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Abstract

Quantitative kinematic indicators from the Main Central Thrust Zone (MCTZ) in the NW-Himalaya have been used to

characterize the type of ¯ow during deformation. Di�erent generations of tension gashes have been rotated by variable angles
with respect to the mylonitic foliation, forming associated fringe folds. These record the late stage brittle±ductile ¯ow and reveal
that a strong pure shear component of deformation occurred throughout the MCTZ. To characterize earlier deformation

increments, fabrics from highly deformed quartz ribbons were analyzed. Well-developed shape- and lattice-preferred orientation
patterns show a systematic change of the glide systems and suggest inverted palaeotemperatures within the MCTZ.
Investigations of the c-axes patterns reveal a strong asymmetry at the top of the MCTZ, whereas the samples from the base of

the MCTZ show almost perfectly symmetrical Type I crossed girdles. Deformation within the MCTZ probably started close to
simple shear ¯ow at higher temperatures, which progressively became a more general shear during cooling, and ended in a pure
shear dominated ¯ow during the ®nal stages of brittle±ductile deformation (i.e. a decelerating strain path ). Using the Higher
Himalaya Crystalline as an example, a kinematic model for the extrusion of crustal wedges above major thrust zones is

suggested. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

The use of quantitative kinematic indicators has
shown that the concept of simple shear and pure shear
are just end members of deformation and many natural
shear zones deformed by general shear (e.g. Gosh and
Ramberg, 1976; Passchier, 1987; Simpson and De Paor,
1993; for a review of the applied methods see Passchier
and Trouw, 1996). Most of these analyses rely on the
assumption that the ratio of the pure shear to the simple
shear strain rates remains ®xed throughout defor-
mation. However, the idea that ¯ow parameters may
vary systematically with time and that the frequently

used assumption of a steady-state deformation is not
justi®ed has been discussed recently by a few articles
(e.g. Jiang and White, 1995; Fossen and Tiko�, 1997).
Yet, most of these ideas are based on strictly theoretical
considerations although the principal relevance of non-
steady-state deformation studies is supported by natural
examples of ¯ow paths (e.g. Passchier, 1990; Wallis,
1992; Simpson and De Paor, 1997).

Fossen and Tiko� (1997) showed by means of for-
ward deformation modeling that a minimum strain
path can be calculated as a deformation, which starts
its history close to simple shear but rapidly changes to
a more pure shear dominated ¯ow. Although this idea
is still controversial (Fossen and Tiko�, 1998; Jiang,
1998), Simpson and De Paor (1997) demonstrated
independently by means of the porphyroclast hyper-
bolic distribution method that the deformation history
of a thrust in the Scandinavian Caledonides probably
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Fig. 1. Geological map of Sutlej Valley around the village of Luhri. The low-grade metamorphosed series of the Lesser Himalaya (LH) are

exposed in the Shali half window (West, 1939) in the SW of the mapped area. A brittle detachment at the base of the Main Central Thrust Zone

(MCTZ) marks the border to the rocks of the Higher Himalaya Crystalline (HHC), which consist of greenschist to amphibolite facies meta-

morphic orthogneiss mylonites and of para-series (Haimanta FormationÐHFm). Labeled black dots correspond to sampling locations within the

MCTZ. A and B mark the orientation of the cross-section. The geological cross-section is roughly parallel to the mylonitic stretching lineation.

Stereographic plots show the main planar and linear fabrics associated with the MCTZ deformation.
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started close to simple shear and progressively changed
to pure shear dominated ¯ow as deformation pro-
ceeded.

Based on these ideas, we suggest in this work by
means of a new quantitative kinematic indicator and by
interpretation of quartz textures, that thrusting along
the Main Central Thrust Zone (MCTZ) probably fol-
lowed such a non-steady-state deformation path. By im-
plementation of such a ¯ow path, a new model for the
exhumation of tectonic wedges is discussed.

2. Geology of the MCTZ

In the Sutlej Valley (Fig. 1) mylonitic orthogneisses
mark the position of the MCTZ as a major SW-di-
rected thrust zone. Below the basal thrust, low-grade
metamorphic Precambrian sedimentary rocks of the
Lesser Himalaya (LH) are exposed in the Shali half-
window (West, 1939). The brittle detachment at the
base of the MCTZ marks the border to the overlying
rocks of the Higher Himalaya Crystalline (HHC),
which consist of greenschist to amphibolite facies
metamorphic orthogneiss mylonites, schists and para-

gneisses (Haimanta FormationÐHFm). Field obser-
vations and Rb±Sr whole rock analysis suggest that
the protolith of the mylonitic orthogneisses were orig-
inally not intrusive into the HFm but rather represent
the basement of the metasedimentory rocks (Trivedi et
al., 1984; Srivastava and Mitra, 1996). East of the
mapped area, the HHC is bordered to the northeast
by a normal fault, which correlates with the South
Tibetan Detachment Zone (STDZ, Burg et al., 1984).
Both the MCTZ and the STDZ were mainly active
between 19 and 22 Ma (e.g. Hodges et al., 1992; DeÁ zes
et al., 1999,), although recent studies found younger
ages for extensional movements (Hodges et al., 1998
and references cited therein). Because both major fault
zones join at a basal detachment (Nelson et al., 1996)
it has been suggested that the HHC extrudes with a
wedge shape geometry (Burch®el et al., 1992; Hodges
et al., 1993; Grujic et al., 1996).

