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A review on out-of-sequence deformation in the Himalaya
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Abstract: Out-of-sequence deformation in the Himalaya has been caused mainly by thrusting.
Out-of-sequence thrusts, usually north- to NE-dipping foreshear planes, occur inside the Sub-
Himalaya (SH), Lesser Himalaya (LH) and Greater Himalayan Crystalline (GHC) sequences.
Where absolute dates are available, the youngest slip within the SH occurred near the Janauri Anti-
cline (India) at c. AD 1400—1460. The Munsiari Thrust (India) activated withinthe LHatc. 1-2 Ma
and the Main Central Thrust zone in the Marsyandi valley (Nepal) in the GHC was formed
during the Holocene (c. 0.3 ka). Except for the Riasi Thrust (Kashmir, India), the Paonta Thrust
(Himachal Pradesh, India) in the Siwalik and the Tons Thrust (Garhwal region, India) within
the Main Central Thrust zone, crustal shortening related to out-of-sequence thrusting in the Hima-
laya has been insignificant. The major litho-/stratigraphic contacts within the SH and the GHC at
some places acted as out-of-sequence thrusts. Out-of-sequence thrusts in the SH have been detected
mainly based on geomorphological observations. However, more quantitative geochronological
studies have detected out-of-sequence thrusting from c¢. 22 Ma up to Holocene age in the GHC
based on age jumps, especially within the Main Central Thrust zone. Crustal channel flow (specifi-
cally for the GHC) and/or the critical taper model with or without erosion can be used to explain

the Himalayan out-of-sequence thrusts.

The Himalayan orogen consists of three litho-
tectonic units (Fig. 1). From south to north these
are: (1) the Mid-Miocene to Mid-Pleistocene non-
marine coarsening-upwards sedimentary succession
of the Siwalik Supergroup/Sub-Himalaya (SH); (2)
the Proterozoic phyllites, slates, schists and gneisses
of the Lesser Himalaya (LH); and (3) the schists and
gneisses of the Higher Himalaya or the Greater
Himalayan Crystalline (GHC) sequences. The
Siwalik Supergroup is delimited by the Himalayan
Frontal Thrust or the Main Frontal Thrust (MFT)
in the south and by the Main Boundary Thrust
(MBT) in the north. The contact between the LH
and the GHC is the Main Central Thrust (MCT),
which is either sharp or a 1-10 km thick zone (the
MCT zone), with the MCT-Lower (MCTy =
MCT1) at the south and MCT-Upper (MCTy =
MCT?2) at the north (review in Godin et al. 2006;
Yin 2006; Mukherjee 2013a, b; Yakymchuk &
Godin 2012). The MCT zone is a mélange of LH
and GHC rocks. The northern boundary of the GHC
is the South Tibetan Detachment System-Upper
(STDSy), which underwent a first top-to-the-SW
ductile shear followed by top-to-the-NE extensional
ductile deformation (review in Yin 2006). A second
strand of extensional ductile shear zone occurs
in some sections in the GHC and is referred to as
the STDS-Lower (STDS;) (Mukherjee & Koyi
2010a). Top-to-the-SW shear in the MCT}_ occurred
from 15 to 0.7 Ma and in the MCTy from 25 to

14 Ma. Top-to-the-NE shear occurred in the
STDS; from 24 to 12 Ma and in the STDSy from
19 to 14 Ma (review in Godin et al. 2006). The
MCT zone assembled rocks with various P—T—t¢
constraints (Imayama 2014). The MBT and the
MFT sheared top-to-the-SW from 9-11 to
<2.5 Ma, respectively (review in Thakur er al.
2014). Thus, from the MCTy up to the MFT, defor-
mation migrated towards the south/foreland side in
an in-sequence manner. Crustal channel flow and/or
a critical taper mechanism have been proposed to
explain the tectonics of the GHC (Beaumont &
Jamieson 2010). The MFT, MBT and MCT merge
at depth into a gently dipping Main Himalayan
Thrust (MHT)/Main Detachment Thrust (Yin
2006) that became ‘locked’ at c¢. 15-20 km depth
(Ader et al. 2012). Cross-section balancing studies
by Schelling et al. (1991) suggested that the MHT
is ¢. 6 km deep in Siwalik, Nepal.

In a collisional orogen, the hinterland to fore-
land propagation of deformation is in-sequence
deformation. A deviation from this is late-breaking
deformation (Robinson 2008), breaching, or out-
of-sequence deformation, which have been noted
from several orogens such as the Alps (e.g. Castel-
larin & Cantelli 2000), Zagros (e.g. Agard et al.
2005) and the Himalaya (this work). Out-of-
sequence deformation is most commonly mani-
fested by thrusting, although strike-slip faulting,
folding and fracturing are also possible.
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Fig. 1. The Himalayan orogen and its geological divisions. Reproduced from Zhang et al. (2015, fig. 1) with permission
MFT, Main Frontal Thrust; MBT, Main Boundary Thrust; MCT, Main Central Thrust; STDSy, South Tibetan Detachment

