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Abstract The Higher Himalayan Shear Zone (HHSZ)
contains a ductile top-to-N/NE shear zone—the South
Tibetan detachment system-lower (STDS;) and an out-of-
sequence thrust (OOST) as well as a top-to-N/NE normal
shear at its northern boundary and ubiquitously distributed
compressional top-to-S/SW shear throughout the shear
zone. The OOST that was active between 22 Ma and the
Holocene, varies in thickness from 50 m to 6 km and in
throw from 1.4 to 20 km. Channel flow analogue models of
this structural geology were performed in this work.
A Newtonian viscous polymer (PDMS) was pushed
through a horizontal channel leading to an inclined channel
with parallel and upward-diverging boundaries analogous
to the HHSZ and allowed to extrude to the free surface. A
top-to-N/NE shear zone equivalent to the STDSy devel-
oped spontaneously. This also indirectly connotes an
independent flow confined to the southern part of the
HHSZ gave rise to the STDS; . The PDMS originally inside
the horizontal channel extruded at a faster rate through the
upper part of the inclined channel. The lower boundary of
this faster PDMS defined the OOST. The model OOST
originated at the corner and reached the vent at positions
similar to the natural prototype some time after the channel
flow began. The genesis of the OOST seems to be unrelated
to any rheologic contrast or climatic effects. Profound
variations in the flow parameters along the HHSZ and the
extrusive force probably resulted in variations in the
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timing, location, thickness and slip parameters of the
OOST. Variation in pressure gradient within the model
horizontal channel, however, could not be matched with
the natural prototype. Channel flow alone presumably did
not result in southward propagation of deformation in the
Himalaya.

Keywords Channel flow - Higher Himalayan Shear
Zone - Detachment - Ductile shearing - Analogue models -
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Introduction

One of the few longitudinal belts of similar rock types in
the Himalaya is the Precambrian and Proterozoic green-
schist to amphibolite facies rocks of the ‘Higher Himalayan
Shear Zone’ (HHSZ; Mukherjee and Jain 2004; Mukherjee
and Koyi 2010a, b and references; Fig. 1). The HHSZ has
also been recognized as the ‘Higher Himalayan Crystalline
Sequence’, an ‘orogenic channel’, ‘Greater Himalayan
Sequence’ and an ‘orogenic wedge’ by different research
groups (See Mukherjee and Koyi 2010a, b for review). The
justification for designating this part of the Himalaya as a
shear zone is that the whole belt had been affected by a
ubiquitous ductile top-to-S/SW shear event (the D, defor-
mation event of Jain et al. 2002) as revealed by prominent
S—C shear fabrics (e.g.; Mukherjee 2007, 2010a, b; Muk-
herjee and Koyi 2010a,b). The lower boundary of this belt
is the Main Central Thrust (Jain and Anand 1988) and the
upper boundary is the South Tibetan Detachment System-
Upper (STDSy) (Mukherjee 2007, 2010a; Mukherjee and
Koyi 2010a). The rocks of the HHSZ could be one of the
following: (i) a high-grade metamorphosed lower tectonic
unit of the Lesser Himalaya; (ii) that of an upper unit of
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Tethyan sediments; (iii) diverse crustal elements mixed
with Greater India during a major early Palaeozoic tecto-
nism (review by Robinson et al. 2006).

Several metamorphic and structural aspects of the
HHSZ—most notably inverted metamorphism and simul-
taneity of top-to-N/NE and compressional shearing—have
recently almost unanimously been explained by channel
flow leading to extrusion of an infrastructure (or the middle
crust) (Beaumont et al. 2001; reviews by Burbank 2005;
Mukherjee 2005; Grujic 2006; Hodges 2006; Jessup et al.
2006; Yin 2006; Harris 2007; Mukherjee 2007; Dewey
2008; Ashish et al. 2009; Whipple 2009; Mukherjee and
Koyi 2010a, b; Owen 2010; also see Harrison 2006; Kohn
2008; Leloup et al. 2010 etc. for counter arguments).
Recently, Chambers et al. (2011) postulated that there were
several switches in extrusion mode of the Higher Himalaya
in the Bhutan Himalaya from channel flow viscous wedge
into critical taper frictional wedge and vice versa, where
each phase was active for only a few million years.
Channel flow leads to minimum shear strain at the centre of
the channel and lower values at the boundaries (Mukherjee
et al. 2011). The top-to-N/NE shear zone occurring as the
uppermost part of the HHSZ has been recognized as the
South Tibetan Detachment System, and more recently as
South Tibetan Detachment System-Upper by Godin et al.
(2006). The STDSy in the Sutlej and in the Zanskar sec-
tions are ductile shear zones (Mukherjee 2007; Mukherjee
2010a, b; Mukherjee and Koyi 2010a). However, the
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Fig. 1 The out-of sequence thrust (OOST) is delineated passing
through spot locations inside the Higher Himalayan Shear Zone
(HHSZ) on the map of the Himalayan orogen taken from fig. 1 of
Godin et al. (2006). The ‘Greater Himalayan Sequence’ of Godin
et al. (2006) is presented here as the HHSZ, and their MCT-zone as
the MCTL. Locations of the OOST were taken from the following
references- Chaura/Sarahan: Chambers et al. (2008); Toijem: Carosi
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finding of a second ductile top-to-N/NE shear zone (the
South Tibetan Detachment System-Lower—the STDS| of
Godin et al. 2006; review by Mukherjee and Koyi 2010a)
and an out-of-sequence thrust (OOST—abbreviated after
Morley 1988 and Rowe 2007) in different sections (see
reviews by Mukherjee et al. 2009 and Whipple 2009) call
for additional interpretation (Fig. 2). As discussed later, the
exact timing of the OOST varies along the Himalayan
chain. The rationale of taking the OOSTs in different
sections as a single thrust active in different time spans is
that applied to other major faults. Examples are the MCTy,
(15 to 0.7 Ma) and the MCTy (25 to 14 Ma), and the major
normal faults such as the STDS; (24 to 12 Ma) and the
STDSy (19 to 14 Ma) (Godin et al. 2006).

In two key aspects, therefore, extrusion of the HHSZ via
channel flow requires further study. Obvious questions are
the following: (i) was the ductile shearing along the two
strands at the top-to-N/NE shear zone simultaneous, or
sequential? (ii)) Could some unforeseen aspect of the
extrusion of the HHSZ via channel flow explain the OOST
within it? This paper reviews the out-of-sequence thrusting
in the Higher Himalayan Shear Zone and uses dynamically
scaled analogue models of extrusion by Poiseuille flow and
Jeffery-Hamel flow of the HHSZ to address these questions.

Following Mukherjee (2007, 2010c) and Mukherjee and
Koyi (2010a, b), we use the term ‘channel flow’ to denote
laminar flow of an incompressible Newtonian viscous fluid
driven by a pressure gradient between long parallel walls. The
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et al. (2007) (However, as per Carosi et al. 2011, the thrust at Toijem
is not an OOST); Kalopani: Vannay and Hodges (1996); Modi Khola
(Hodges et al. 1996); Physiographic Transition, PT: Wobus et al.
(2005); Khumbu: Searle et al. (1995); High Himal Thrust (Hi):
Goscombe et al. (2006); Kakhtang: Hollister and Grujic (2006); and
Zimithang: Yin et al. (2006)
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HHSZ