The ¯ow analysis presented in this work will focus
on the ductile to brittle±ductile deformation of the
orthogneiss mylonites within the MCTZ. Like in other
parts of the Himalayan orogen, the MCTZ is not a
discrete plane but a zone of highly deformed rocks up
to several km thick associated with an inverted tem-

Fig. 2. Orthogneiss mylonites from the MCTZ. Sections are parallel to the stretching lineation, normal to the foliation and have a dextral sense

of shear: (a) s-type porphyroclast of a 5 cm large K-feldspar (HB71/96). (b) Thin section (crossed polarized light) showing synthetic microfaults

transecting a K-feldspar. Fragments of the feldspar are boudinaged (HB59/96). (c) Thin section (crossed polarized light) showing mantled s-type
geometry of a 1.5 mm large biotite porphyroclast. Mantles consist of newly formed biotite (HB46/96). (d) Thin section (crossed polarized light)

showing micro-boudinage of a K-feldspar. Quartz is recrystallized in large grains in the neck of the boudins (HB73/96).
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perature gradient (e.g. Hubbard, 1989; Grujic et al.,
1996). The main foliation associated with the MCTZ
generally dips gently towards the northeast. Although
the whole pile was a�ected by a gentle folding around
a NW±SE oriented fold axis, a NE±SW-trending
stretching lineation, which re¯ects the SW-directed
shearing along the MCTZ, is well preserved in all
units. The up to 1500 m of orthogneiss±mylonites con-
sist mainly of quartz, K-feldspar, plagioclase, biotite
and muscovite (Fig. 2) and are typically observed all
along the base of the HHC (Frank and Fuchs, 1970;
ThoÈ ni, 1977; Frank et al., 1995). Shear deformation
resulted in a well-de®ned compositional banding of
alternating pure quartz and ®ne-grained feldspar±phyl-
losilicate-rich layers. These layers anastomose around
less deformed feldspar augen. Feldspar reveals only
limited ductile deformation. Recrystallization is mainly
by growth of new grains along the edge of feldspar
grains or along fractures. Some feldspar porphyro-
clasts show deformation in the form of patchy undu-
lose extinction or deformation twinning. Larger grains,
especially, have been mainly fractured by synthetic and
antithetic shear fractures. Retrogressive alteration of
feldspar to muscovite and quartz is common and prob-

ably associated with the cooling of the MCTZ. Quartz
has undergone extensive dynamic recrystallization by
subgrain rotation and grain boundary migration devel-
oping an oblique foliation. Pure quartz layers show a
shape and a lattice preferred orientation.

Abundant shear sense indicators (mantled porphyro-
clasts, oblique foliation, stair stepping, mica ®sh, lat-
tice preferred orientation of quartz, antithetic and
synthetic microfaults in feldspar grains) with monocli-
nic symmetry reveal a non-coaxial progressive defor-
mation history of this shear zone with a SW-directed
sense of thrusting. At the base of the MCTZ, the tran-
sition to the footwall (LH) shows a strong cataclastic
overprint. The orientation of striation on slickensides
is roughly parallel to the mylonitic stretching lineation,
indicating a constant thrusting direction from ductile
to brittle deformation.

3. Quantitative kinematic ¯ow analysis of the MCTZ

3.1. Fringe folds

Throughout the MCTZ mylonites quartz-®lled ten-

Fig. 3. Extension gashes with associated fringe folds. Sections are parallel to the stretching lineation, normal to the foliation and have a dextral

sense of shear: (a) Vein, which has been rotated by an angle of 458. A younger extension gash propagated at the tip of the older vein has been

rotated only by 208 (HB71/97). Note that the veins are slightly folded. (b) Rotated extension gash parallel to the in¯exion surface of the syn-

form±antiform pair of fringe folds (HB60/96). (c) Vein, which has been rotated roughly parallel to the mylonitic foliation. Note the nearly iso-

clinal fold of the associated fringe fold (HB70/96). (d) Thin section (crossed polarized light) showing the contact between the quartz ®lled vein

(right side) and the mylonitic wall rock (left side). Note that the quartz in the vein has su�ered dynamic recrystallization indicating ductile defor-

mation of the extension gashes during rotation (HB62/96).
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sion gashes can be observed (Fig. 3). These gashes
always crosscut the foliation and follow the in¯exion
surface of a fold with a synform±antiform pair resem-
bling structures described by Hudleston (1989) as
paired hook-shaped asymmetric folds or by Passchier
(1997; personal communication) as fringe folds. During
continuous deformation, the gashes have been rotated
by variable angles with respect to the mylonitic foli-
ation. Dynamic recrystallization of quartz within the
veins mainly by grain boundary migration suggests
that although the gashes opened by brittle fracturing,
further deformation occurred within a ductile ¯ow.
The angle between the mylonitic lineation and the
trace of the tension gashes on the main foliation is
roughly perpendicular. Several vein-systems reveal
di�erent generations of tension gash formation: older
central parts of the veins have rotated in the bulk
¯ow, while younger outer parts still propagate outward
(Fig. 3a).

The initial veins probably formed in a similar en-
vironment like the foliation boudinage described in
strongly foliated quartzo-feldspathic schists (Platt and
Vissers, 1980). The formation of foliation boudinage is
suggested to be controlled by the presence of a pre-
existing anisotropy. Two types of foliation boudinage
have been described: (i) Symmetric boudinage formed
by fractures roughly normal to the foliation.
Di�erential extension along the foliation resulted in
openings, which were ®lled with coarse-grained quartz

with no sign of internal deformation. (ii) Asymmetric
boudinage developed where the rock has broken along
surfaces oblique to the foliation. No veins developed
because displacement was roughly parallel to the syn-
thetic shear fracture. Other similar structures like ghost
foliations or folding of foliations with axial surfaces
parallel to dykes and veins have also been described
from di�erent localities (e.g. Rice, 1986; Passchier and
Urai, 1988; Druguet et al., 1997). Their formation has
been explained by perturbation of ¯ow pattern, com-
petence contrast or polyphase shear deformation.

Hudleston (1989) showed examples of paired hook-
shaped folds along veins and fractures in glaciers and
high-grade rocks. These folds have a sense of asymme-
try on both sides of the veins consistent with the over-
all sense of shear. However, the sense of o�set along
the veins is always of the opposite sense to that of the
sense of shear predicted by the fold asymmetry. Based
on analogue experiments using a Plasticene block,
Hudleston (1989) concluded that the formation of the
folds was a consequence of the strain in the host ma-
terial that accommodated the initial fracture and/or
the perturbation of ¯ow by the presence of an open,
partly healed or ®lled fracture.

