr 62.2 46.2
Cu 37.2 55.7
Dy 3.15 2.96
Er 1.97 1.88
Eu 1.08 0.87
Ga 17.7 16.8
Gd 2.88 2.55
Ge 1.70 1.39
Hf 1.07 1.30
Ho 0.672 0.642
La 5.10 5.54
Lu 0.335 0.277
Nb 0.98 1.15
Nd 7.75 8.31
Ni 14 10
Pb 42.8 47.6
Pr 1.64 1.70
Rb 3.14 1.13
Sm 2.34 2.32
Sn 0.55 0.60
Sr 259 262
Ta 0.07 0.09
Tb 0.469 0.442
Th 0.39 0.40
Tm 0.307 0.278
U 0.14 0.11
V 244 275
Y 19.4 17.5
Yb 2.05 1.82
Zn 83.8 78.9
Zr 33.1 46.1

aAnalyses performed at the CRPG-Nancy, France.

Figure 14. Isocon diagram comparing major and trace
elements concentrations (Table 2) in the mylonite (Cm) and
in the protolith (Cp).
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gradient begins 14 cm from the mylonite, whereas the strain
gradients from veins begin only about 6 cm from the
mylonite border (Figure 11). This difference indicates that
the assumption of ideal simple shear is not valid or that the
measurement techniques are not reliable. Indeed, oriented
crystallization of pargasite and quartz progressively replac-
ing primary plagioclase and pyroxene results in grain-size
reduction. Furthermore, new crystals exhibit lower aspect
ratios than plastically deformed plagioclase. Therefore new
crystals impart a lower strain ratio and a fabric direction
closer to the mylonite border than expected from theoretical
passive deformation of isolated plagioclase grains.

4.2. Nonideal Simple Shear Hypothesis

[26] To test the ideal simple shear hypothesis, we
compared virtual fabrics obtained from numerical simple
shear deformation of the pictured protolith gabbro (loca-
tion in Figure 6) with measured shape fabrics in ASZ 1
(Figure 12). For this purpose, we used the a /R diagram,
which also gives the simple shear (g) and pure shear
surface loss (k) components [Tikoff and Fossen, 1993].
The numerical fabrics plot on a curve that starts at anum =
103� and Rnum = 1.23 (the protolith fabric). This numer-

ical curve makes a loop toward smaller anum and Rnum

values before downsloping toward higher Rnum values on
the line k = 1 of ideal simple shearing of an initially
isotropic fabric (Figure 12). This simulation allows the
distinction of two subzones in the actual strain gradient.
For 0 < g < 0.2, shape-fabric measurements are distrib-
uted along or near, and follow the simulation a /R curve.
This fit suggests that strain is accommodated by near-
ideal simple shear of the crystalline aggregate from the
protolith into the low-strain part of the shear gradient.
Measured fabric points plot significantly away from the
simulation curve once g > 0.2. In particular, points near
the mylonite border plot at 1.15 < k < 1.25, which
indicates a pure shear and/or surface loss component in
high-strain domains. The same conclusions are reached
for ASZ 3 and ASZ 4 (Figure 12). We conclude that the
high-strain shape fabric does not reflect simple shear of
the crystalline aggregate.
[27] The shape fabric measurements detect strain at a

larger distance from the mylonite border than the deflection
of veins. This supports the point that felsic veins emplaced
during the development of strain gradients and were
deformed by continued shear, which took place during the

Figure 15. P wave velocity Vp versus confining pressure for three orthogonal directions parallel to the
reference axes defined as X the stretching lineation and Z normal to the [XY ] mylonite foliation.
Horizontal dashed line denotes average Vp of the protolith measured at 300 MPa. Lowest P waves
anisotropy A = �1.283% in the protolith, maximum A = 6.391% in the gradient zone, and intermediate
A = 5.633% in the mylonite. Fastest P waves are normal to [XY ] but near parallel to the protolith
foliation, inducing negative calculated anisotropy.
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waning magmatic stages in the country gabbro [Arbaret et
al., 2000].

4.3. Surface Loss Calculation

[28] When two differently oriented passive markers such
as veins are sheared, the surface change component �
acting normal to the shear zone can be separated from the
shear strain component g�� from

g�� ¼ cot d cot b0 � cot b cot d0

cot d0 � cot b0
ð3Þ

and

� ¼ cot d� cot b
cot d0 � cot b0

� 1 ð4Þ

in which b and d are the initial orientations, and b0and d0 are
the final orientations of the veins [Ramsay, 1980].
[29] Equations (3) and (4) applied to the deflected felsic

veins in ASZ 1 yield the shear strain g�� and the surface
loss �. The shear strain component g�� appearing at 6 cm
from the mylonite border exponentially increases to reach
g�� = 6.1 ± 0.6 in the mylonite. Surface loss is detectable at
about 3.5 cm from the mylonite border (Figure 13). In the

Figure 16. Lower hemisphere pole figures of SPO calculated by combining [XZ ], [YZ ], and [XY ] fabric
ellipses (intercept method [Launeau and Robin, 1996; Robin, 2002]). White symbols denote measured
fabrics. Black symbols denote calculated average.