Out-of-sequence thrusting develops favourably
within a ductile regime in analogue models (Cotton
& Koyi 2000). The reactivation of a thrust in a
fold-and-thrust belt or thrust wedge can generate
an out-of-sequence thrust. Conversely, an out-of-
sequence thrust can also reactivate other thrusts
(Mukhopadhyay & Mishra 1999). Out-of-sequence
thrusts can be straight (Mukherjee er al. 2012),
almost uniformly curved (Arita et al. 1997, fig.
1), or sigmoid-shaped in structural cross-sections
(Park et al. 2000). Out-of-sequence thrusts may
occur randomly in a deforming crustal wedge
(Rajendran & Rajendran 2011). Such faults can gen-
erate from the ramp part of a fault system with
a ramp-flat geometry (Rajendran & Rajendran
2011). Because the vergence of out-of-sequence
thrusts is usually towards the foreland, it would

prohibit subduction in a collisional orogen (Gless-
ner et al. 2001). Major longitudinal fault zones in
collisional orogens may have out-of-sequence
deformation (St-Onge et al. 2006). Out-of-sequence
thrusts have usually been observed to generate in the
hanging-wall block of pre-existing thrusts and may
cross-cut folds and faults in the other block (Searle
et al. 1988). The documentation of such thrusts
can lead to new tectonic models (Webb 2013).
Out-of-sequence thrusts in the SH and LH have
been described in detail in terms of ‘active faults’
that may not have the same sense of slip as the
older faults (see Nakata 1989 for an older review).
Until the 1980s, Himalayan geologists were not
very successful in finding out-of-sequence thrusts
because of the vegetation cover (Nakata 1989). How-
ever, as remote sensing techniques have advanced,


http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ by guest on August 18, 2015

OUT-OF-SEQUENCE THRUSTS 69

90°

95°

[ Greater Himalayan Crystallines
[ Tethyan Himalaya

I 1 .csser Himalaya
[ siwalik

Ranaghat Fault
Sibo Korang Thrust

(Luirei & Bhakuni Z(J()R
<

Lhasa

Gangtok 0081

Kameng Fault
(Srivastava & Misra 2008)

South Kalijhora Thrust
(Mukhul 2000) l

- Leucogranite

Namcha Barwa

(De Sarkar et al. 2014)

|:| Gangdese Batholiths

350

[ Indus-Tsangpo Suture Zone

- Tethyan Metamorphic Rock

Sileng Fault
(Luirei & Bhakuni 2008)

)

SN

N\

Rambhat Th
Burai River F.
(Devieral 2011)

ek

95°

90°

from Elsevier. In this work, out-of-sequence thrusts within the Siwalik Himalaya are plotted from previous publications.

System-Upper; ITS, Indus Tsangpo Suture.

there have been increasing reports of out-of-
sequence thrusts from the Siwalik Himalaya (e.g.
Philip er al. 2012). Out-of-sequence thrusts from
the GHC and parts of the LH have been deciphered
mainly from geochronological studies.

Studying out-of-sequence thrusts has several
applied aspects because: (1) these are regions of
(higher) seismicity (Park et al. 2000; Avouac et al.
2006); (2) these structures can entrap and preserve
source rocks for hydrocarbons (Grelaud et al.
2002); and (3) they constitute an integral part of col-
lisional orogens/fold-and-thrust belts (Molinaro
et al. 2005). However, not all out-of-sequence
thrusts are related to seismicity. For example, for
the 4.0-1.5Ma old Chaura/Sarahan Thrust in
Himachal Pradesh, India (Jain et al. 2000), no earth-
quake record exists. Simpson (2010) considered

out-of-sequence thrusting to be a ‘normal’ incident
in thrust tectonics and Himalayan geologists have
described such deformation from several sections
of the Himalayan orogen over a vast geographical
extent, sometimes along with genetic models. A
number of reviews of Himalayan tectonics have
been published (e.g. Nakata 1989; Yin & Harrison
2000; Jain et al. 2002, 2012; Gehrels et al. 2003;
Yin 2006; Jain 2014). However, none of these dis-
cusses out-of-sequence thrusting separately in all
the three sectors of the SH, LH and GHC.

This paper reviews out-of-sequence deformation
and thrusting in the SH, LH and GHC, mainly in
India, Nepal and Bhutan. Unless specified as normal
or strike-slip faults, all the out-of-sequence thrusts
described here are reverse faults. They usually dip
towards the north to NE. Out-of-sequence thrusts in
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Fig. 2. Map of Salt Range and Potwar Plateau. Reproduced from Qayyum ez al. (2014, fig. 1) with permission from
Elsevier. NPDZ, Northern Potwar Deformed Zone; RF, Rawat Fault; CBK, Chak Beli Khan; BA, Buttar; TB, Tanwin
Basin; A, Adhi; Q, Qazian; DT, Domeli Thrust; M, Mahesian; R, Rohtas; PH, Pabbi Hills; KBF, Kalabagh Fault, DJ,

Dil Jabba Fault.

the Tethyan Himalaya (Murphy & Yin 2003), Tibet
(Larson et al. 2010) and in the syntaxis were excluded
from this study.

Out-of-sequence deformation in the
Himalaya

Sub-Himalaya

Pakistan. The Salt Range region (Fig. 2) in Paki-
stan is characterized by syn-sedimentation out-of-
sequence thrusting that occurred from 5 to 1.9 Ma.
This led to c. 10 km of shortening and sequen-
tial synclines and anticlines in the Potwar basin
(Qayyum 1991). In Pakistan, the deformation
moved southwards after activation of the MBT.
Blisniuk et al. (1998) established sedimentologi-
cally and structurally that deformation moved
back in an out-of-sequence fashion into the North-
ern Potwar Deformation Zone.