The fringe folds from the MCTZ clearly di�er from
the above mentioned structures. The veins are tension
gashes, which were ®lled with quartz and show no evi-
dence of a shear component parallel to the vein mar-
gins, resembling the symmetric boudinage type.

Fig. 4. (a) Model for the formation of extension gashes and the subsequent rotation of the veins by an angle of f. In the vicinity of the veins the

original opening angle (ai) is preserved (x ). As indicated schematically and developed further in this study the ¯ow is general shear. (b) Plot of

the a (angle between the mylonitic foliation and ®nal orientation of the vein) vs x (angle between the foliation in the vicinity of the vein and the

vein) and f (rotation angle of the vein), respectively. The angle a ranges between a few degrees and 1108, which is supposed to be the original

opening angle (ai). x values are fairly constant and scatter around 1108.
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However, the initial opening of the gashes was not
normal but oblique to the foliation, probably
suggesting that the initial fractures opened normal to
the maximum instantaneous extension direction
(Ramsay and Huber, 1983).

In order to develop a model for the original orien-
tation of the tension gashes and their subsequent ro-
tation within the MCTZ ¯ow, we measured the
orientations of 33 fringe folds (Fig. 4): (i) a is the
angle between the mylonitic foliation and the rotated
tension gash (anti-clockwise sense). (ii) x is the angle
between the rotated mylonitic foliation in the vicinity
of the gash (i.e. common limb of the antiform±syn-
form pair) and the rotated tension gash (anti-clockwise
sense) and (iii) f is the rotation angle of the tension
gash or simply f � xÿ a. Although there is a great
variability of a between 08 and 1108, x is fairly con-
stant around 1108. Furthermore the largest values for
a (=ai), which are found for the youngest gashes in
the outer part of older rotated veins, are also around
1108 (Figs. 3 and 5). An exception occurs where the
veins have rotated nearly into parallelism with the
mylonitic foliation (a<108). In that case nearly iso-
clinal fringe folds developed with x angles between
1408 and 1608. This observation probably suggests that
at low a-values shearing along the margins of the vein
takes place, as suggested by Hudleston (1989). The
youngest generation of veins shows no evidence of ro-
tation and folding of the foliation. Thus the opening
angle of the folds is clearly a function of the rotation
component during deformation: gashes that underwent
only limited rotation have open folds, whereas larger
rotations have resulted in nearly isoclinal folds (Fig.

3). All these observations, especially the fact the
throughout the whole mapped area no vein has been
found with an a > 1108, suggest that the initial open-
ing angle ai of the veins was around 1108. To con-
clude, the following mechanism is suggested to explain
the observed fringe folds within the MCTZ:

1. The veins formed at a late stage of the ¯ow
throughout the MCTZ and crosscut the earlier
formed mylonitic foliation. Brittle failure during
ductile ¯ow was either due to a limited rate of
extension parallel to the mylonitic foliation (Platt
and Vissers, 1980), strain hardening at a late stage
of mylonitic deformation (Poirier, 1980), periods of
rapid strain rates or local stress concentrations
caused by heterogeneities and growth of fractures
preferentially perpendicular to the least compressive
stress (Olson and Pollard, 1991).

2. During shear deformation older veins rotated in
bulk ¯ow while new tension gashes developed in the
direction of the minimum instantaneous stretching
axes (ISA2, Passchier and Trouw, 1996). However,
the veins from the MCTZ do not exhibit the sigmoi-
dal shapes described for the progressive develop-
ment of tension ®ssures from brittle ductile-shear
zones (Ramsay and Huber, 1983). Probably the
opening of the veins within the MCTZ was the
result of several rapid successive events rather than
continuous fracture propagation during ¯ow.

3. The formation of fringe folds, where no shear
across the vein is observed and where the original
angle between the mylonitic foliation and the veins
has been preserved, irrespective of the amount of
®nite rotation of the vein, is di�cult to explain and
requires special conditions (Hudleston, 1989;
Passchier, personal communication). Obviously, the
folds around the vein must have been developed by
a relative rotation of the vein, together with the foli-
ation in the vicinity of the vein. Although no visible
zone of alteration along the fringe of the investi-
gated veins has been observed, the formation of
similar structures have been explained by hardening
of the wall rock in the vicinity of the vein
(Passchier, personal communication) or by incor-
poration of a `sti� pressure shadow' (Hudleston,
1989) and subsequent relative rotation of the vein
and the attached rim.

The fairly constant values of the angle x for di�erent
generations of veins and the same derived value for ai
imply that the angle between the ISA and the myloni-
tic foliation remained fairly constant during the late
stage of deformation. Thus, during the time of the for-
mation of the tension gashes the foliation had already
been rotated nearly parallel to the fabric attractor
(Fig. 5). Therefore, for the period of vein formation

Fig. 5. Geometrical relationship between the fringe folds and the in-

stantaneous stretching axes (ISA1 and ISA2) and the ¯ow apophyses

(a1 and a2). For a detailed explanation see text.
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and subsequent rotation, the late stage ¯ow within the
MCTZ is considered to be steady-state, which requires
that the ¯ow parameters such as the velocity ®eld, ¯ow
apophyses, kinematic vorticity number and instan-
taneous stretching axes did not change during defor-
mation (Bobyarchick, 1986). For steady-state
deformations, the in®nitesimal deformation parameters
can be deduced from the orientation of the ®nite de-
formation parameters. If these assumptions are valid

for the observed veins within the MCTZ, and if the
¯ow during formation and rotation of the veins was
isochoric plane strain ¯ow, the angle between the orig-
inal propagation direction of the veins and the myloni-
tic foliation can be used as a quantitative kinematic
indicator for that stage of deformation (Passchier and
Trouw, 1996; Passchier, 1997).