Fig. 2 Summary of the first-order structures from SW to NE across
the HHSZ. A top-to-SW sense of shearing ‘1’ occurs everywhere in
the HHSZ. Top-to-N/NE shear ‘2’ defines the STDSy and ‘3’ the
STDS; .. No additional fabrics characterize the OOST or the MCTZ;
hence, dashes present their boundaries. Symbols: HHSZ Higher
Himalayan Shear Zone, 7SZ Tethyan Sedimentary Zone, STDS,
South Tibetan Detachment System-Upper; STDS, South Tibetan
Detachment System-Lower; OOST Out of Sequence Thrust, LH
Lesser Himalaya; MCT; Main Central Thrust-Lower, MCT; Main
Central Thrust-Upper. Neither to scale nor dip

word ‘extrusion’ is used to denote upward movement of rocks
that effectively behaved as fluids (similar to Stiiwe 2007).
The top-to-N/NE ductile shearing in the South Tibetan
detachment system-upper (STDSy) took place between 19
and 14 Ma and in the South Tibetan detachment system-
lower (STDS;) between 24 and 12 Ma (Godin et al. 2006).
However, their activities might not be continuous (Harris
2007). Thus, we do not know whether the ductile top-to-
N/NE shear within the STDS; and the STDSy (e.g. see
Mukherjee 2007, Mukherjee 2010a, b; Mukherjee and Koyi
2010a) were active together during any part of the
19-14 Ma time span. On the other hand, the OOST has
been repeatedly linked either with enhanced erosion of its
hanging-wall block (review by Whipple 2009) or, more
rarely, a channel flow of contrasting lithologies with dif-
ferent rheologies (Carosi et al. 2007). However, neither of
these conjectures have been validated by any geodynamic
model. Further, the latest numerical channel flow models
by the Dalhousie school (e.g. Jamieson et al. 2006) con-
sidered the HHSZ to consist of parallel boundaries (Fig. 2).
Therefore, Jeffery-Hamel extrusive flow (LeCureux and
Burnett 1975 but also others) of the HHSZ through the
diverging-upward boundaries deciphered from recent geo-
physical studies (e.g. as adopted in Fig. 8a in Grujic et al.
1996; see Ashish et al. 2009 for review) has remained
unexplored. The dip of the STDSy at the surface varies
between 30° and 60° (Yin 2006’s review) and at depth
ranges from 5° to 20° (Ashish et al. 2009’s review) so as to
merge with the MCT. A Jeffery-Hamel extrusion can lead
to multiple senses of shearing in a single flow. Such
complications depend on the Reynolds Number, the pres-
sure gradient that drives the extrusion and the (aperture)
angle between the upward diverging boundaries (Fig. 3;
LeCureux and Burnett 1975). In such a geometry, the

boundaries of the HHSZ, the STDSy; and the STDS; would
constitute a wedge. The flow would divide with zones of
different flow velocities with opposed senses of shear along
inflections in the velocity profile. Thus, a possibility
remains that the top-to-N/NE shear in the STDSy and the
STDS,. could have been coeval (Fig. 4).

Tectonic framework of the Higher Himalayan
Shear Zone

Summary

The following tectono-metamorphic aspects characterize
the HHSZ (Fig. 1). (i) Main foliations (i.e. primary shear
C-planes) and stretching lineations dip and plunge towards
N/NE (Jain and Anand 1988). (ii) Pre-Himalayan D,- and
post-shearing D5 folds—usually small in scale; ductile
synthetic shearing, brittle-ductile extensional boudins,
brittle shearing and fracturing are either prior, later or local
with respect to the widespread top-to-S/SW ductile shear.
Therefore, these deformations are unassociated with
extrusion related to ductile shear (Mukherjee and Koyi
2010a, b). (iii)) A 1-10-km-thick MCT-Zone (MCTZ) of
intense mylonitization which might be a tectonic mélange
of Lesser and Higher Himalayan rocks. It is bound by the
Main Central Thrust-Lower (MCTy) and the Main Central
Thrust-Upper (MCTYy) (e.g. reviews by Martin et al. 2005
and by Kohn 2008). (iv) Inverted metamorphism above
the MCTy, is followed northward by normal sequence

Fig. 3 The curve with two inflection points I, and I, is a plausible
Jeffery-Hamel profile. The circular arc is the inactive marker before
the flow (arrows) started. Reproduced from Fig. 11c of Sykes and
Reid (1984)

@ Springer



Int J Earth Sci (Geol Rundsch)

Fig. 4 The HHSZ is defined by north-easterly dipping divergent-
upward boundaries. The arc S;S, is a marker before the extrusion.
The curve intersecting the marker at the inflection points I; and I,
represents a possible Jeffery-Hamel profile. Had such an extrusion
taken place, the STDSy and the STDSp would have formed
simultaneously with their characteristic shear senses depicted by the
S—C fabrics. Symbols defined in caption of Fig. 2

metamorphism (Searle and Rex 1989). (v) A top-to-SW
sense of ductile compressional shearing near the MCTy
(Godin et al. 2006), and a zone of ductile top-to-NE sense
of shear within the top of the shear zone designated as the
STDSy (Burchfiel et al. 1992). (vi) The presence of a
second zone of ductile top-to-N/NE shearing, the STDS;,
in some Himalayan sections. These sections include those
at Gonto la (Edwards et al. 1996), the Everest massif
(Searle 1999; Searle et al. 2003; Law et al. 2004) and the
Sutlej section (Mukherjee 2007; Mukherjee and Koyi
2010a). However, the STDS; is absent in the Alaknanda-,
Bhagirathi- (Jain et al. 2002), Dhauliganga and Goriganga
sections (observations of the first author) in the Indian
Himalaya, and also in the Pakistan Himalaya (Depietro and
Pogue 2004). (vii) Simultaneity of top-to-N/NE shear in the
STDSy, compressional top-to-S/SW shear in the MCTZ
and protracted anatexis and migmatization in the upper part
of the shear zone (e.g. Searle et al. 2003). These have been
attributed to channel flow that involved 100-200-km hor-
izontal transport of partially molten material (review by
Ashish et al. 2009) at a rate of about 5-6 km Ma™! (see the
calculation in Mukherjee and Koyi 2010a). A lithostatic
pressure gradient (Grujic et al. 2002) and erosion focused
on the HHSZ (Beaumont et al. 2001) have been invoked to
drive such channel flow. Partially molten rock materials
started flowing as early as 35 Ma along a sub-horizontal
channel below Tibet (Lee and Whitehouse 2007) that was
linked with the HHSZ. (viii) Compiled mineral cooling
ages (Godin et al. 2006) constrain the compressional top-
to-SW ductile shearing in the MCT| to 15-0.7 Ma; and the
MCTy to 25-14 Ma. Similarly, top-to-NE ductile shear in
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the STDS; occurred at 24-12 Ma and in the STDSy at
19-14 Ma (Godin et al. 2006). This means there is a pos-
sibility that the MCTy, the STDS, and the STDSy were
active between 19 and 14 Ma; and the MCT}, the STDS,
and the STDSy at 14-12 Ma. (ix) A heterogeneous ductile
shear regime was dominated by central pure shear and
marginal simple shear (Grasemann et al. 2006; Law et al.
2004; review by Exner 2005; Jessup et al. 2006; Carosi
et al. 2007; Larson and Godin 2009). (x) The sub-hori-
zontal channel at mid-crustal depth beneath the Tibetan
plateau contains 3-7% partially molten rocks (Caldwell
et al. 2009). This channel defines a flat that linked to the
inclined HHSZ ramp. (xi) Alternately, the tectonic
boundaries MCT}, and the STDSy merge with the Main
Himalayan Thrust (MHT) at a depth of ~35 km and
constitute a wedge (e.g. Fig. 2b of Harris 2006 as deci-
phered by Grujic et al. 1996). (xii) The occurrence of an
out-of-sequence thrust (OOST) in the HHSZ (usually south
of the STDS;) in some Himalayan sections (Grujic et al.
1996; Hodges et al. 1996; Vannay and Hodges 1996; Searle
1999; Jain et al. 2000; Grujic et al. 2002; Burbank et al.
2003; Burbank 2005; Wobus et al. 2005; Goscombe et al.
2006; Hollister and Grujic 2006; Yin et al. 2006; Carosi
et al. 2007; Harris 2007; Chambers et al. 2008; Wobus
et al. 2008; Mukherjee et al. 2009). The next section
reviews the OOST within the HHSZ.