Figure 17. Shape fabrics from Figure 16 plotted in the
Flinn diagram, which describes the shape of strain ellipsoids
[Flinn, 1965].
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mylonite, 8%	�	 80% with an average at� = 48% ± 26.
The g�� variation is readily different in shape from the g

variation calculated on the same veins with equation
(2) (Figure 11). This difference illustrates the technique
sensitivity. At a high strain, small digitalization and mea-
surement errors produce dramatic uncertainties.

5. Three-Dimensional Fabrics

[30] Grain-size reduction and recrystallization of parga-
site and quartz from symplectitic plagioclase and pyroxene
[Yoshino et al., 1998] (Figure 2) characterize the high-strain
domains, including the mylonites. The 2-D surface loss and/
or pure shear component recorded in the high-strain
domains correspond to sites where metamorphic reactions
produced changes in OH-bearing phases (amphibole, epi-
dote) and new garnet. Accordingly, metamorphic reactions
involving volume changes should have produced changes in
whole rock composition. Volume loss would also reflect the
increase in density from protolith to mylonite assemblages
induced by prograde metamorphism. We measured chemi-

cal compositions, 3-D seismic properties, and 3-D amphi-
bole crystallographic and shape fabrics to discriminate these
chemical, physical, and geometrical hypotheses.

5.1. Geochemical Analysis

[31] Volume changes in greenschist and amphibolite
facies shear zones are often related to relative enrichment/
loss of trace and major oxide elements enhanced by exten-
sive fluid infiltrations [O’Hara, 1988; Glazner and Bartley,
1991; Newman and Mitra, 1993; Ring, 1999]. In particular,
volume losses averaging 65.5% are attributed to fluid-rock
interactions [O’Hara, 1994]. Up to 80% volume loss is
inferred from the strain analysis of the ASZ 1 shear zone
(Figure 13). To constrain this unexpectedly large estimate
for near-granulite facies rocks, major and trace elements
were measured on whole rock gabbro and mylonite samples
(Table 2). The results are plotted on a conventional isocon
line of constant concentration, a diagram that compares
compositions of the two rocks [Grant, 1986]. Departure
from the isocon line indicates relative enrichment/loss
of elements according to their mobility [Gresens, 1967;

Figure 18. Lower hemisphere pole figures obtained from EBSD measurements on pargasite in the ASZ
1 mylonite, 2 cm from the mylonite border. [XZ] plane parallel to the projection surface with X horizontal.
EBSD patterns were collected using the ETH-Zürich SEM CamScan CS44LB with an accelerating
voltage of 15 kV. Indexing procedure was done using the software OIM 2.0 (TSL Inc.) and was based on
a defined reference file of 20 reflections for the solid-state solution series of monoclinic amphiboles
within the range of pargasite to tchermakite composition (unpublished).
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Newman and Mitra, 1993]. The major and trace elements of
the gabbro and the mylonite of ASZ 1 all plot on, or close
to, the line of constant concentration (Figure 14). Largest
deviations for Ba or K2O, for example, are negligible and
insufficient to express even a small chemical mass transfer.
[32] Similar isochemical conditions associated with

apparent volume loss derived from strain analysis have
been reported in other ductile shear zones [Srivastava et
al., 1995; Bhattacharyya and Hudleston, 2001]. These
authors invoked geochemical equilibration after deforma-
tion, but taking away and bringing back exactly the same
amount of elements that have different mobilities seem to us
more miraculous than natural. We prefer concluding that the
isocon diagram (Figure 14) demonstrates that no migration
was involved, either for major or for trace elements, and
discard geochemical, fluid-assisted processes to explain the
measured surface loss in the shear zone.