Fig. 6(a) shows the orientation of the instantaneous
stretching axis (ISA1 and ISA2), the eigenvectors (a1
and a2) of ¯ow and the vein before (m ) and after (m ')
deformation in the physical space. The marker line m
represents the vein, which opened parallel to the ISA2

and rotated during deformation to an orientation m '
by a rotation-angle f. Because the fringe folds formed
at a late stage of the MCTZ deformation, the myloni-
tic foliation is assumed to be nearly parallel to a1 at
the beginning of the formation of the tension gashes.
This assumption is justi®ed by the observation that the
angle between the initial orientation of the veins and
the mylonitic foliation (i.e. ai) has been constant for
di�erent generations of veins. The orientations of the
ISA with respect to a1 can be used to derive the second
eigenvector a2. The cosines of the angle d between the
two eigenvectors give the mean vorticity number Wm of
the ¯ow (Bobyarchick, 1986; Passchier, 1986), which
describes the mean degree of non-coaxiality (Wm � 0
for pure shear, Wm � 1 for simple shear) for the inves-
tigated deformation period. For the assumptions of
isochoric plane-strain steady-state ¯ow used in this
study, Wm is equal to the kinematic vorticity number
Wk (Truesdell, 1954). For the 33 investigated veins
within the MCTZ, the angle d is about 502 58 and
consequently Wm between 0.57 and 0.71, indicating a
signi®cant component of pure shear deformation.

Finite deformation is conveniently described by a
forward Lagrangian position gradient tensor Dij relat-
ing the position of any material point in the deformed
state to coordinates in the undeformed state. De Paor
and Means (1984) have shown that for any tensor with
components D11, D12, D21 and D22, points �D12,D22�
and �D21,D11� in Mohr space specify a diameter of a
corresponding Mohr circle of the Second Kind such
that the Mohr circle is fully determined. A marked
property of Mohr circles of the Second Kind is that
they can be brought into coincidence with geographic
space. Polar coordinates of points on the Mohr circle
represent the stretches and rotations of material lines
in real space (Means, 1982). In addition, initial angles
between two material lines appear as double angles
measured along the circle. The intersection of the
Mohr circle with the vertical reference axis �0,a1� and
�0,a2� represents the eigenvector of the ¯ow. The orien-
tation of the eigenvector a1 is ®xed to the ¯ow plane
of the simple shear component, but the other eigenvec-
tor a2 has an orientation that is dependent on the ro-
tational and irrotational contributions to general

Fig. 6. (a) Physical space and geometric orientation of the instan-

taneous stretching axis (ISA1 and ISA2), the eigenvetors (a1 and a2)

of ¯ow. The newly formed vein m, which is parallel to the ISA2

rotated during deformation to an orientation m ' by an angle of f.
The cosine of the angle between the eigenvectors (d ) gives the mean

vorticity number Wm. (b) Mohr circle construction of the position

gradient tensor (Dij) for the ¯ow that rotated m to m ' with a Wm

equal to the cosine of d. Dij can be expressed in terms of the pure

shear component k and the e�ective shear strain G, which is a func-

tion of k and the simple shear component. Large white dots on the

Mohr circle indicate the orientations of the ISA1 and ISA2 before de-

formation. The veins m opened parallel to the ISA2. The rotation of

m to m ' and the stretch of this line can be read as the polar coordi-

nates of this point.
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shear. The larger the pure shear component, the larger
the angle 2d between a1 and a2. In physical space the
shear zone boundary is parallel to the horizontal refer-
ence axis. The deformed normal to the shear zone
boundary intersects the Mohr circle at the anchor
point �G,a2�, being the only point representing a
stretched line simultaneously in geographical and
strain space (Simpson and De Paor, 1993). With such
a reference frame and excluding volume change the
position gradient tensor Dij has the form:

Dij �
�
k G
0 1=k

�
, �1�

where the o�-diagonal term is termed e�ective shear
strain G and can be expressed as a function of both
pure and simple shear components (Merle, 1986;
Tiko� and Fossen, 1993):

G � gk2 ÿ g
2k ln k

, �2�

where g is the simple shear and k the pure shear com-
ponent. In the Mohr circle plot the distance from the
origin to the point �0,a1� is equal to k whereas the dis-
tance from the origin to the point �0,a2� is equal to
1/k.

As discussed above the fringe folds from the MCTZ
indicate a fairly constant Wm. Therefore it is more
convenient to express the e�ective shear strain in terms
of the angle d between the eigenvectors. From the tri-
angle �0,a1�, �0,a2� and �G,a2� it follows that (Fig. 6b):
G � �kÿ 1=k�cot d: �3�
Furthermore, a trigonometric relationship between G/2

and the rotation of a material line about f exists (Fig.
6):

G
2
�

�
k� 1

k

�
2

ÿ

�
kÿ 1

k

�
2 sin d

cot f
: �4�

Solving Eqs. (3) and (4) for k and eliminating G:

k �
��������������������������������������
cos�fÿ d� � sin f
cos�f� d� � sin f

s
: �5�

Thus, all components of the position gradient tensor
Dij can be calculated if d and f are known. Note that
Dij reconstructed in this way describes only the part of
the total deformation during which the veins formed
and rotated.

The Mohr circle in stretch space can also be used to
construct the deformation parameters geometrically.
Starting with a circle of arbitrary diameter, the angle
between the eigenvectors plotted as 2d and the known
rotation f of a material line initially parallel to the
ISA2 can be used to ®nd the origin of the Mohr space
reference frame. Assuming isochoric ¯ow, the dimen-
sions of the reference frame can be calculated from the
deformed unit-square. The lower right and the upper
left point of the deformed unit-square represent the
tensor components �D11,D21� and �D12,D22�, respect-
ively. In Fig. 6(b) an example of this method is given
for a vein which has rotated by f � 308 in a ¯ow
where d � 508.