The Muzaffarabad earthquake on 8 October
2005, close to the MBT in Pakistan, produced frac-
tures and also a new N27W plane of slip (Champati

Ray et al. 2005; see also Malik et al. 2007a). It also
activated the Balakot—Garhi Fault of Kumahara &
Nakata (2006), which includes the Jhelum Fault/
Tanda Fault/Tanda—Muzaffarabad Fault (Aydan
2006)/Murree Thrust and the oblique-slip Muzaffar-
abad Fault (see also Champati Ray ef al. 2009). The
Balakot—Garhi Fault has a rupture interval of c.
3 kyr and vertical and horizontal slip rates of c. 1
and 2 mma~', respectively (Kaneda ez al. 2006).
Note that seismic ruptures, most of which are near
the MFT (Mugnier et al. 2011), have been reported
to produce both in-sequence and out-of-sequence
deformation (Mugnier ef al. 2005). An interval in
the uplift in the Early Pliocene of the Salt Range
was linked with an out-of-sequence thrust (Burbank
& Beck 1989). The fault constitutes a shallow crustal
feature as the forelimb of the Zaluch Anticline seems
to be an out-of-sequence thrust (Ahmad et al. 2005).
Qayyum (1991) referred to an older out-of-sequence
thrust in the Salt Range at ¢. 9 Ma and mentioned
a few normal faults and back-thrusts produced in an
out-of-sequence manner in this region. Qayyum
(1991) proposed that the out-of-sequence thrusting
in the Pakistan Himalaya developed in four steps.
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Kashmir (India). The Medlicott—Wadia Thrust (Fig.
3), a splay of the MHT that includes the Balakot—
Bagh Fault/Jhelum Fault (Dunning er al. 2007),
Riasi Thrust, Palampur Thrust, Bilaspur Thrust
and Nahan Thrust in the Pakistani and Indian SH,
activated during the Late Quaternary—Holocene
(Thakur et al. 2010). Thakur et al. (2010, 2014) con-
sidered the Palampur Thrust to be the same as, or a
continuation of, the Bilaspur Thrust. The Bilaspur
Thrust separates deformed Subathu and Dharmsala
units from Siwalik rocks at the south (Powell et al.
1998). Valdiya (1980) inferred the Kishanpurh
Thrust in the Indian Himalaya and Hakhoo et al.
(2011) inferred the Vaishnov Devi Thrust in the
Jammu region in India to both be the same as
the Riasi Thrust. Philip er al. (2009) recognized
the Markanda Thrust near Dehradun to be a continu-
ation of the Nahan Thrust. The Medlicott—Wadia
Thrust dips 30-50° towards approximately north
and meets the MHT at ¢. 10 km depth (Vassallo
et al. 2015, fig. 1). The Kashmir earthquake of My,
7.6 in 2005 acted near the Balakot—Bagh Fault
(Pakistan) and created surface ruptures parallel to
the fault (Kaneda et al. 2008). The shortening
rate for the Balakot—Bagh Fault (Hussain et al.
2009) is c¢. 1.4—4.1 mm a_l, which is thought to

71

be insignificant in Himalayan tectonics (Kaneda
et al. 2008). Shah (2013) reported that the Balakot—
Bagh Fault might be a continuation of the Kashmir
Basin Fault and the 60° NE-dipping Balapur/
Balapore Fault. Vassallo et al. (2015) recently
stated that the Kashmir Basin Fault is a back-thrust
dipping SW. However, Shah (20154) argued that
this fault is a forethrust dipping NE. Madden et al.
(2011) recognized the Balapore Fault by identifying
scarps through remote sensing studies. Optically
stimulated luminescence studies by Madden et al.
(2011) also revealed that this fault slipped at
c.03-0.5mma', activated repeatedly during
18.7-1.5, 38.4-33.4 and 40 ka, and was especially
inactive at c¢. 50 +3 ka. This fault accommodated
insignificant crustal shortening. Based on remote
sensing and field studies, Alam et al. (2015) recog-
nized the Central Kashmir Fault as a continuation
of the Kashmir Basin Fault for c¢. 165 km. Alam
et al. (2015) recognized the Central Kashmir Fault
as a NNW-trending dextral strike-slip fault. Shah
(2015b), however, emphasized a dip-slip compo-
nent of this fault. The NW-trending Balakot—Bagh
Fault passes through both the LH and the SH. The
fault cuts the MCT and the MBT, but not the
MFT (Kaneda et al. 2008, fig. 1). A trace of
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Fig. 3. Map of the NW Siwalik Himalaya. Reproduced from Thakur et al. (2010, fig. 1) with permission from Elsevier.
BBF, Balakot—Bagh Fault; MFT, Main Frontal Thrust; PT, Palampur Thrust.
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the Balakot—Bagh Fault, known as the Tanda Fault,
cuts fluvial terraces. Thus it is inferred to have a
Quaternary reactivation (review in Kaneda et al.
2008). The Riasi Thrust is ¢. 70 km long, dips
50° NE, and consists of the Main Riasi Thrust at
the north (vertical separation: 272 m, uplift rate 5.0
+ 2.2 mm afl, slip rate 6.4 + 2.9 mm afl, short-
ening rate 4.1 + 1.9mm a ') and the Riasi
Frontal Thrust (shortening rate 8.8—4.4mma ',
last rupture c. 450 yr ago) in the south (Gavillot
2011, 2014). The Riasi Thrust has taken care of
50% of crustal shortening since it came into exist-
ence (Gavillot 2014). This is the highest percentage
of all the Himalayan out-of-sequence thrusts. A
timing of c. 80—30 ka has been assigned to one of
the two strands of the Riasi Thrust.