Out-of-sequence thrust in the Higher Himalayan Shear
Zone—a review

The OOST, a surface-breaking thrust, has been identified
within the HHSZ more often from the Nepal- and Bhutan
Himalaya (Grujic et al. 1996, 2002; Hodges et al. 1996,
2004; Vannay and Hodges 1996; Searle 1999; Burbank et al.
2003; Wobus et al. 2003, 2005; Wobus 2005; Goscombe
et al. 2006; Hollister and Grujic 2006; Carosi et al. 2007,
reviews by Burbank 2005; Harris 2007; Mukherjee et al.
2009; Whipple 2009). The OOST lies outside (and below)
the STDSy and the STDS; and inside the zone of the top-to-
SW sense of ductile shearing (Fig. 2). The OOST has been
demarcated on the basis of a disparity in extrusion rate in the
order of mm per year across it as deduced from geochro-
nological studies. As in the MCTZ, no unique structural
fabric other than a top-to-S/SW ductile shear of the HHSZ
has so far been established in the OOST. This may be due to
the parallelism between the shear fabric related to the OOST
movement and the pre-existing S-fabrics. Different workers
have recognized the OOST at nine main locations along the
HHSZ (Fig. 1; Table 1). In the Marsyandi valley in Nepal,
near the MCTy and ~ 23 km south in the adjacent valleys, a
high rate of exhumation in the Pliocene—Pleistocene has
been recorded across a 3—5-km-thick (Wobus et al. 2006a)
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tectonic zone called the ‘physiographic transition’ by
Burbank et al. (2003), Burbank (2005), Wobus et al. (2005),
Harris (2007, review) and possibly also by Wobus et al.
(2008) (‘physiographic transition-2’ by Hodges et al. 2004
and Wobus et al. 2006a). The physiographic transition has
also been considered as the reactivated MCT in a new
location (Wobus et al. 2006a, b). These workers considered
the MCTy as the lower boundary of the HHSZ. Taking the
MCTY (that passes at least 30 km north-east of Kathmandu)
as the lower boundary of the HHSZ, the physiographic
transition comes inside the shear zone in a position similar to
that of the OOST at other sections. Thus, the physiographic
transition and the OOST are likely to be a single element
(Fig. 1). The OOST is quite pervasive beneath Kakhtang and
either initiates where the MCTZ branches out from the MHT
atadepth of >30 km, or extends for 200300 km northward
beneath the Tibetan plateau (Fig. 5—simplified from Grujic
et al. 2002; Hollister and Grujic 2006—especially their
fig. 5). Five strands of physiographic transitions have also
been reported from the HHSZ in Bhutan. Two of them—the
PT2a and the PT2b—are ~ 10 km thick (Wobus et al.
2003)—and may be indicate an out-of-sequence blind thrust
(Tobgay and Hurtado JM Jr 2004; Tobgay 2005). Similarly,
the OOST has been interpreted as a blind thrust south of the
MCT (=MCTy of Godin et al. 2006) in the Kumaun
Himalaya (Paul et al. 2010).

Recently Carosi et al. (2010) deciphered that activity of
the so-called OOST at Toijem peaked at around 26 Ma and
continued until 17 Ma. Thus, these authors considered the
shear zone at Toijem to be one of the oldest extrusion zones
in the HHSZ. If this is so, the shear zone at Toijem cannot
be equated with OOST. We therefore take into consider-
ation only the position of the Toijem Shear Zone (in
Figs. 1, 6) bearing in mind that it need not be an OOST and
reconsider it later in the light of our model results (Fig. 14
for example).

Geochronological studies on the OOST indicate differ-
ent phases of activity from section to section (Table 1).
The OOST is still active only in the Marsyandi valley,
Nepal Himalaya. The timing of channel flow in different
sections of the HHSZ is conventionally equated with the
common span of compressional shearing in the MCTZ and
ductile top-to-N/NE shearing in either the STDSy or the
STDS;.. In sections where the timings are known for both
the top-to-N/NE and the top-to-S/SW compressional shear,
the channel flow and extrusion is usually found to precede
activity in the OOST. For example, following Hodges
et al’s (1996) geochronological data in Modi Khola, the
possible initiation of channel flow was around 22.5 Ma. In
Kakhtang, channel flow was active from 22 to 13 Ma
(Hollister and Grujic 2006). The activity of the MCTZ in
the Marsyandi section occurred between 22 and 16 Ma
(data from Coleman 1998; Catlos et al. 2001). Therefore,

even though we have no data on the timing of top-to-N/NE
ductile shear in the Marsyandi section, it can be safely
inferred that there was no channel flow before 16 Ma. The
timing of activation of the OOST at Kalopani and Modi
Khola has been constrained to between 22 and 15 Ma
(Vannay and Hodges 1996; Godin et al. 2001). This means
that the known timing of the out-of-sequence thrusting in
the HHSZ along the Himalayan trend ranges from 22 Ma
to the Holocene. Notice that there is an overlap of this
timing of the OOST with those compiled by Godin et al.
(2006) for the MCTy, the MCTy, the STDSy and the
STDS;. More specifically, activity on the OOST at
Kakhtang was simultaneous with the ductile top-to-N/NE
shear in the STDSy between 11 to 10 Ma (Grujic et al.
2002; Hollister and Grujic 2006). On the other hand, the
High Himal Thrust and the STDSy were active together
between 22 to 11 Ma (Goscombe et al. 20006).

The OOST, at Kakhtang (Grujic et al. 2002), Toijem (as
per Carosi et al. 2007 but that contradicted by Carosi et al.
2010) and Chaura (Jain et al. 2000), is a ductile shear zone
with a top-to-SW sense of shear affecting high-grade min-
erals with a later imprint of brittle shear of the same sense at
Chaura (Jain et al. 2000). The dominant lithologies in the
hanging wall side of the OOST are migmatites and leucog-
ranites in several sections: for example, at Khumbu (Searle
1999), Zimithang (Yin et al. 2006), Toijem (Carosi et al.
2007; Carosi et al. 2010) and Kakhtang (Grujic et al. 2002;
Hollister and Grujic 2006). The leucogranite might be
indicative of decompression due to shear on the OOST
(Carosi et al. 2010). However, the footwall contains leu-
cogranites and migmatites, e.g. at Modi Khola (Hodges et al.
1996), that for the High Himal Thrust (Goscombe et al. 2006)
and at Sarahan (Chambers et al. 2008). The High Himal
Thrust dips 20—-40° to the E/ENE/NW, and exhibits mylon-
itization of garnet, sillimanite and feldspar bearing rocks,
northward plunging stretching lineations, shear bands, and a
very high strain ratio (R) of between 30 and 45 (Goscombe
etal. 2006). In contrast to all other places, the OOST in Nepal
(where it is recognized as High Himal Thrust) underwent a
late phase of extensional faulting (Goscombe et al. 2006; also
referred to in Imayama et al. 2010).

The thickness of the HHSZ varies from section to sec-
tion (reviews by Mukherjee 2007; Mukherjee and Koyi
2010a). The position of the OOST inside the HHSZ can be
represented by the ratio of distances between the MCTy
and the OOST to between the OOST and the STDSy
(Table, 1; Fig. 6). The ratio is found to vary in different
sections. This may be due to a variation in the thickness of
the HHSZ from a minimum of 2 km in the Nepalese
Himalaya (Godin et al. 2006) to a maximum of 50 km
around Zanskar (Stephenson et al. 2000).

Along the Himalayan chain, the OOST varies signifi-
cantly in its time of activity, location in the HHSZ,
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NE

Tibetan Plateau

MHT

Fig. 5 Schematic representation of possible occurrences of the
OOST (from Grujic et al. 2002; Hollister and Grujic 2006). The
OOST either originates from where the STDSy joins the sub-
horizontal channel or continues through the latter. Symbols defined in
caption of Fig. 2. Neither to scale nor dip

thickness and its amount of displacement (Table 1). For
example, taking the optimum values of activation of the
OOST as 22.5 Ma at Modi Khola (Hodges et al. 1996) and
the Holocene in the Marsyandi section (Burbank 2005;
review by Harris 2007) that are merely ~ 83 km apart, the
maximum variation in the timing of the OOST is
~22.5 Ma. Taking the relative location of the OOST
inside the HHSZ as the ratio of distance between the MCTy,
to the OOST and that between the OOST and the STDSy
varies within the range of 1:0.25 to 1:1.57 (Fig. 6).