For the veins within the MCTZ f varies between 08
and 1008 (Fig. 4). Furthermore, the constant angle
between the veins and the rotated mylonitic foliation

Fig. 7. (a) Mohr circles for ®nite deformations after the vein formation and subsequent rotation of the veins (108<f<1008). Polar coordinates of
the white dot and the gray line indicate the rotation angle f and the stretch of the veins. (b) Plot of the ®nal orientations of the rotated veins a
vs stretch of the veins. At a � 1108 and 208 the veins have a stretch of 1. Between 1108<a<208 the veins are shortened. Only for rotations of

more than f > 908 the veins are elongated.
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in the vicinity of the gash (x ) suggests that the ISA
had a ®xed orientation relative to the mylonitic foli-
ation during the di�erent stages of vein formation.
Therefore Mohr circles for the di�erent amounts of ro-
tation of the veins and thus di�erent ®nite strain can
be plotted. Steady-state accumulation of strain is rep-
resented by a series of circles with increasing radii. The
center of the circle shifts during deformation and fol-
lows a path that is dependent on Wm (e.g. Passchier,
1988). Fig. 7(a) shows the Mohr circles for veins open-
ing perpendicular to the ISA1 and deforming within a
¯ow with Wm � 0:64. The polar coordinates of the
dots (i.e. orientation of the ISA2 before deformation)
give the rotation (f � 10±1008) and the stretch of the
veins. Due to the opening of the tension gashes paral-
lel to the ISA2 the veins are shortened during their ro-
tation for 08<f<458, corresponding to an angle
between the mylonitic foliation and the gashes of
1108 > a > 658 (Fig. 7b). Rotating towards the fabric
attractor, the veins are elongated until they reach their
initial length at a � 208. Only if a<208 would the veins
elongate. These results ®t to the ®eld observation that
most rotated veins from the MCTZ do not reveal any
sign of elongation, except those which have been
rotated nearly parallel to the mylonitic foliation (Fig.
3c).

From these investigations of the formation and ro-
tation of fringe folds from the MCTZ, the following
conclusions can be drawn: (i) Fringe folds formed at a
late stage of ductile deformation throughout the
MCTZ with roughly the same kinematics as the overall
SW-directed thrusting movement. (ii) Assuming plane
strain isochoric ¯ow, the fringe folds can be used as
quantitative kinematic indicators suggesting that this
late stage of thrusting was controlled by a signi®cant
pure shear component.

3.2. Quartz textures

Well-developed c-axis fabrics can be used to charac-
terize the kinematics of the associated ¯ow (e.g. Lister
and Hobbs, 1980; Schmid and Casey, 1986). In order
to get some additional information about the ¯ow par-
ameters controlling the MCTZ thrusting prior to ten-
sion gash formation, highly deformed pure quartz
ribbons occurring throughout the orthogneiss mylo-
nites were analyzed using an X-ray texture goniometer.

Polished rock chips were placed in the X-ray beam
of a texture goniometer (wavelength CuKa=1.5418,
beam current=40 kV and 30 mA) used in re¯ection
mode. Eight lattice planes (h100i, h110i, h102i, h200i,
h201i, h112i, h211i, h113i) have been directly measured
at angles between 08 (center) and 808 (periphery), cor-
rected for defocusing e�ects and completed (0±908) by
Fourier analyses. Lattice planes h001i, h101i and h011i
were calculated using the orientation density function
(ODF) based on the harmonic method of Roe (1965)
and Bunge (1969). Thirty-one samples from di�erent
structural levels have been measured throughout the
MCTZ. Representative hai-axes (h110i) and c-axes
(h001i) orientation distributions from di�erent struc-
tural levels are shown later as pole ®gures in Fig. 9.
For detailed description of the technical procedure see
Wenk (1985).

Quartz has undergone extensive dynamic recrystalli-
zation and forms well-developed lattice and grain
shape preferred orientation patterns (Figs. 8 and 9).
Deformation mechanisms include dynamic recrystalli-
zation by grain boundary migration as well as sub-
grain rotation. The degree of ellipticity of single quartz
grains increases from upper to lower structural levels
(compare Fig. 8a and b), whereas the angle between
the long axis of the ellipse and the foliation decreases

Fig. 8. Thin section (crossed polarized light) of quartz textures. Sections are parallel to the stretching lineation, normal to the foliation. A strong

lattice and shape preferred orientation are preserved and reveal a dextral sense of shear (i.e. SW directed thrusting). Sample HH21/97 (a) is from

the upper structural level of the MCTZ. Although the elongated quartz grains de®ne a second foliation the ellipticity of the single grains is dis-

tinctly less than in sample HH7/97 (b) from lower structural levels.
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towards the base of the MCTZ probably re¯ecting
di�erent strain geometries (Herwegh and Handy,
1998). Lattice preferred orientation pattern is displayed
in pole ®gures of c- and hai-axes (Fig. 9). In the fabric
diagrams, the maximum extension direction X is
oriented E±W, Y is the center and Z is N±S. Most
samples except from the base of the MCTZ developed
an obliquity of the central girdle segment with respect
to the foliation trace (external asymmetry) and an
unequal inclination of the peripheral legs with respect
to the central girdle segment (internal asymmetry).
Some samples show modi®cations like one or two
missing fabric legs. From the systematic variations of

c-axes and hai-axes patterns the following observations
have been made:

(1) In all cases hai-axes are distributed along the per-
iphery of the stereonet. Accepting models that predict
hai-axes to represent direction of ¯ow, deformation
close to plane strain is suggested (Lister and Williams,
1979).

(2) Lattice preferred orientation patterns suggest sys-
tematic change of glide systems from prism hai glide
(upper structural levels of the MCTZ) over rhomb hai
glide towards contribution of basal hai glide in MCTZ
footwall units. Accepting the models, which suggest
that with increasing temperatures prism hai slip

Fig. 9. Stereographic plots of c-axes and hai-axes distributions (analyses from X-ray textural goniometry, calculation by orientation distribution

function, ODF) across the MCTZ. Spacing of contour intervals is one multiple of random (MRD). The angle between the trace of the foliation

and the normal to the central girdle of the c-axes reveals an increase in the asymmetry of the patterns from the base to the top of the MCTZ. A

systematic change of glide systems is interpreted to record an inverted temperature gradient within the MCTZ.
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becomes more important and the girdle tends to de®ne
a maximum around the Y-axis (Wilson, 1975;
Bouchez, 1977; Lister and Dornsiepen, 1982; Law,
1990), our results can be interpreted to correspond to
a systematic upwards increasing temperature gradient
(i.e. inverted temperature gradient) within the MCTZ.
This observation is in good agreement with other
records of inverted ®eld gradients in the MCTZ from
di�erent parts of the Himalayas (e.g. Hubbard, 1989;
PeÃ cher, 1989; Metcalfe, 1993; Vannay and Grasemann,
1998). Furthermore, investigations using deformation
mechanism and metamorphic reactions from ortho-
gneiss mylonites of the same tectonic position from the
Kumaun Himalayas support the interpretation of an
inverted thermal pro®le (Srivastava and Mitra, 1996).