Webb (2013) described the Bilaspur and Palam-
pur Thrusts as a ‘thrust system’. Gokarn et al. (2002)
reported through magnetotelluric studies that the
Palampur Thrust could be two thrust zones and
that they reached c. 8 km depth. Webb (2013) desig-
nated the Bilaspur Thrust as an out-of-sequence
thrust. Joshi & Kothyari (2010) referred to a slip
deficit of 14 + 1 mma ' for the Bilaspur Thrust
deduced from a global positioning system study
and predicted a major earthquake related to the Bilas-
pur Thrust in the future. Based on remote sensing and
geochronological studies, Vignon et al. (2010) con-
strained the last activity of the Medlicott—Wadia
Thrust to be between 35 and 30 ka, with a slip rate
of 4.5-9 mm a~ ', and commented that it was more
active in Riasi than in the Balakot area. This means
that the activation of out-of-sequence thrusting
varies along its trend, as has been reviewed by
Mukherjee et al. (2009, 2012) from the GHC. Vas-
sallo et al. (2015) estimated geochronologically a
higher sliprate of 11.2 + 3.8 mm a~ ' for the Medli-
cott—Wadia Thrust for 24—12 ka. This means that
this thrust changed its slip rate over time. Study
from trenches revealed that the Medlicott—Wadia
Thrust was characterized by seismicity (Vassallo et
al. 2012). Based on findings to date, out-of-sequence
thrusts/active faults are more numerous in the SH of
the Kashmir Himalaya than elsewhere and hence
deformation in the Kashmiri SH is more ubiquitous
(review in Kundu et al. 2014).

Himachal Pradesh, Punjab and Haryana (India).
Structural cross-section balancing by Mukho-
padhyay & Mishra (1999) indicated that out-of-
sequence deformation after in-sequence deforma-
tion can explain the structural geology of the
Jwalamukhi section of the SH in Himachal Pra-
desh, India. Structural studies by Mishra & Mukho-
padhyay (2012) from the SH and LH of Himachal
Pradesh (India) also recognized out-of-sequence
thrusts verging towards the hinterland after in-
sequence deformation. These thrusts usually have

low to moderate dips (<60°). The cataclasite- and
gouge-bearing Paonta Thrust, an out-of-sequence
thrust of unknown exact timing, juxtaposes the
Lower Siwalik units over the Upper Siwalik unit
(Mishra & Mukhopadhyay 2012). Cross-section
balancing studies by Dubey et al. (2001) revealed
62% and 34 km of crustal shortening between the
Paonta Thrust and the MBT (locally known as the
Krol Thrust).

Steeply dipping and curved out-of-sequence
thrust trajectories were found to be common
(Mukhopadhyay & Mishra 1999). Eight local out-
of-sequence thrusts were recognized from the SH
in Himachal Pradesh (India), with slips varying
from 1.8 to 7.3 km that segregated c. 32.6 km of
slip into four ramps (Mukhopadhyay & Mishra
2005). These out-of-sequence thrusts are: the Nala-
garh Thrust, the Haripur Thrust, the Bilaspur Thrust,
the Surajpur Thrust, the East Nahan Thrust, the
Ranon Thrust, the MBT and the Giri Thrust. No geo-
chronological date is available for these thrusts and
they were deduced solely from cross-section balan-
cing studies (D.K. Mukhopadhyay pers. comm.
2015). Kumar et al. (2007) considered the Nahan
Thrust (1) to be the same as, or a continuation of,
the Nalagarh Thrust and (2) to demarcate the
contact between the Lower Siwalik Subgroup and
the Upper Siwalik Subgroup. However, Sharma &
Kumar (2008) described the Nalagarh Thrust as
the contact between the Lower Siwalik unit and the
alluvium. Only the present-day (high) slip rate of the
Nahan Thrust is available for these faults, which is
c. 1 cma™ ' (Sinvhal etal. 1973). Philip eral. (2014a)
recognized qualitatively repeated activation of the
Nalagarh Thrust. However, these authors did not
specify how many times this thrust had activated.
Philip et al. (2014a) recognized strong ‘normal
drag’ (Mukherjee 2014) of the hanging-wall block
of the Nalagarh Thrust at a few places (Philip
et al. 2014a, b, figs 4 & 5) that underwent c. 2.5 m
slip. Discarding the liquefaction-related younger
age, these authors concluded from luminescence
dating that this thrust activated after 67.5 + 8.4 ka.