Channel flow analogue models
Model design and material
A ‘channel flow box’ was designed and built in plexiglass

at the Hans Ramberg Tectonic Laboratory at Uppsala
University. The box consists of a piston, a base plate, a

N

front plate, two side plates, two hanging-wall wedges and
two foot-wall wedges (Fig. 7). Wedges with different
slopes were prepared. When the plates and the wedges are
installed, the box consists of a horizontal (flat) channel
venting through an inclined or ramp channel. The box
can be dismantled into two mirror-image halves. Poly-
dimethylsiloxane (PDMS), a transparent incompressible
Newtonian viscous polymer with a density of 0.95 gm
cm > and a viscosity of 10° Pa s (reviews by Koyi 1991;
Talbot and Aftabi 2004), was used as the model material.
We used PDMS because (i) its rheology is well known; (ii)
it is widely used in various other analogue models (Talbot
and Aftabi 2004; Exner 2005); and (iii) its transparent
nature allows monitoring the deformation of grids inside it.
Godin et al. (2011) also used PDMS as an analogue for
mid-crustal partial melt beneath the Himalaya. A single
model material was used in our experiments since (i) it was
difficult to place two model materials inside the channel
flow box; and more importantly (ii) if two materials were
used—one for stiff rocks and the other with a lower vis-
cosity to represent the partially molten rock in the proto-
type, it would have been impossible to prove that this
rheological contrast is not a necessary factor for generating
the OOST (discussed latter).

In different experiments (the 8th column in Table 2),
masses of 634 to 1033 gm of PDMS were inserted within
the two halves of the channel flow box. These were then
left undisturbed for a few days to allow the air bubbles to
rise and vent to the temporary free surfaces. For each
experiment, two partially photocopied grids of unbaked
carbon on transparent sheets were imprinted on the PDMS
along what was to become the vertical mid-plane. After
printing one grid in the horizontal channel and the other
in the inclined channel, the two halves of the channel
flow box were rapidly screwed together (Fig. 8a). For

NE
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Ka,,Ch,Kh
Ka,Ph Hi Zi,To KI Mo
MCT, STDS,
HHSZ

Fig. 6 The relative locations of the OOST—Ka,;, Ph, Ka,, Ch, Kh,
Hi, Zi To, Kl and Mo—as noted in different sections of the HHSZ.
Topography is neglected. The ratio of distance between the MCT to
the OOST to that from the OOST to the STDSy are maintained
constant. The Ka, coincides with the Ch. The STDSy shows
dominantly a top-to-NE sense of shearing, whereas it shows a top-
to-SW shear sense at other locations. Symbols (and references from
which ratios were calculated)—MCT; Main Central Thrust-Lower,
Ka; Kakhtang Thrust (Grujic et al. 2002), Ka, Kakhtang Thrust

(Hollister and Grujic 2006), Ph Physiographic Transition (Harrison
et al. 1997, Wobus et al. 2005), Hi High Himal Thrust (HHT), Ch
Chaura Thrust (Jain et al. 2000, Chambers et al. 2008), Kh Khumbu
Thrust (Searle 1999); Hi: Higher Himal Thrust (Goscombe et al.
2006), Zi Zimithang Thrust (Yin et al. 2006), To Toijem Shear Zone
(Carosi et al. 2007; however, as per Carosi et al. 2010, the thrust at
Toijem is not an OOST), KI Kalopani Shear Zone (Vannay and
Hodges 1996), Mo Modi Khola Shear Zone (Hodges et al. 1996).
Other symbols defined in caption of Fig. 2
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Fig. 7 The channel flow box consisting of an inclined channel
analogous to the Higher Himalayan Shear Zone (HHSZ) linked to a
horizontal channel. A pair of hanging wall and footwall wedges
constitutes the inclined channel. For a diverging-upward inclined
channel (6, > 0,), the aperture angle is 03 = 0; — 0,. Dimension
‘A’—thicknesses of the horizontal channel; ‘B’—that of the HHSZ;

experiments with parallel inclined boundaries (experiment
numbers 1, 5, 7 to 10 in Table 2; Figs. 8a, 11a, 11c), the
grids were of equally spaced sets of perpendicular lines.
For experiments with diverging-upward inclined channels
(experiment numbers 2, 3, 4, 6 in Table 2; Figs. 8d, 10a,
10c, 11d), the grids consisted of arcs and radial markers.
Grid lines acted as passive markers in all the experiments.
PDMS being an incompressible fluid, these experiments
implicitly neglected any kinematic dilatancy due to partial
melting (Grasemann et al. 2006) during extrusion of the
HHSZ related to channel flow. Using PDMS also precluded
modelling the brittle behaviour of rocks at depths of <8 km
in the natural prototype. As extruding rocks reaches shal-
lower levels, their temperature is expected to fall and their
viscosity to rise. Neither the present models nor any other
published (analogue) models can take into account this
change (e.g. Ramberg 1981; Koyi 1991; Koyi 1997; Talbot
and Aftabi 2004; Mukherjee 2010c; Mukherjee et al. 2010;
Mukherjee and Mulchrone 2011). The second important
constraint worth mentioning is that since controlled
removal of the extruded PDMS was impractical, the
extruding PDMS was allowed to gravity spread without
any erosion.

Similarity factors

For a one-to-one compatibility, the analogue models must
be geometrically, dynamically and kinematically similar to
the natural prototype (e.g. Ramberg 1981; Koyi 1997). The
dips of the boundaries of the inclined channel that acted as
the model HHSZ were taken as 300, 40° and 60° following
those construed by Vannay and Grasemann (2001),

@ Springer

‘C’—the depth at which the inclined channel meets the horizontal
channel = 3.5 cm in models. Along the vertical mid-plane—the
‘l mm opening’ between the two halves of the wedges, grids were
imprinted on the PDMS. A rectangular piston pushed the PDMS
filling the horizontal channel to the left. A ‘glass plate’ in some
experiments restricted the flow of the extruded PDMS. Not to scale

Robinson et al. (2003), Jamieson et al. (2004) and Yin
(2006). The boundaries were parallel and diverging-
upward in different experiments. Reasonable geometric
similarity between the analogue models and the HHSZ in
the natural prototype was achieved by choosing the thick-
ness of the horizontal channel (‘B’ in Fig. 7) to be
15-50 km (from Jamieson et al. 2004; and Acharya and
Ray 1977) and the depth (‘C’ in Fig. 7) of the upper
boundary of the horizontal channel to be 35 km (average
value from Fig. 8b of Hauck et al. 1998). The thickness of
the HHSZ has been reported to vary from 2 to 50 km (the
‘A’ parameter in Fig. 7; see Godin et al. 2006 for the
minimum and Stephenson et al. 2000 for the maximum
values). If we choose parameter ‘B’ suitable for the labo-
ratory equipment as 15-50 mm and the ‘C’ as 35 mm, it
would be difficult to document deformation patterns in a
geometrically similar inclined channel where the lower
practical limit of the ‘A’ parameter becomes 2 mm. For
this reason, we chose the ‘A’ parameter as 1.25-5 cm.
Different experiments involved three combinations of
thicknesses of the inclined—and the horizontal channels:
(i) they were of equal thickness, (ii) the inclined channel
was twice the thickness of the horizontal channel, and (iii)
the horizontal channel was twice the thickness of the
inclined channel. The same thickness relations of the two
channels were also considered by Beaumont et al. (2004)
(also see Fig. 2 of Langille et al. 2010). As both the natural
prototype and the analogue models maintained Reynolds
Numbers much less than unity (Eq. 3 onwards in the
“Appendix”), they are dynamically similar (as per Sch-
lichting and Gersten 1999). However, the boundaries of the
model channel were static whereas in the natural situation,
these boundaries migrated southward with time (Jamieson
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Fig. 8 a The channel flow box full of PDMS, with grids imprinted
along its vertical mid-plane before the onset of deformation. The
smallest squares in the grids are 5 x 5 mm. b Pushing the piston in
the horizontal channel developed flow zones 1 and -2. In zone 1, grids
pinched (arrow) into a tilted pitcher-shape. Zone 2 was defined by
congruent parabolas. Experiment 3. Photo 15. Time: 64 min. ¢ Zone 3
was defined at the corner where the parabolic velocity profile in the
horizontal channel entered the inclined channel. Grid lines initially
horizontal became inclined as they entered the inclined channel

et al. 2004). The models and their prototypes therefore
differed kinematically in a Eularian reference frame fixed
to India, but were kinematically similar in Langrangian
coordinates fixed on the channel boundaries. We assume
the acceleration due to gravity during the time of defor-
mation of the prototype HHSZ to be the same as at present
as usual in all modelling of tectonics on Earth—analogue
or numerical (e.g. Ramberg 1981; Koyi 1991; Koyi 1997;
Beaumont et al. 2001; Talbot and Aftabi 2004; Mukherjee
et al. 2010; Mukherjee and Mulchrone 2011).