(3) The asymmetry of textures con®rms the overall
observed top-to-the-SW sense of shear.

(4) hai-axis from the upper structural levels of the
MCTZ reveal pronounced single maxima oblique to X,
suggesting one single predominant ¯ow plane. By con-
trast, textures from the lower structural levels display
two maxima, which are roughly symmetrically oriented
around X. These results are interpreted by an increas-
ing in¯uence of coaxial ¯ow towards lower structural
levels.

(5) Modeling of Lister and Hobbs (1980) suggest
that central girdle of quartz c-axes patterns develops
orthogonal to the ¯ow plane in both simple shear and
pure shear. It has been suggested that the central girdle
will also form perpendicular to the ¯ow plane during
general shear deformation (Platt and Behrmann, 1986;
Vissers, 1989; Law et al., 1990; Wallis, 1992). Under
these assumptions the angle between the perpendicular

to the central girdle and the foliation (b ) is equal to
the angle between the ¯ow plane and the ¯attening
plane of strain (Fig. 10a). For steady-state plane strain
isochoric deformation, this angle is a function of the
vorticity and the ®nite strain. From the sine rule the
rotation of the axes of the ®nite strain ellipsoid (y ), b
and the ellipticity of the ®nite strain ellipsoid (Rf ) can
be related (Wallis, 1992):

tan y � sin 2b
Rf � 1

Rf ÿ 1
ÿ cos 2b

: �6�

Using the trigonometric relationship in the Mohr
space, Wm can be related to Rf and y:

Wm � sin y
Rf � 1

Rf ÿ 1
: �7�

Therefore Wm can be calculated if Rf and b are known
by eliminating y from Eqs. (6) and (7) and simplifying:

Wm � C sin 2b0@�Cÿ cos 2b�
�������������������������������������
1� sin2 2b
�Cÿ cos2 2b�

s 1A , �8�

where:

C � Rf � 1

Rf ÿ 1
:

Similar, Eqs. (6) and (7) can be easily solved for b and
the result can be plotted for di�erent Wm (Fig. 10b):

Fig. 10. Vorticity analysis using quartz textures. (a) Trigonometric relationship [Eqs. (6)±(8)] of the angle between the normal to the central girdle

and the foliation (b ), the ®nite strain �1� e1,1� e2� and the mean vorticity number (Wm). (b) Plot showing the ellipticity of the ®nite strain ellip-

soid (Rf ) vs b for di�erent Wm. Arrows indicate two hypothetical ®nite strain pro®les (FSP) across the MCTZ where the dots represent the Rf

values at the base the arrows at the top of the section. In FSP-A the whole pro®le reveals the same ellipticity of the ®nite strain ellipsoid. As it is

discussed in the text a pro®le similar to FSP-B is more likely where the lower structural levels record lower Rf values than the top of the MCTZ.
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This plot can be used to evaluate the reliability of
quantitative kinematic studies applied to quartz texture
analysis using the above mentioned assumptions. If the
®nite strain is low (0Rf<5) and well constrained and
if b can be determined within an error of 228, quanti-
tative estimates of Wm can be made within a limit of
approximately 0.2±0.4 (e.g. Wallis, 1992). However,
the limitation of most practical ®nite strain measure-
ments and quartz texture analyses will only allow dis-
tinction between pure shear, pure shear dominated,
simple shear dominated or nearly ideal simple shear
¯ow. Analysis of simple shear dominated ¯ows will be
more accurate because the curves for higher Wm are
more widely spaced than for low Wm. For large ®nite
strains the method becomes less e�cient because the
curves for di�erent Wm get closer spaced and asympto-
tically approach the abscissa. For Rf > 20, b is less
than 58 for Wm ranging from 0 to 0.9. Only ideal
simple shear will result in an angle between the line
perpendicular to the central girdle and the foliation
which is larger than 108. Therefore, for large strain
only three conditions may be realistically distinguished:
(i) Pure shear with central girdles normal to the foli-
ation (e.g. Type I crossed girdles). (ii) General shear
with small b angles. However, within the errors of the
methods it will be impossible to estimate Wm. (iii)
Ideal simple shear with b angles larger than 108.
Therefore, this quantitative approach does not contrib-
ute much more information than the qualitative evalu-
ation of the c- and hai-axis fabric topologies (Lister
and Williams, 1979; Schmid and Casey, 1986).

For the presented c-axes patterns we suggest the fol-
lowing interpretations (Fig. 10): The asymmetry
characterized by the angle b can be determined with
su�cient accuracy using X-ray texture goniometry.
However, we have no constraints on the absolute
values of Rf . Given the large displacement along the
MCTZ, the Rf values should be large. The highest b
angles of around 138 have been found in the upper-
most structural levels. This could be interpreted as a
general shear ¯ow (0:4<Wm<0:9) at small ®nite strains
(Rf<6). More realistically, because of the large displa-
cement accommodated by the MCTZ, the ¯ow has
been close to simple shear at high ®nite strains
(Rf > 20). The asymmetry decreases toward lower
structural levels, resulting in b angles around 58 at the
basal parts of the MCTZ. Regardless of the values of

Rf , this implies a downward increasing pure shear
component (note that in addition, decrease in Wm is
qualitatively suggested by the shift from oblique girdles
towards Type I cross girdle distributions). However,
we have no control whether the ®nite strain at lower
structural levels is in the same order as the Rf values
at the top of the MCTZ. A ®nite strain pro®le (FSP)
across the MCTZ, which records roughly similar
values for Rf , would indicate Wm values around 0.9 at
the base and 1.0 at the top of the shear zone (FSP-A
in Fig. 10b). If the Rf value decreases towards the base
of the MCTZ (FSP-B in Fig. 10b), then lower values
for Wm are possible. Considering that higher-grade
metamorphic rocks are exposed towards higher struc-
tural levels and consequently experienced a higher
total exhumation (Grasemann and Vannay, 1999), we
favor FSP-B, which is independently supported by pet-
rological and structural arguments (Vannay and
Grasemann, 1998).