Out-of-sequence thrusts dictated the geomor-
phology in one way (Mukhopadhyay & Mishra
1999). The folded Palampur Thrust demarcates the
boundary between the Subathu and the Dharmsala
rocks and, based on structural modelling by Mukho-
padhyay & Mishra (1999), is an out-of-sequence
thrust. Thrust planes that reactivate at one place in
a thrust wedge might create an out-of-sequence
thrust towards the foreland side (Mukhopadhyay
& Mishra 1999). In cross-sectional models, an
out-of-sequence thrust preceded by in-sequence
deformation explains the tectonics of the Subathu
area in Himachal Pradesh, such as the hanging-
wall region of the Nalagarh Thrust, the Bilaspur
horse, and reactivation of the Giri Thrust
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(Mukhopadhyay & Mishra 2005). However, Searle
(1986) inferred that cross-section balancing of
terranes with out-of-sequence thrusts could be
ambiguous. Therefore only geochronological dates
can confirm that these are unquestionally out-of-
sequence thrusts.

Malik & Mohanty (2007) recognized neotecton-
ism from the Nalagarh Thrust, Barsar/Bursar
Thrust, Jwalamukhi Thrust, Soan Thrust and Palam-
pur Thrust from the Kangra region (Himachal
Pradesh) based solely on geomorphological indi-
cators. Hence these are considered as out-of-
sequence thrusts even though the timings are
unknown. Even in the absence of absolute timing,
Dey et al. (2015) considered the Jwalamukhi
Thrust to be an out-of-sequence thrust. This thrust
controls the deposition of recent sediments in the
Kangra re-entrant (Himachal Pradesh, India; Dey
et al. 2015). The Barsar Thrust, which meets the
Nalagarh Thrust approximately east of the loca-
tion of Baddi (Philip et al. 2014b, fig. 2) (Fig. 4), is
a back-structure (Dubey 2014) because it dips
towards the south to SW. The Barsar and Nalagarh
thrusts define mountain fronts in Pinjaur Dun

(Singh & Tandon 2010). The folded bedrock near
the Barsar Thrust with oppositely dipping limbs
(Singh & Tandon 2010) is probably not related to
the faulting.

Mukhopadhyay & Mishra (2005) also deciphered
a phase of in-sequence thrusting of the Nalagarh
Thrust. Thus the Nalagarh Thrust might have
in-sequence activation followed by an out-of-
sequence reactivation. Philip et al. (2011) deduced
a 1.6 m vertical displacement, 2.5 m slip and 20 ka
activation age of the Nalagarh Thrust from optically
stimulated luminescence dating. The Soan Thrust
activated in the Pleistocene and Holocene in the
Kangra region of India and might be the surface
expression of the M 7.8 seismicity in Kangra in
1905 (Husson et al. 2004; Hussain et al. 2009).
The Soan Thrust separates Middle Siwalik rocks at
the north from Upper Siwalik rocks at the south
(Bhugarbh Vani 2014).

A set of faults that cuts the MFT includes the Sin-
ghauli Fault and the Kala Amb tear fault/Black-
mango tear fault (Fig. 5) in the Middle Siwalik
unit in Himachal Pradesh (Philip & Virdi 2006).
Interestingly, the Singhauli Fault, which can be

Younger Lower alluvial surface EE' Active Folding
[T] Qt1 Koshallia Surface [« ] Active Flexture

[ 1 at2Pinjore Surface Direction of Tilting
[ ] at3Kalka Surface it e
Fault Scraplets (comb on the downthrown side) 4 km
Actve Fault Trace (concealed)

E Inferred Active Fault Trace

Fig. 4. A few out-of-sequence thrusts in and around Chandigarh (India). Reproduced from Malik & Nakata (2003,
fig. 3) with permission. CF, Chandigarh Fault; HFF, Himalayan Frontal Fault (=Main Frontal Thrust); PGF, Pinjaur

Garden Fault; BT, Barsat Thrust; TF, Taksal Fault.
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traced for >4 km with an ENE trend in the west and
an easterly trend in the east, is a normal fault and
indicates several recent earthquakes (Philip 2011).
Philip et al. (2012) subdivided the Kala Amb Fault
into Fault 0, Fault I and Fault II. Although the first
two faults acted coevally and yielded c. 12—-16 m
slip, Fault II acted during 5.8—2 ka (Philip er al.
2012). Note that: (1) the Kala Amb Fault and the
Singhauli Fault do not intersect (therefore their rela-
tive time relation is unknown) — the former is
located west of the latter; and (2) the Singhauli
Fault cuts the Dhanaura Anticline, which is a drag
fold related to the MFT similar to the Mohand Anti-
cline between Dehradun and Roorkee. This indi-
cates that this thrust is an out-of-sequence thrust.
The second point matches with the expectation of
Mishra & Mukhopadhyay (2012) in their balanced
cross-sections from the Nahan Transect, Himachal
Pradesh. Both the faults are oblique to the MFT
and are associated with a number of characteristic
geomorphological features (Philip & Virdi 2006;
see also Valdiya 2001). A few WNW-trending nor-
mal faults have been reported, which are probably
related to the Singhauli Fault (Philip & Virdi
2006). Malik & Nakata (2003) also reported the
Taksal Fault, which has a right-lateral 2.8 mm a”!
slip rate and an associated pull-apart basin. The
timing of surface rupture over a c. 285 km stretch
at six locations from NW to SE (Chandigarh
(Punjab state), Kala Amb, Rampur Ganda (Himachal
Pradesh state), Lal Dhang and Ramnagar (Uttarak-
hand state, India)) ranges from AD 1200-1700

76 46'45.00"E

(S. Kumar et al. 2006) and marks c. 11-38 m dis-
placement (S. Kumar et al. 2006). Philip (2011)
also described the Bari Batauli, Nangal Jhandian
and Majotu active fault systems from remote
sensing studies. As their activation timings are not
known, it is difficult to confirm whether those are
also out-of-sequence faults.