Results and discussions

Ten experiments were performed in the channel flow box
with the top and bottom boundaries of the inclined channel
parallel in some models and diverging-upward in others.
PDMS was extruded through the inclined channel by using
a low-geared step motor to drive the piston along the
horizontal channel at a constant rate that varied from 0.25
to 6 mm per 10 min in different experiments performed
over 1 to 8 h (the 9th column in Table 2). We appreciate
that the model drive is a great simplification of Himalayan
tectonics where channel flow appears to be driven by either
a pressure gradient created by the over-thickened Tibetan
crust (Grujic et al. 2002), a high rate of erosion induced by
excessive monsoonal rainfall (Beaumont et al. 2001), or
both. However, the experiments were not intended to test
the driving mechanism. Instead, they were designed to
study how the parabolic velocity profiles along the
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(arrow). The vertices of the profiles shifted towards the upper
boundary of the inclined channel. Experiment 7. Photo 12. Time:
20 min 32 s. d Flow zone 4 was defined by parabolic velocity profiles
with vertices along the middle of the inclined channel. The flow zone
5 was near the opening of the inclined channel. Here, the velocity
profiles were somewhat rounded with vertices shifted near the upper
inclined boundary. Flow zone 6 was the PDMS extruded above the
horizontal vent. Experiment 2. Photo 10. Time: 35 min

horizontal channel adapted to extrusion through an inclined
HHSZ with different geometries. The parabolic profile is
intrinsically related to the flow mechanism and is inde-
pendent of friction at the two boundaries (e.g. Pai 1956;
Schlichting and Gersten 1999). Secondly, over the past
10,000 years, shortening across the MHT at ~2 cm year™ '
could account for all of the India-Eurasia convergence
(Hodges et al. 2004). Most plausibly, the deformation (and
any slip) in the HHSZ during this period, as modelled here,
was entirely due to channel flow.

The transparency of the PDMS allowed monitoring of
how the initial marker grids (e.g. Fig. 8a) deformed with
time. In experiments 7 and 8, a vertical glass plate was

th

Pressure gradient (x10° Dynes em”) |

[—]

0 2500
Time (sec)

Fig. 9 Plots of pressure gradient versus time as calculated from zone
2. Experiment 10
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Fig. 10 a Zone-6 thickened (arrow inside circle) as time passed. The
round-hinge folded markers in zone 6 were non-parallel to the
extrusion profile. The inclined channel was divided into a zone of
compressional top-to-S/SW shear at left and a top-to-N/NE shear at
right across a line (arrow inside ellipse). An intrafolial fold developed
at the contact between grids that were initially within the inclined
channel and that within the horizontal channel. Markers diverged
upwards in the inclined channel (arrow within white elliptical
background). Experiment 2. Photo 28. Time: 111 min. b The PDMS
in zone 6 underwent gravitational spreading preferentially towards the
lower boundary of the inclined channel where the grids developed

fixed at the down-dip side of the extrusion vent so that the
extruded PDMS gravity spread preferentially towards the
up-dip direction of the model HSHZ. The rationale for
adding this plate was that nappe movement of the HHSZ,
presumably a result of its protracted extrusion, took place
exclusively towards the up-dip (south or south-west)
direction of the MCTy (Thakur 1992; Fig. 2b of Vannay
and Grasemann 2001). In one of the models (experiment
6), the piston was pushed intermittently to simulate the
pulsed channel flow around 45 and 25 Ma throughout the
HHSZ proposed by Jain et al. (2005) and Singh et al.
(2005) based on SHRIMP U-Pb dating of zircons from
Garhwal Himalaya.

By the time the piston moved more than about half the
length of the horizontal channel, the imprinted markers in
the PDMS were too blurred and distorted to track. For this
reason, it was usually possible to only measure the pressure
gradient (Eq. 1 onwards in the “Appendix”) for the first
half of most experiments (Table 2). Observations common
to all the models in the first half of their duration, including
those with parallel and diverging-upward inclined chan-
nels, were as follows.

(1) Six flow domains were visually distinguishable in
the complete channel. From the PDMS in contact with the
piston towards the vent at the top of the inclined channel,
these domains are: (i) Zone 1: markers that were initially
vertical became rounded and resembled tilted pitchers
(Figs. 8a, 12a). These profiles were related to the advanc-
ing piston and, therefore, are not expected in nature. (ii)

upright and reclined folds (arrow). Experiment 7. Photo 45. Time: 7 h
15 min. ¢ Pushing the piston in the horizontal channel, the PDMS
extrudes from the inclined channel. The extrusion in the initial stage
is shown. A line in the inclined channel demarcates the zones of
compressional top-to-S/SW shearing at left from that of top-to-N/NE
shear at right. Experiment 4. Photo 15. Time: 64 min. d An out-of-
sequence blind thrust formed at zone 3 inside the zone of compres-
sional top-to-S/SW shear. The curved dashed line separates the zone
of compressional top-to-S/SW shearing at left from that of top-to-N/
NE shear at right. Experiment 1. Photo 12. Time: 90 min

Zone 2: in the horizontal channel, the vertical markers were
deformed into congruent parabolas recording channel—or
Poiseuille flow (Figs. 8b, 12a). (iii) Zone 3: the corner
joining the horizontal and the inclined channel (Figs. 8c,
12a). After the symmetric parabolic markers in zone 2
entered this zone, they become asymmetric as their vertices
shifted towards the upper boundary of the inclined channel.
(iv) Zone 4: low in the inclined channel, markers that were
perpendicular to the inclined boundaries assumed parabolic
profiles with vertices equidistant from the boundaries
(Figs. 8d, 12a). (v) Zone 5: in the inclined channel,
markers initially perpendicular to the boundaries became
parabolic but somewhat more rounded (Figs. 8d, 12a). And
(vi) Zone 6: The PDMS extruded out of the vent defines
this zone. The extrusion profile was parabolic with its
vertex located closer to the upper boundary of the inclined
channel in the early stages (Figs. 8d, 12a). As the piston
advanced along the horizontal channel, zones 1 to 5 were
pushed proximally through the box. Given the Newtonian
rheology of the PDMS, the pulsed extrusion resulting from
experiment 6 only differed from its steady equivalent in the
prolongation of the gravity spreading of the PDMS in zone
6; the geometries of the other five flow zones inside the
horizontal—and the inclined channel were the same.

(2) In zone 2, the parabolic velocity profiles became
more and more tapered as the piston advanced. The plane
Poiseuille flow/channel flow developed a progressively
increasing pressure gradient (Eq. 2 in the “Appendix”) as
predicted by Massey (1975). This was also in accordance
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with a variety of Poiseuille flow described by Pai (1956),
where the pressure gradient is time dependent. In the
analogue models, the pressure gradient in zone-2 increased
linearly with time (Fig.9; Eq.2 in the “Appendix”,
Table 2). It is, however, not known whether or not the
pressure gradient that drove the prototype channel flow
resulting in the extrusion of the HHSZ was time dependent.
This is because only single magnitudes of pressure gradient
are known from some sections of the HHSZ. An example is
the estimate of 1.0-2.0 kb km™' in the Bhutan Himalaya
(see Mukherjee and Koyi 2010a for review).

(3) In zones 4 and 5, markers initially parallel to the
inclined boundaries diverged upward (Fig. 10a).

(4) In zone 4, an intrafolial fold formed near the contact
between the different grids that were initially in the hori-
zontal and the inclined channel. The shear sense indicated
by this single fold was given by the top-to-NE sense of
ductile shear regime where it formed (Fig. 10a). Interest-
ingly, such folds were documented from the STDSy and
the STDS; in field studies in the Sutlej section (Mukherjee
and Koyi 2010a; unpublished photographs by the first
author). In a few of our experiments (not shown), the broad
geometry of the flow profiles in different zones remained
the same however much of the extruded PDMS was
removed in an unconstrained way.