5.2. Seismic Properties

[33] Laboratory measurement of P wave velocity and
their anisotropies were carried at room temperature and up

to 300 MPa in a Heard-type pressure vessel using the pulse
transmission technique [Birch, 1960; experimental tech-
nique by Mauler et al., 2000]. Three perpendicular cores,
14.76 ± 0.01 mm diameter and 28.58–31.98 mm long each,
were cut from the protolith, the gradient zone, and the
mylonite of ASZ 1 along directions parallel to the main
shape fabric axes in the mylonite: XS core parallel to the
mineral lineation, YS core normal to mineral lineation and
parallel to foliation, and ZS core normal to foliation.
[34] For the three rocks and all directions, the nonlinear

increase of P wave velocities with confining pressure
(Figure 15) is attributed to closure of pores and cracks
[Birch, 1960; Rey et al., 1994]. Delayed reopening of
cracks during depressurization induced hysteresis with
apparent higher velocities than during pressurization at
the same confining pressure. For both the protolith and
the mylonite, quasi-linear curves at confining pressure
higher than 250 MPa indicate that intrinsic properties of
the samples are approached. Intrinsic properties of the
gradient zone were not reached at 300 MPa. At this
confining pressure, average P wave velocities are mini-

Figure 19. Complications in flow geometry. (a) Complex flow geometry in an SW vergent mylonite
(white arrows) with antithetic normal shear zone splitting gabbro lenses (black arrows). The mylonite
material seems to be sucked in between separating boudins. Grey arrows point to the linear trace of
disaggregated feldspar veins showing that at this level the flow geometry remained undisturbed.
(b) Extensional zone in a NW vergent shear zone (white arrows) with antithetic shear (black arrows) and
accommodation folding of the mylonite into the extensional structure. (c) Photo and (d) sketch of a lens
seen perpendicular to the stretching lineation of the surrounding mylonite. N-S, normal shear components
(black arrows) on the flanks disturb westward shear (head/tail arrows). Note the outward and downward
divergent foliation geometry at the south termination.
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mum in the protolith (Vp = 7.090 km s�1) and maximum
in the mylonite (Vp = 7.202 km s�1; Table in Figure 15).
The measured Vp = 7.135 km s�1 in the gradient samples
is consistent with an average of Vp = 7.146 km s�1

calculated from velocities in the two previous zones, if
we assume that P wave velocity and anisotropy evolve
gradually from protolith to mylonite. Increasing P wave
velocities are correlated with density increase: 2.997 kg
m�3 for the protolith and 3.081 kg m�3 for the mylonite.
The highest density of the pargasite-garnet-bearing mylon-
ite points to increased pressure conditions from crystalli-
zation of the gabbro to metamorphic recrystallization
within the mylonite. The point is that a 2.8% increase in
density does not explain the average 48% surface loss
measured in the vorticity profile plane of the shear zone.
We conclude that out-of-plane material motion and not
volume loss is responsible for departure from ideal simple
shear, an interpretation also preferred by Srivastava et al.
[1995] and Bhattacharyya and Hudleston [2001].

5.3. Three-Dimensional Shape-Preferred Orientation
(SPO) in Mylonites

[35] Image analysis of [XZ ] planes cannot yield informa-
tion on the 3-D geometry of the flow. The 3-D measure-
ments of the SPO (Figure 16) were made on [XZ ], [YZ ], and
[XY ] polished sections observed in Scanning Electron
Microscopy (SEM) and analyzed with the intercept method.
The 3-D fabric is calculated from the three orthogonal roses
of directions using a quadratic shape tensor construction
[Robin, 2002]. The shape fabrics of pargasite and plagio-
clase are axial symmetric, with short axes nearly orthogonal
to the foliation (Figure 16), which suggests flattening during
shape acquisition. Because pargasite is synkinematic the
corresponding strain ratio is weak. The predeformation
plagioclase has SPOs that record more of the deformation;
they plot in the flattening field of the Flinn diagram
(Figure 17), which gives further evidence for nonideal
simple shear in mylonites. Quartz yielded scattered ellipse

directions (Figure 16) that do not provide information on the
strain regime because strain ratios indicate nearly spherical
shape (Figure 17).

5.4. Three-Dimensional Lattice-Preferred Orientation
(LPO) of Mylonite Amphiboles

[36] The LPO of pargasitic amphibole was measured on a
polished [XZ ] section of the ASZ 1 mylonite using SEM-
based electron backscatter diffraction (EBSD) technique
[Venables and Harland, 1973]. Amphibole was chosen
because it represents a single crystallization event charac-
teristic of the mylonite assemblage, whereas quartz and
feldspar possibly comprise new grains along with clasts of
the magmatic assemblage.
[37] The pargasite LPO displays a well-defined girdle of

c[001] axes close to the [XY ] foliation plane with a maxi-
mum, making an angle of less than 10� to the stretching
direction X (Figure 18). The pole figure of a[100] axes
displays maximum concentrations normal to the c[001]
girdle, while b[010] poles are poorly oriented. Pargasite
thus has an axial symmetric LPO that is superposed to its
SPO, which does not comply with ideal simple shear
geometry of flow. As discussed for the plagioclase SPO,
these fabric characteristics suggest mylonite flow out of the
[XZ ] plane.