Out-of-sequence thrusts in the SH com-
monly have fault-propagation folds in the hanging
wall (see review in T. Singh er al. 2012). Mukho-
padhyay & Mishra (2005) and Mishra & Mukhopad-
hyay (2012) replicated out-of-sequence thrusts in
balanced cross-sections from the SH (India), along
with fault-propagation folds. T. Singh er al. (2012)
considered that the Nahan Salient is in a critical
taper condition and that the Kangra and the Dehra-
dun re-entrants are in sub-critical condition. Pro-
found erosion in the Himalayan orogen can attain
sub-critical conditions (Kohn 2008) in some
portions.

Philip & Virdi (2006) traced several other thrusts
in Pinjaur Dun within the SH. Singh et al. (2008)
designated the Jhajara Fault as a now inactive
out-of-sequence thrust based on an optically stimu-
lated luminescence date of 55 + 6 ka. The Jhajara
Fault, like the Barsar Thrust, is characterized by
fractured Siwalik rocks, fault gouge and breccia
(Singh & Tandon 2010). This fault constitutes a
zone of ¢. 520 m consisting of gouge and juxtaposes
the Lower Siwalik unit against the Dun gravel
(Singh et al. 2008). Singh et al. (2008) also (re)iden-
tified the Sirsa Fault, Pinjaur Garden Fault (see also
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Fig. 5. Kala Amb region and the Kala Amb Tear Fault. Reproduced from Philip et al. (2012, fig. 2) with permission
from Elsevier. HFT, Himalayan Frontal Thrust (same as the MFT); MBT, Main Boundary Thrust.
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Malik & Mathew 2005), Pinjaur Thrust, Barsar—
Gambhen and Nalagarh Thrust. Some of these
faults are shown in Figure 4. Singh & Tandon
(2010) further identified the Jaital Thrust and
Batinan Fault and recognized their control on the
geomorphology of their terrain.The Pinjaur Thrust
is the contact between the Lower and the Upper
Siwalik units (Singh & Tandon 2010). Some of
these faults merge at different depths and one may
be a splay of another (Singh & Tandon 2010, fig.
9). The fault zone between the Barsar Thrust and
the Pinjaur Thrust cuts across Late Pleistocene—
Holocene sediments (Singh & Tandon 2010). Geo-
morphologists (Singh et al. 2008; Singh & Tandon
2010) have not commented on whether they are all
out-of-sequence thrusts, presumably because absol-
ute dates are unavailable. Around 2 m displacement
was reported for the Pinjaur Garden Fault (review,
Verma & Bansal 2014). Malik et al. (2007b) ident-
ified two strands of the Pinjaur Garden Fault, F1 and
F2, which they speculated might merge at a shallow
depth.

The 1905 Kangra earthquake in India activated
the NW-trending Naddi and Kareri active faults
that dip approximately NE for more than 4 km
(Philip 2007). The Kareri Fault could be a con-
tinuation of the Chandpur Fault near Dehradun
(Tiwari et al. 2006). Philip (2007) did not report
the amount of dip. The Naddi Active Fault is adja-
cent to the SW portion of Dal Lake in Kashmir,
India. The rupture related to this seismicity is rep-
resented by the Jwalamukhi Thrust (Malik et al.
2010). These two faults are sub-parallel in one
region and are at an angle elsewhere (Philip 2007).
The Nurpur (NE of the Jwalamukhi Thrust) and the
Nadha areas (Himachal Pradesh) developed fissures
in the recent past and are out-of-sequence defor-
mations (Mahajan et al. 2010). Malik et al. (2010)
identified two 800-2600 year-old strands of the
Hajipur Fault: HF1 and HF2 from the Hajipur
region, NW India. The Hajipur Fault shows 7.5—
8 m vertical displacement, a 7.6 + 1.7 mma ' slip
rate and a 25° dip (Malik et al. 2010). Studies
using ground-penetrating radar revealed that the
dip of the Hajipur Fault varies substantially and
that it has four splays (Malik et al. 2012). Philip
et al. (2009) recognized the Panchbhaiya Thrust
to be still active and referred to the NW-trending
Rajban Thrust, possibly another out-of-sequence
thrust sub-parallel to the Panchbhaiya Thrust.

Delcaillau et al. (2006) decoded out-of-sequence
(recent) folding of the c¢. 150 km long Chandigarh
antiform and ¢. 50 km long Janauri pop-up antiform
in Himachal Pradesh (Fig. 6). These authors relied on
geomorphological indicators and the precise timing
of these folding events is not known. Malik et al.
(2008) detected the ‘Chandigarh Fault’, previously
designated as the ‘Chandigarh Fault System’ (Malik

et al. 2003), near the Indian city of Chandigarh.
Two fault traces around 2—10 km long define the
20-46° dipping Chandigarh Fault with a 3.5 m dis-
placement, 6.3 + 2mma ' slip rate and a 1.5m
vertical component of displacement (Malik et al.
2008). Two prominent sub-parallel faults constitute
this fault system in both remote sensing images and
in trench studies (Malik et al. 2003).