(5) In zone 6, markers initially parallel to the boundaries
of the inclined channel became round-hinge folds that were
discordant to the parabolic profile of the extruded PDMS

Cc

Fig. 11 a The out-of-sequence thrust reached the vent within the
compressional top-to-S/SW shear regime late in the experiment. The
thrust dipped towards the upper boundary of the inclined channel and
defined a wedge with the lower boundary. Experiment 1. Photo 22.
Time: 215 min. b Prolonging the experiment led to gravitational
spreading of the extruded PDMS together with the out-of-sequence
thrust (arrow) reaching the vent within the zone of compressional top-
to-SW shear. The broken line is the outer limit of the PDMS that was
initially within the horizontal channel. Line ‘mn’ separates the zone

@ Springer
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(Fig. 10b). As time progressed in each experiment, the
extruded PDMS in zone 6 underwent gravity spreading and
lost its parabolic shape.

(6) A single ductile top-to-N/NE shear zone formed near
the upper boundary of the inclined channel within zones 4
and 5 (Figs. 10c, d, 12a). This top-to-N/NE shear was
contemporaneous with the compressional shear that
occurred near the lower boundary of the inclined channel.
The shear sense was deduced from deformed markers that
were initially perpendicular to the boundaries of the
inclined channel. From its appearance within the upper part
of the inclined channel, the top-to-N/NE shear zone was
comparable with the STDSy of the HHSZ. As the flow
profiles in zone 4 was parabolic and rounded in zone-5, no
second top-to-NE shear zone formed simultaneously inside
the inclined model channel to simulate the STDS;..

We, therefore, infer that a pressure gradient induced
flow must have operated in two pulses to produce the two
strands of the top-to-N/NE shear zone represented by the
STDSy and the STDS; . As in our models, one of the pulses
was activated from the MCTZ up to the top boundary of the
HHSZ giving rise to the STDSy. Where the STDS; exists
in a few sections, the other pulse would have occupied the
lower part of the HHSZ—from the MCTZ up to the top of
the now STDS; as the two boundaries. Considering the
compiled data of activation of the STDSy and the STDS.
along the Himalayan trend as presented by Godin et al.
(2000), it can therefore be said that both the STDSy; and the

of compressional top-to-SW shear at left from that of top-to-N/NE
shear at right. The glass plate ‘gp’ prevented gravitational spreading
of the extrusion to the right. Experiment 7. Photo 42. Time: 6 h
13 min. ¢, d Line ‘mn’ separates the zone of compressional top-to-
SW shear at left from the zone of a top-to-NE shear at right. The out-
of-sequence thrust developed within the compressional top-to-SW
shear zone. ¢ Experiment 2. Photo 45. Time: 3 h 5 min. d Experiment
3. Photo 48. Time: 3 h 40 min
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Fig. 12 Development and evolution of flow profiles in the channel
flow box. a Zone 1: at the contact with the piston, tilted pitcher like
velocity profile; zone 2: parabolic profiles; zone 3: profile formed at
the corner; zone 4: parabolic profiles; zone 5: rounded profiles; and
zone 6: the extrusion profile. Half arrow in zone 3: an out-of-sequence
thrust (OOST). Solid arrow piston push. Dashed line boundary
between the zone of a top-to-N/NE shear at right and that of
compressional top-to-S/SW shear at left. An intrafolial fold formed
between zones 3 and 4. b Further piston push led to the OOST
reaching the vent. The parabola in zone 2 became more tapered as the
extruded PDMS accumulated. The ratio a:b has been measured for
different experiments and presented in Table 1 and in Fig. 14. Neither
to scale nor dip

STDS, did not simultaneously activate between 19 and
14 Ma or in any segment of this time span. In our analogue
models, a more specific time relation between these two
pulses remained indeterminate.

In some Himalayan sections, either the STDS; is absent
or we do not yet know the timing of activity of the STDSy
or the STDS; . For example, only the STDS; is known to

DN <

ANAN

have been activate between 23 and 17 Ma in the Sutlej
section (Vannay et al. 2004), but the timing of the STDSy
is not known. In specific sections, however, where the
times of activity of these two top-to-N/NE shear zones are
known, their simultaneity should differ from the average
timing of 19—-14 Ma for the entire Himalayan trend. For
example, Godin et al. (2006) compiled the possible spans
of activities of the STDSy in the Everest Himalaya as
16 Ma, <16 Ma, 17 Ma and 22-19 Ma, and the STDS;_ as
21 Ma, 18-17 Ma and <20.5 Ma.

(7) As the piston advanced, the PDMS that began inside
the horizontal channel moved up through the inclined
channel but preferentially through its upper portion as zone
3 (Figs. 10c, d; 11a—d, 12a, b). The velocity of the PDMS
in the upper portion of the inclined channel was greater
than that in the lower portion occupied by PDMS that was
originally in the lower channel. A similar relationship is
also deciphered from the specific geometry of the pro-
longed profile of the zone-3 in the middle to the late stage
of experiments. In effect, the lower boundary of the fast
moving PDMS now inside the inclined channel acted as a
ductile thrust with a hanging wall that extruded faster than
its footwall. However, the PDMS, originally inside the
inclined channel, that extruded ahead of zone 3 still
occupied the whole of the inclined channel so that the
differential flow gradient did not reach the surface. In other
words, (i) extrusion within the inclined channel self-
adjusted from flow occupying the complete channel into a
faster flow along the upper wall, and (ii) the ductile thrust
initiated in zone 3, was not immediately manifest at the
surface. It took time for the new flow profile picked up at
the corner to reach the vent. Having formed in zone 3 with
a dip parallel to the top of the inclined channel, this blind
thrust was carried upward through zone 4 and 5 and finally
cropped out closer to the lower boundary of the inclined
channel. The thrust was carried to the vent an hour or more
after the channel flow/Jeffery-Hamel flow initiated in
PDMS entering zone 3.

As in the natural prototype, this thrust remained within
the ductile top-to-S/SW shear regime from its formation up

ANEEAN

N\ 1

MCT,

3 2,68 4 5,7

STDS,

Fig. 13 The location of the OOST simulated in analogue models is
schematically represented in the HHSZ. Topography is neglected.
Numbers stand for the OOSTs in respective experiments. The ratio of

HHSZ

distance between the MCTy to the OOST and that between the OOST
and the STDSy are presented in Table 1. Symbols explained in
caption of Fig. 2
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OO0ST
HHSZ

Fig. 14 Hypotheses for the genesis of the OOST within in the HHSZ.
a Excessive rainfall and subsequently a high rate of erosion inside the
HHSZ gave rise to OOST. Simplified and modified from Harris
(2007). b Channel flow within the HHSZ was restricted to above the
OOST. From Hollister and Grujic (2006). ¢ Extrusion of the HHSZ
having two rheologies. The OOST lies at the interface between the
two rock types. Taken from Carosi et al. (2007). Symbols defined in
caption of Fig. 2

to its appearance at the vent. In models that developed such
ductile thrusts in the inclined channel, the ratio of the
distance between the lower boundary (=MCTZ) to the
model thrust at the vent and that between the model thrust
and the upper boundary (=STDSy) were within the range
of 1:0.25 to 1:1.57 (Fig. 13; see the last column in Table 2
for individual results). On the other hand, the ratio of
distance between the MCT}. to the OOST and that between
the OOST and the STDSy in the natural prototype are
within the range of 1:0.25 to 1:1.57 (see Fig. 6), reasonably
close to those measured in the models.

This thrust in the models bear the following similarities
with the OOST in the HHSZ. (1) The activities of both
were recorded at the surface long after the initiation of
channel flow. (2) The out-of sequence thrusting initiated at
depth along with the ongoing ductile top-to-N/NE shear in
the STDSy. In turn, the OOST will be carried up at the
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surface later than the initiation of the top-to-N/NE shear in
the STDSy, as happened in central Nepal at Kalopani
(Vannay and Hodges 1996; Godin et al. 2001). (3) They
developed inside the regime of top-to-SW compressional
ductile shear. (4) The ratios of distance between the MCT
to the OOST and that between the OOST and the STDSy
are 1:0.25 to 1:1.57 in the models and 1:0.19 to 1:1.15 in
the natural prototype. Thus, values in the models and the
natural prototype overlap.