4. Discussion

4.1. Implications for a decelerating deformation path

Fossen and Tiko� (1997) demonstrated that for
steady-state deformation, simple shear produces a
smaller ®nite strain than pure shear for an identical
o�set. The ®nite strain is minimized by a simultaneous
combination of simple shear and pure shear (i.e. mini-
mum strain path ) or, in other words a general shear is
the most e�ective strain history at accumulating o�set
for a given strain. Comparing a minimum strain path
for the same boundary conditions of a non-steady-
state and a steady-state ¯ow, the mean vorticity num-
ber will be the same for both types of deformation
paths. However, the non-steady-state deformation will
start to deform close to ideal simple shear, and with
increasing o�set pure shear dominated deformation
will compensate for the early simple shear ¯ow.
Although the ®nite strain ellipse is identical for the
two cases, the deformation history is not (Fossen and
Tiko�, 1997). Note that Jiang (1998) demonstrated
that di�erent quantities could be regarded as some
measure of a shear zone displacement. However, the
boundary condition of a thrust zone with a deformed
hanging wall, but where the strain is decoupled from
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the footwall by discontinuous deformation along a
detachment, best approximates thrusting along the
MCTZ and therefore we follow the de®nition of
Fossen and Tiko� (1997).

Independently, Simpson and De Paor (1997)
suggested that in most compressional orogenic belts it
is likely that shear zones below the brittle layer deform
by general shear ¯ow. Using ®nite strain measurements
and vorticity analysis of mylonites of a thrust in the
Swedish Caledonides they showed that the quantitative
kinematic indicators record a considerable greater pure
shearing component than is recorded by the ®nite
strain markers. They concluded that the deformation
in the thrust most likely commenced as a predomi-
nantly simple shearing that became progressively more
pure shear in¯uenced at higher strains, culminating in
predominantly pure shearing towards the ®nal stage of
deformation. They called this special type of defor-
mation path, where the kinematic vorticity number is
reduced as deformation proceeds, a decelerating strain
path.

In the following it will be argued that, based on the
quantitative ¯ow studies presented above, the MCTZ
deformed with an increasing pure shear component
following a decelerating strain path. However, we
avoid the description of the deformation history of the
MCTZ as a minimum strain path because we have no
control whether the recorded ¯ow actually resulted in
a minimum ®nite strain.

Accepting the above discussed assumptions, quanti-
tative analysis of tension gashes and associated fringe
folds of the MCTZ indicate a pure shear component
during this stage of ¯ow of more than 50%. The veins
are abundant and occur throughout the MCTZ, cross-
cutting the earlier formed mylonitic fabric and the
quartz layers from which the samples for texture inves-
tigations were taken. Clearly these structures overprint
the mylonitic foliation and thus the derived mean vor-
ticity number characterizes only this late stage of the
ductile ¯ow. A strong pure shear component is also
con®rmed by quartz c- and hai-axes pole diagrams
from the structurally lower parts of the MCTZ, as
indicated by crossed girdles with small internal or
external asymmetries. However, at higher structural
position, the quartz textures developed an obliquity of
the central girdle segment with respect to the foliation
trace as well as an unequal inclination of the periph-
eral legs with respect to the central girdle segment
suggesting increasing importance of a non-coaxial de-
formation close to simple shear. Furthermore, the in-
terpretation of the dominant slip systems reveals an
increasing temperature from the bottom to the top of
the MCTZ. Thus the quartz textural patterns indicate
dominant simple shear deformation formed at higher
temperatures than those indicating pure shear. Note
that the quartz textures record an earlier stage of ¯ow

since the quartz layers are crosscut by the veins which
have been used as quantitative kinematic indicators for
the late stage of the deformation. These observations
can be interpreted as a deformation history dominated
at higher metamorphic conditions by simple shear
¯ow, which is replaced by pure shear dominated ¯ow
at lower temperature conditions indicating a decelerat-
ing strain path.

Note that the distribution of the observed quartz
textures from the MCTZ could also be interpreted by
spatial variation of the ¯ow type. Deformation at the
di�erent structural levels within the MCTZ may have
formed at the same time but simple shear was localized
to where the temperature was higher and consequently

Fig. 11. Schematic models for a tectonically extruding wedge (HHC)

bounded by the MCTZ and the STDZ. (a) Extrusion is accommo-

dated by shearing along distinct faults at the MCTZ and the STDZ

(e.g. Hodges et al., 1993). (b) The wedge is pervasively ductily

deformed by simple shearing (Grujic et al., 1996). (c) This work

suggests that deformation is more concentrated on the boundaries of

the wedge, which deform by general shear ¯ow and probably follow

a decelerating strain path. Due to strain compatibility the center of

the wedge extrudes mainly by pure shearing.
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the rocks were less competent. However, in this case
the palaeogeothermal gradient must have been
inverted, for which no evidence has been found within
this section of the MCTZ (Vannay and Grasemann,
1998). Therefore, we favor the idea that the observed
distribution of the deformation pattern was caused by
temporal variations in ¯ow type.

4.2. Extrusion of crustal wedges

The decelerating strain path with an increasing pure
shear ¯ow at the late stage of the MCTZ thrusting
bears important consequences for Early Miocene tec-
tonic history of the Himalayas, especially the extrusion
of the HHC wedge.

Using the concept of strain compatibility, parallel-
sided shear zones can only deform by (i) simple shear
with shear plane orientations parallel to the walls, (ii)
heterogeneous volume change with volumetric change
developed by displacements perpendicular to the shear
zone walls, (iii) uniform homogeneous general shear
a�ecting the shear zone and its walls, or (iv) any com-
bination of these processes (Ramsay and Graham,
1970). Shear zones with unstrained walls, but where
the walls are not parallel sided, will result in extrusive
motion of the material in the shear zone deforming
with heterogeneous general shear (Ramsay and Huber,
1987). In other words, general shear always occurs if
the wall rock itself undergoes deformation and/or if
the shear zone boundaries are not parallel sided.