The Chamuhi Fault between the Soan Thrust
and the MFT was seismically active after 51 ka,
with 8—10 m throw and a fault scarp with a youngest
age of 0.20ka. It cut the hinge of the Janauri
Antiform/Sukchainpur Anticline, displaced Holo-
cene sediments, and is characterized by shattered
pebbles (Bhugarbh Vani 2014; Philip et al. 2014a).
This out-of-sequence thrust is probably linked with
anticlines in the Siwalik rocks. A recent slip of
9.3 m at the margin of the Janauri fold was documen-
ted from a trench at Bhatpur and presumably
occurred during AD 1400-1460 (Kumahara &
Jayangondaperumal 2013).

Uttarakhand, Garhwal and Kumaun (India).
Remote sensing studies led Rao (1977) to report
strike-slip displacement on the Bhelonwala Fault,
with limited yet unconstrained throw, and the
Donga reverse fault with Holocene slip from the
Dehradun valley. However, Srinivasan (2009)
doubted fault identification based solely on remote
sensing studies from this and other such areas in
the thickly vegetated SH.

North of the Mohand Anticline, the approxi-
mately east—west-trending Asan Fault, Bhunawala
Thrust, Majhaun Thrust and Santaurgarh Thrust
occur from south to north (Fig. 7; Thakur &
Pandey 2004; Thakur et al. 2007). The Asan Fault
acted younger than 10 ka and the Bhunawala and
Majhaun thrusts between 29 and 22 ka (reviewed
in Thakur & Pandey 2004). The Mohand Thrust, a
local name for the MFT south of Dehradun, India
has been dated by thermoluminescence and infrared
stimulated luminescence methods to have acted as
an out-of-sequence thrust at c. 60 ka (Banerjee
et al. 1999). T. Singh et al. (2012) suggested a rise
of the SH induced by out-of-sequence thrusting
from geomorphological studies in the western
Himalaya, India (see also Devi ef al. 2011). The
Ganga and the Yamuna tear faults in Siwalik in
the Haridwar and Dehradun regions in the NW
Himalaya are also tectonically active (Sahoo et al.
2000). Recently Pandey & Pandey (2015) reported
soft sediment deformation found in sediments
aged 26-25ka from channel-fill deposits of the
Yamuna river near Dehradun (India).

In the Garhwal SH, Thakur & Pandey (2004)
designated the Bhauwala Thrust, the Majhaun
Thrust and the Asan Fault lying within the wedge
of the MBT-MFT close to the Santaugarh Thrust
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as four out-of-sequence thrusts. The Bhauwala back-thrust. The MFT, the Santaugarh Thrust and
Thrust is equivalent to the Main Dun Thrust in the Bhauwala Thrust (re)activated between 500
Nepal (R. Jayangondaperumal, pers. comm. 2015).  and 100, post-500 and 29-20 ka, respectively. The
The north- to NE-verging Majhaun Thrust is a Majhaun Thrust activated during the initial stage
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of the Bhauwala Thrust (Thakur & Pandey 2004).
Of these out-of-sequence thrusts, the Asan Fault is
most conspicuous gemorphologically because it
displaced the Asan River (Thakur & Pandey 2004).

Goswami (2012) suspected, based on cross-
cutting relationships, that the NNE-dipping Bastia
Thrust within Uttar Pradesh and Uttarakhand
Himalaya, a splay of the MBT, could be an out-of-
sequence thrust. Likewise, the longitudinal Dhikla
and Pawalgarh thrusts and the transverse Baru
Fault that displaced the Pawalgarh Fault, the Nihal
Fault and Chorgalli Fault that slipped the MFT,
and the Haldwani Fault were also recognized
(Yhokha et al. 2015). However, the absolute timing
of these faults/thrusts is not known. Goswami
(2012) recognized that the Dhikla and the Pawan-
garh thrusts produced a piggy-back basin in Kota
Dun. Several unnamed active faults of unknown
absolute ages are also present in this region (review
in Yhokha et al. 2015). As Goswami (2012) also
reported that the Tanakpur and Kalaunia faults of
unknown timing cut the Bastia Fault, the former
two are also out-of-sequence thrusts.

Yhokha et al. (2015), based on remote sensing
studies, have reported the approximately north-
and NNE-trending Garampani—Kathgodam Fault
that underwent deformation during 2008-2010.

The Garampani-—Kathgodam Fault seems to be an
oblique-slip fault with variable slip along its
length (Yhokha et al. 2015). It extends >100 km,
passes through both the LH and SH, and has dis-
placed the Ramgarh Thrust, the MBT and the
MFT (Yhokha et al. 2015). Its eastern block sub-
sided compared with the western block (Yhokha
et al. 2015). Mishra et al. (2013) reported c.
5—4 Ma reactivation of the Kumaun MBT based
on deformation in the SH. Malik er al. (2014) deter-
mined the geomorphologically out-of-sequence
thrust/active nature of the Kaladungi and Kotabagh
faults from the Kumaun Himalaya (Fig. 8). Other
than Malik et al. (2014), no other reported research
exists on these two faults. Note that the Tanakpur
Fault, the Kalaunia Fault, the Chorgalli Fault, the
Garampani—Kathgodam Fault, the Haldwani Fault
and the Nihal Fault also continue in the Ganga
foreland basin (Goswami & Deopa 2015; Yhokha
et al. 2015).