Carosi et al. (2010) considered that Carosi et al.’s (2007)
OOST at Toijem accommodated shortening produced by
the India-Asia collision. A number of hypotheses have
been suggested to explain the genesis of the OOST. These
are (i) a disparity in erosion rates triggered mainly by more
intense rainfall in the hanging wall of the OOST around the
Marsyandi valley in Nepal (Fig. 14a; e.g. Wobus et al.
2003; Hodges et al. 2004; Wobus et al. 2005)—a process
efficiently dissipated the excessive gravitational potential
energy of the Tibetan plateau (Hodges et al. 2004). It is
generally accepted that an OOST can form in an orogenic
disequilibrium caused by relocation of rock mass by
widespread erosion (review by Graveleau and Dominguez
2008). (ii) The channel flow was restricted to the upper part
of the HHSZ, and the lower boundary of extrusion defined
by the OOST (Fig. 14b, from Hollister and Grujic 2006).
The granitic melt at depth led to this thrusting (Swapp and
Hollister 1991—as referred in Grujic et al. 2002), possibly
by rheological softening. (iii) At Toijem, the OOST of
Carosi et al. (2007) formed as a result of extrusion at dif-
ferent rates across a major lithological discontinuity
between gneiss in the south and marble in the north
(Fig. 14c, from Carosi et al. 2007). The same reasoning
may be applied to the OOST at Kalopani, where it is
defined as tectonic imbrication between -calc-silicate
gneisses and orthogneisses (Vannay and Hodges 1996).
The same applies to the Marsyandi valley where the OOST
separates paragneisses of Formation-I and calc-silicate
mineral bearing gneisses of Formation II (Garzanti et al.
2007). However, this hypothesis cannot apply to sectors
where an OOST has been inferred without any lithological
discontinuity such as in the Bhutan Himalaya (Tobgay and
Hurtado 2004; Tobgay 2005). (iv) Duplexing in the Lesser
Himalaya folded the MCT/STDSy system resulted in an
out-of-sequence thrusting at Kakhtang (Robinson et al.
2003; McQuarrie et al. 2008).

Our models suggest the following. (1) The OOST was
formed by PDMS flowing beyond the corner joining the
HHSZ and the sub-horizontal feeder channel and does not
extend up-flow within the horizontal channel. (2) Since the
model OOST spontaneously appeared in PDMS with its
essentially constant viscosity, the prevailing tendency to
link the genesis of the OOST with rheological variations
within in the HHSZ (Carosi et al. 2007) is unwarranted. For
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Fig. 15 a The Higher Himalayan Shear Zone (HHSZ) with parallel
inclined boundaries AF and BE is considered. Angle FAB = angle
EBD = dip of AF and BE = 6, say. Now AF = CF Cosecf, and
BE = DE Cosecl. Therefore, AF — BE = (CF-DE) Cosec = GH
Cosec. For 0 = 30% GH = 15 to 50 km; (AF-BE) = 30 to 110 km.
Assuming 1 kb km™!' as the pressure gradient (pressure difference
divided by the length of flow) near the boundary BE, the pressure
gradient value near the boundary AF calculates as 0.033 to
0.009 kb km™'. b The Higher Himalayan Shear Zone (HHSZ) with
diverging-upward inclined boundaries AF and BE is considered with
angles EBD as 6; and FAB as 6,. Now, BE = DE Cosectl; and
AF = CF Cosecl,. Therefore, AF-BE = CF Cosec0,-DE Cosect,.
For 0, = 60°, 0, =30°, GH =15 to 50 km, DE = 35 km, i..
CF = DE + GH = 50 to 85 km, (AF-BE) is obtained as 59.58 to
129.58 km. Assuming 1 kb km™" as the pressure gradient (pressure
difference divided by the length of flow) near the boundary BE,
the pressure gradient near the boundary AF calculates as
0.02-0.008 kb km ™'

the same reason, the buoyant effect of the less dense gra-
nitic melt now crystallized and usually confined to the
hanging wall of the OOST (Grujic et al. 2002) is also
unlikely to be linked with the genesis of the OOST. We
emphasize that we do not try to disprove that a rheological
variation exists in the prototype HHSZ. Instead, our
approach has been to claim that we can successfully sim-
ulate an OOST even using a single rheology. Therefore,
multiple rheologies cannot play a crucial role in the genesis
of the OOST.

Our experiments using the channel flow box enabled us
to simulate deformations of only the HHSZ. As the north
Himalayan antiforms/gneissic domes occur in the Tethyan
Sedimentary Zone outside and north to the HHSZ, they
were not simulated in our analogue models. This renders
any genetic relation between those antiforms/domes with
the OOST (Grujic et al. 2002) unresolved but probably
implausible. Further, since our models generated OOSTs
without any erosion, invoking erosional—or climatic
effects in the genesis of the OOST (review by Whipple

2009) appears to be unnecessary. Therefore, a higher rate
of erosion in the hanging-wall side of the OOST could be
one of the components, but does not look like a controlling
factor for differential extrusion of the HHSZ.

A probable explanation for the disparity in extrusion
rates across the inclined channel that gave rise to the model
OOST is as follows. Given a particular pressure imparted
by the moving piston at any instant, the length of the upper
boundary of the inclined channel is less than that of the
lower boundary. For example, for the HHSZ with parallel
boundaries (Fig. 15a) dipping 30° and the thickness of the
horizontal channel ranging between the optimum limit of
15-50 km (Fig. 6 of Hauck et al. 1998; Fig. 3 of Jamieson
et al. 2006), the upper boundary of the inclined channel
could be 30 to 110 km shorter than the lower boundary.
Take 1kbkm™' as the representative value of natural
pressure gradient (Vannay and Grasemann 2001) along the
upper boundary of the HHSZ. This leads to a pressure gra-
dient along its lower boundary of 0.033 to 0.009 kb km™",
i.e. 100-1,000 times less. Assuming a diverging-upward
geometry of the HHSZ (Fig. 15b) with the lower boundary
dipping at 30° and the upper boundary at 60°, and the depth
of the upper boundary of the horizontal channel being
35 km (Hauck et al. 1998; Vannay and Grasemann 2001;
Yin 2006), increases the pressure gradient likely along the
upper boundary to between 0.02 and 0.008 kb km™", of the
same order as that of an inclined channel with parallel
boundaries. Thus, a higher pressure gradient near the upper
boundary would have driven the PDMS much faster than
that along the lower boundary. The discrepancy in extrusion
rate across the OOST arises simply due to channel flow
having been around a corner. Even if the junction joining
the horizontal to the inclined channel were curved in
the prototype, the disparity in the pressure gradient near
the top and bottom boundaries would remain of the same
order.

The channel flow that gave rise to the OOST in the
HHSZ is inferred to be a part of a master channel flow,
along which the whole of the HHSZ extruded at varying
rates. This conclusion is contrary to the extrusion model of
Hollister and Grujic (2006). These authors portrayed an
independent spatially and temporally separate pulse of
channel flow leading to extrusion of the HHSZ (Fig. 14b).
This pulse was confined to the northern side of the HHSZ
with the OOST defining its southern boundary. Hollister
and Grujic (2006) considered this confined channel flow
was active during the 12-10 Ma when the southern part of
the HHSZ did not extrude.

Morley (1988) proposed four tectonic scenarios that
account for the genesis of the OOST. These are (i) the
Coulomb wedge model, (ii) the deformation sequence in
the overriding continental plate, (iii) local obstacles to
thrust propagation, and (iv) synchronous thrusting. In
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addition, as discussed earlier, four other possible mecha-
nisms for the OOST have been described in the context of
the HHSZ by Swapp and Hollister (1991), Grujic et al.
(2002), Wobus et al. (2005), Hollister and Grujic (2006),
Carosi et al. (2007) and McQuarrie et al. (2008). Our model
proposes yet another explanation for the genesis of the
OOST.