6. Discussion and Field Evidence

[38] Structural observations from excellent 3-D outcrops
confirm sideways displacement of mylonitic material
around lenses of less deformed gabbro. Folded mylonite
between adjacent lenses (Figures 19a and 19b), folds
(ASZ 1, Figure 3), and local variations in the direction of
the stretching lineation mark changes in flow geometry
around stiff lenses [Hudleston, 1999]. Systematic structural
measurements and particularly well-exposed examples
allow identifying two types of out-of-[XZ ]-plane flow that
occur within the same shear zone but at different sites with
respect to the surrounded protolith lens.
[39] All shear zones have a ‘‘thinning’’ component.

Mylonites are widening (Y or b axis elongation in finite
strain or kinematic reference frames, respectively; trans-
pression shear zone models of Sanderson and Marchini
[1984], the ef-XI monoclinic shear zones of Passchier
[1998] with e and f representing the eigenvectors parallel
to the shear zone boundaries) on the ‘‘back’’ (facing the
flow) of lenses. A divergent lineation pattern gives evidence
for widening mylonitic flow (Figure 20). Mylonites are
narrowing, hence lengthening (X or a axis elongation in
finite strain or kinematic reference frames, respectively;
stretching shear zone models of Means [1989], the ef-YI
monoclinic shear zones of Passchier [1998]) in ‘‘front’’
(lee) of lenses. A convergent lineation pattern gives evi-
dence for lengthening mylonitic flow (Figure 20). Flow
changes are spatially progressive and also depend on local
accommodation between neighboring lenses. Lengthening
mylonites also occur between boudins of a former lens that
has been split by anastomosing shear zones (Figures 19a
and 19b), the mylonite being apparently sucked in between
separating boudins. Widening mylonites are identified in
[YZ ] sections (Figures 19c and 19d). Passive markers such
as hornblendite or felsic veins, along with changes in the

Figure 20. Block diagram sketching divergent and con-
vergent lineation patterns in mylonite around a protolith
lens.
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direction of the mineral lineation, reveal the sideways
departure from simple shear flow. Convergent and divergent
lineation patterns explain the wide distribution of lineation
measurements with strong widening shear zones represent-
ing 20% of the 150 measured ones (Figure 1b).
[40] The measured strain gradients and field observations

shed some light on mechanisms that governed strain local-
ization during the emplacement of gabbros in the lowest
crust of the Kohistan Arc. Hypotheses concerning strain
localization in sheared homogeneous rocks are often based
on grain-size models [Dutruge et al., 1993], whereas in
heterogeneous rocks, initial weaknesses like compositional
contacts, minerals with different rheology, and/or fluid-rich
zones are expected to favor localization by strain-weakening
processes [e.g., Sørensen, 1983; Dutruge and Burg, 1997;
Rutter, 1999; Goodwin and Tikoff, 2002]. ASZ 57 shows
that in the studied bimineralic gabbro, shear zones tend to
develop along the borders of plagioclase-rich patch-like
domains (Figures 5 and 6), which make the only discernible
heterogeneities. Accordingly, the relative proportion of the
weakest mineral governed strain localization. Lengthwise
propagation and coalescence of the shear zones resulted in
the anastomosing pattern whose geometry portrays the bulk
shear regional deformation [Arbaret et al., 2000].

7. Conclusions

[41] Strain analysis, crystallographic and shape fabrics,
geochemical, and seismic properties of the shear zones
developed in a gabbro of the Kohistan paleo-island arc
show that deep crustal anastomosing patterns reflect com-
plex flow overlooked in most previous work. In particular,
they are as follows:
[42] 1. Passive deformation of the magmatic assemblage

produced short shear zones bordering weakest, plagioclase-
rich domains during the late magmatic emplacement of the
gabbros. The distribution of the weakest mineral phase is
therefore a key parameter of shear strain localization in a
rather homogeneous rock.
[43] 2. Lengthwise propagation and coalescence of

discrete shear zones during subsequent solid-state defor-
mation resulted in the pervasive asymmetric pattern of
shear zones. In Kohistan this evolution took place under
prograde and isochemical amphibolite, subgranulite facies
metamorphism.
[44] 3. Two subzones are distinguished in strain gradients.

In low-strain and external domains, deformation is simple
shear of the crystalline aggregate. In high-strain and
mylonite domains, grain-size reduction, recrystallization of
pargasite and quartz, and new growth of OH-bearing phases
accommodate thinning components of the flow.
[45] 4. Lengthwise variations of flow produce widening

and lengthening shear zones on rear and lee flanks of
protolith lenses, respectively.
[46] 5. Changes in flow types are revealed from strain,

SPO, and LPO measurements in the three spatial dimen-
sions. The 2-D strain analysis commonly applied to vortic-
ity profile planes of shear zones provides no information on
the out-of-[XZ ]-plane shear flow.
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