It has been suggested that large-scale thrusting at
the base of the MCTZ occurred simultaneously with
normal faulting along the STDZ at the top of the
HHC along much of the Himalayan orogen (e.g.
Burch®el et al., 1992; Hodges et al., 1992). Therefore
the HHC can be modeled as a southwards extruding
wedge between a thrust at the base and a normal fault
at the top (e.g. Burch®el and Royden, 1985; Hodges et
al., 1993; Grujic et al., 1996). Note that geophysical
data indeed indicate that the bounding faults are not
parallel but converge downward (Nelson et al., 1996).
Whereas earlier models assume that the main defor-
mation is restricted to distinct faults at the bottom and
the top of the wedge (Fig. 11a), ®eld data suggest that
the extruding wedge did not act as a rigid block, but
was deformed during extrusion (Fig. 11b) with strain
concentration at the bottom and the top (Grujic et al.,
1996).

The quantitative kinematic indicators presented in
this study derived from the basal mylonites of the
HHC indicate a non-steady-state general shear ¯ow
following a decelerating strain path. The pure shear
component of deformation requires that some
elongation of the general shear zone must exist. This
elongation can be either accommodated by pure shear
deformation of the wall rock or by discontinuous de-

formation along a detachment or stretching fault
(Means, 1989; Fossen and Tiko�, 1997). In case of the
investigated orthogneiss mylonites, strain compatibility
requirements must be relaxed at the base because the
whole MCTZ is detached from the underlying LH
along brittle faults. However, there is no detachment
between the highly strained orthogneiss mylonites and
the overlying less-strained schists and paragneisses of
the HFm. In order to maintain strain compatibility,
the Haimanta Formation should record a strong
elongation component about the magnitude of the
pure shear component of the MCTZ. Even though this
ideal geometric model cannot be easily quanti®ed in
the ®eld, the HFm frequently shows symmetric boudi-
nage and conjugate shear-band overprinting the older
fabric, suggesting a late-stage strong SW±NE stretch-
ing component. Although this study is focused on the
mylonites of the MCTZ at the base of the extruding
wedge of the HHC and higher structural levels are not
exposed in the investigated section, a hypothetical
modi®cation of the ¯ow within the deforming crustal
wedge is suggested (Fig. 11c).

The late ductile to brittle±ductile deformation of the
MCTZ reveals a strong pure shear component. Earlier
¯ow at higher temperatures was probably closer to
simple shear, suggesting a decelerating strain path. At
the lower boundary of the MCTZ, a detachment
(stretching fault) allows discontinuous deformation.
However, for the material above the MCTZ, strain
compatibility must be maintained and consequently
the center of the wedge accommodates the pure shear
component of the ¯ow of the MCTZ by elongation. If
the STDZ on top of the wedge deforms as well by gen-
eral shear ¯ow, the stretching component parallel to
the normal fault is detached from the hanging wall,
but due to strain compatibility again induces an
elongation within the middle part of the wedge. Thus
general shear ¯ow within the thrust at the bottom and
the normal fault at the top of a crustal wedge enhances
the extrusion component of the central part of the
wedge. This result is in good agreement with ®eld ob-
servations where the central part of the wedge records
the highest metamorphic conditions (e.g. Hodges et al.,
1993; Grujic et al., 1996). Note that, depending on the
total displacement, the thickness of the shear zones
and the ¯ow type within the bounding thrust and the
normal fault, the highest metamorphic conditions do
not necessarily have to occur in the center of the
wedge (Vannay and Grasemann, 1998).

In this study only the ¯ow from the MCTZ has
been studied. However, the ®nite displacement path
within an extruding wedge has important consequences
on the interpretation of metamorphic pressure±tem-
perature±time paths and cooling histories of rocks.
Therefore a more rigorous study of the ¯ow par-
ameters across the whole extruding wedge would con-
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tribute to a better understanding of the kinematics of
the exhumation of the HHC in future studies.

5. Conclusions

1. Fringe folds develop near tension gashes due to ro-
tation of veins and preservation of an existing foli-
ation in the vicinity of the veins. These structures
are useful quantitative kinematic indicators, which
record a late ductile stage of ¯ow.

2. The interpretation of the angle between the normal
to the central girdle and the foliation from quartz c-
axis pole ®gures in terms of ¯ow parameters have to
be used cautiously. For large strains this angle
would be less than 58 for ¯ows with mean vorticity
numbers between 0 and 0.9. For ideal simple shear
b is above 108 even at high strain.

3. Quartz c-axis pole ®gure plots from the MCTZ
reveal a systematic change of the preferred slip sys-
tems from prism hai glide (upper structural levels of
the MCTZ) to rhomb hai glide towards contri-
butions of basal hai glide in MCTZ footwall units.
Our interpretation of higher syn-deformative tem-
peratures within upper structural levels and lower
temperatures within lower structural levels of the
MCTZ is in agreement with similar results derived
by di�erent methods from other parts of the
MCTZ.

4. The interpretation of quartz textures from mylonitic
orthogneisses from the MCTZ, which are over-
printed by the fringe folds suggest that deformation
at higher temperatures had a stronger degree of
non-coaxiality than deformation at lower tempera-
tures. This observation suggests that the ¯ow within
the MCTZ probably followed a decelerating strain
path.

5. A hypothetical model representing a modi®cation of
existing models, which explain the exhumation of
the HHC as a southwards extruding wedge between
the MCTZ and the STDZ, is suggested. Both shear
zones at the top and the base of the wedge have a
pronounced pure shear component, especially at the
late stage of ductile ¯ow, and probably followed a
decelerating strain path. Whereas deformation
within these shear zones is decoupled from the
hanging wall and the footwall by detachments, the
central part of the wedge has to deform with a
strong pure shear component in order to maintain
the requirements of strain compatibility.
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