The prototype OOST displays significant variations in
timing, location, thickness and displacement in space.
While the OOST is inferred as a ‘surface breaking thrust’ at
all other known locations, a blind thrust has been specu-
lated beneath the Bhutan Himalaya (Tobgay and Hurtado
2004; Tobgay 2005). Our analogue models, on the other
hand, have been simplistic representations of the natural
extrusion of the HHSZ and cannot explain those second
order tectonic details. We appreciate that the most crucial
parameters that guide the extrusion of the HHSZ are (i) the
shape and size of the shear zone—viz. its thickness and dip
of its boundaries; (ii) The viscosity of the HHSZ rocks, and
(iii) the pressure gradient driving the channel flow or the
Jeffery-Hamel flow (Mukherjee and Koyi 2010a). Con-
sidering Mukherjee and Koyi’s (2010a, b) review, maxi-
mum variations in these parameters in the HHSZ are 30° in
dip of the shear zone boundaries, 70 km in thickness of the
shear zone, ~ 1.9 kbar km™' in the pressure gradient and a
10" Pa s difference between the viscosity of partially
molten mid-crustal rocks and a granitic melt. Such enor-
mous variations in parameters over hundreds of km along
the length of the HHSZ might account for the spatial and
kinematic variability of its OOST. Further, the following
possible variations could also secondarily affect the
extrusion. (1) The boundaries of the deep HHSZ could
have varied from parallel to tapering. (2) The presence of a
number of lithologies—mainly schists and gneisses—in the
same section of the HHSZ mean that the shear zone could
be considered as a number of fluids with different effective
viscosities. (3) Partially molten rocks would become more
sluggish as they approached the surface and cooled. (4) The
rate of erosion controlled mainly by the monsoon precipi-
tation on the HHSZ varied by section. One of the mani-
festations of variability in some of the extrusion parameters
is demonstrated by an increase in the rate of exhumation of
the HHSZ from ~ 1.5 mm year ' during 2-0.6 Ma to
~2-5 mm year ' from ~0.8 till the present in central
Nepal (Blythe et al. 2007). Similarly the extrusion rate fell
from ~ 15 mm year ' up to a depth of 15 km to 2 mm
year~' up to ~5 km in the Sikkim Himalaya (Ganguly
et al. 2000).

Further, Leech (2008) showed that the channel flow
concomitant to that within the HHSZ also extruded the Leo
Pargil Dome north of the HHSZ at around 18 Ma. In
addition, Kirstein et al. (2006) demonstrated that channel
flow was also active in the Ladakh Batholith, further north
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of the Leo Pargil Dome, contemporaneously with extrusion
in the HHSZ. Kirstein et al. (2006) concluded that extru-
sion due to channel flow did not lead to simple southward
propagation of deformation in the Himalaya. Our analogue
models showed that extrusion created by channel flow from
a horizontal channel flat into an inclined HHSZ ramp
intrinsically led to an OOST that focused deformation in
the northern part of the HHSZ in the late phase of extru-
sion. Therefore, our study is a further corroboration of
Kirstein et al’s (2006) surmise that no simple relation
existed between channel flow and spatial and temporal
variation of deformation in the Himalaya. Finally, even if
the modelled MCT and the STDS had been lubricated, a
parabolic profile would still have developed and our
qualitative results would stand. In HHSZ sections where
the OOST has not yet been reported at the surface, the
OOST might still be present but as a blind fault. Where the
OOST appears in the future may be marked by appropriate
seismicity within the HHSZ.

Conclusions

An out-of-sequence thrust (OOST) was active within the
Higher Himalayan Shear Zone (HHSZ) from 22 Ma until
the Holocene. It usually postdated the beginning of HHSZ
extrusion pushed by channel flow. The OOST is a 50 m- to
6-km-thick north-east dipping shear zone of high strain
rate, with a throw of 1.4-20 km and with migmatites
dominant in the hanging wall. The ratio of distance
between the Main Central Thrust-Lower (MCT}) to the
OOST and that between the OOST and the South Tibetan
Detachment System-Upper (STDSy) is between 1:0.25 to
1:1.57.

In analogue models, polydimethylsiloxane (PDMS) was
pushed at constant rates through a horizontal channel so
that it extruded through a linked inclined channel with
parallel and diverging-upward geometries. The inclined
channel—the model HHSZ—developed a zone of top-to-
N/NE shear towards the upper boundary equivalent to the
STDSy. Similarly, a zone of compressional shear devel-
oped towards its lower boundary without any simultaneous
development of the South Tibetan Detachment System-
Lower (STDSy). This indicates that top-to-N/NE shear in
the STDS; was produced in a spatially and temporally
separate and independent pulse of channel flow that
occupied the southern part of the inclined HHSZ. Sec-
ondly, the PDMS originally inside the horizontal channel
extruded preferentially through the upper part of the
inclined channel. The lower boundary of the faster-flowing
fluid layer defined an out-of-sequence thrust (OOST). The
OOST originated at the corner joining the horizontal and
inclined channels. Continued extrusion carried the model
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OOST to the vent where the ratio of the distances between
it and the lower boundary of the inclined channel to that
between it and the upper boundary of the inclined channel
is within 1:0.25 to 1:1.57. Since the models were run with a
single deformable material and without any erosion at the
vent, neither internal rheological contrast nor climatic
factor seems to be the necessary explanations for the
genesis of the OOST. Instead, the OOST is intrinsically
linked to channel flow past a corner that involved a pres-
sure gradient near the STDSy 100 to 1000 times higher
than that near the MCT}.. The models also imply that such
OOSTs may also form in other orogenies if the channel
flow changes its flow direction significantly such as in the
Grenville province (figs. 10a, b and 11a—c of Rivers 2009).

An enormous variation in timing, level within the
HHSZ, and thickness and displacement of the OOST along
the Himalayan trend can be attributed to variation in shape,
size and rheology of the HHSZ, differences in the pressure
gradient and the rate of erosion. The models, however,
generated a temporally increasing pressure gradient in the
horizontal channel. This cannot be correlated with the real
situation of the partially molten mid-crustal rocks of the
Tibetan Plateau. Extrusion in the Himalaya due to chan-
nel flow did not result in southward propagation of
deformation.
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Appendix

The Plane Poiseuille flow of velocity profile in zone 2 is
given by

U=-0.5u"(dP/dx) (y —»*) Pai(1956) (1)

where U: velocity of the fluid; 2yq: thickness of the
channel; u: dynamic viscosity of the fluid; and dP/dx:

pressure gradient in the X-direction. The X-axis is consi-
dered equidistant from the horizontal channel boundaries.
The vertex of the parabolic profile is [0.5 x~' y§ (dP/dx),
0]. The parameters 2y, and u being known, measuring the
coordinate of the vertex of the parabola from photographs
taken at intervals and plotted against time allows constraint
of the temporal increase in the pressure gradient in the
horizontal channel (Fig. 9). These plots are fitted with the
straight line equation

(dP/dx) = (at + b) (2)

where (dP/dx) is in dyne cm > and ‘¢ is in seconds. The
correlation coefficients in all the cases are >0.9. The set of
‘a’ and ‘b’ values in Eq. 2 for different experiments are
presented in the thirteenth and fourteenth columns in
Table 2.

The Reynolds Number is defined as

Re = pvyou ' (3)

here p: density, p: dynamic viscosity of the fluid, y,: half the
width of the channel, and v: velocity of flow. In the natural
prototype of the HHSZ, taking crustal density p = 2.7 gm
cm >, viscosity of partially molten rocks u = 10'° Pa s (as
taken by Jamieson et al. 2004), v ~3.3 mm year_l
(extrusion rate of the Zanskar Shear Zone, a continuation
of the STDSy, as per Yin 2006), R, comes out in the order
of 1072'. On the other hand, in analogue models, for
PDMS, taking p = 0.95 gm cm >, u = 10° Pa s (Talbot
and Aftabi 2004 and references therein), the slowest
velocity of extrusion attained v =3 mm per 10 min,
and half the width of the model HHSZ (yy) = 1.25 cm in
few experiments, R, in the order of 10~ is obtained. Both
these values are sufficiently small so that inertia can be
neglected.
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