Interestingly, the contact between the Lower
and Middle Siwalik has been marked as the Man-
goli Thrust, which is an imbricate of the MFT
(Srivastava & Mitra 1994). However, publications
do not state clearly whether it is an out-of-sequence
thrust. A continuation of this fault, known as
the Sarpa Dhuli Dhikala Thrust/Sarpduli Dhikala
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Thrust, however, is known to be active (Singh et al.
1976). Goswami & Pant (2008a) believed that the
Dhikala Thrust passes between the Lower and
Upper Siwalik.

Nepal. Dhital (2015) referred the Kokhajor Fault
to between Lower and Upper Siwalik. However,
whether this thrust was produced in an out-of-
sequence manner is unknown. In the western and
far western Nepal Himalaya, a number of thrusts
between the MBT and the MFT, i.e. within the
SH, called the Main Dun Thrust (MDT) (Fig. 9)
(Mugpnier et al. 1999) have been described as ‘a suc-
cession of laterally relayed thrusts propagating

westward as ramp folds” (Husson et al. 2004, p.
117; see also Mugnier et al. 1999). The MDT dips
at 40—-50° (Mugnier et al. 2004). Clasts of quartz,
calcite and clay minerals define the MDT fabrics,
along with secondary shear planes and microbrec-
cias. These formed either by seismic slip or cataclas-
tic flow (Mugnier et al. 1998), as seen by the rotation
of pebbles (Mugnier et al. 1994), but reliably indi-
cate the shear sense (Mugnier et al. 2004).
Mugnier et al. (1999) described them as MDT1 to
MDT4 from east to west, presented their structures
in detail, and referred a minimum of 6 km of slip
for MDT3. The MDT slipped episodically and
cumulatively by at least 8 km (Mugnier et al.
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Fig. 9. Part of the Nepal Himalaya showing the Main Dun Thrust (MDT), MFT and MBT, with crystalline cores shown
by hatching. Reproduced from Mugnier ef al. (1998, fig. 2) with permission from Elsevier.

1998). Schelling et al. (1991) identified the MDT in
Nepal in terms of the Chaura—Marin Thrust. Note
this thrust is certainly different from the Chaura
Thrust of Jain et al. (2000), demarcated in the
GHC in Himachal Pradesh (also see Mukherjee
et al. 2012). The Chaura—Marin Thrust trends
N80OW and demarcates the sandstone of the
Lower Siwalik unit in the north and the Upper
Siwalik conglomerates in the south; it is devoid
of regional drag folds and thrust ramps (Schelling
et al. 1991). Overall, the MBT slipped more
slowly than the MDT and the MFT (Mugnier
et al. 2004). The MDT1 underwent 32—-40 km of
shortening (Mugnier et al. 2004). A few metres of
displacement have been deciphered from one of the
three splays of the MDT?2 and c. 23 m uplift from
an external splay of the MDT (Mugnier et al.
2004). Some of these thrusts contain associated
drag folds that are fault-propagation folds (Mugnier
etal. 1999) of ‘normal drag’ geometries (Mukherjee
2014). Some of these folds and MDT faults are linked
by strike-slip faults (Mugnier et al. 1999). Slip along
one of the splay faults of the MDT exceeded 40 km
(Mugnier et al. 1998). How individual strands of

the MDT link with the MFT has remained indeter-
minate (Mugnier et al. 1998). When the MDT
slipped, the MFT was possibly quiescent (Mugnier
et al. 1998).

Using remote sensing images, Husson et al.
(2004) also delineated the MDT in western Nepal.
They predicted a greater slip for the MDT than
the MFT from the compiled structural geology.
However, previous authors have deduced (1) com-
parable slip rates of the MFT and the MDT of c.
7-10mma ' in western Nepal and (2) signi-
ficantly different slip rates in western Nepal of
21 mma~' for the MFT and Omma ' for the
MDT (review in Husson et al. 2004). The latter con-
clusion is supported by the original structural work
of Husson et al. (2004), which independently
deduced these rates to be 17 and 2-3 mm a~'. Un-
deformed sediments overlie the MDT in wes-
tern Nepal, which indicates that the MDT stopped
activating (review in Husson et al. 2004; also see
Mugnier et al. 2004). Likewise, the MDT4 is
capped by fluviatile sediments (Mugnier et al.
2004). The MDT in the Karnali splay most poss-
ibly underwent 40 m slip within 4-7 ka (Mugnier
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et al. 1998). Bollinger et al. (2014) described two
strands of the MFT, the Patu Thrust and the Bardi-
bas Thrust from east central Nepal, with recent slip
rates of 8.5 + 1.5and 10—12 mm a™ !, respectively.
Chamlagain & Hayashi (2007) referred to three
north-dipping active faults along the MBT, i.e. the
c.60km long Arun—Arung Khola Fault, the
Hetaunda Fault and the Udaipur Fault (see also
Shanker et al. 2011), different from that in Tripura,
India in the Himalayan syntaxis (Dey et al. 2009).

Darjeeling and Sikkim, India. The South Kalijhora
Thrust sheared the Lower Siwalik unit over the
Upper Siwalik unit (Fig. 10) (Mukul 2000). It is an
out-of-sequence thrust, designated as a ‘surface-
breaking fault’, that activated at c¢. 20ka and
affected the Tista River during 11.3 + 1.3 to
1.4 + 0.3 ka; it is still active (Mukul et al. 2007).
Mukul et al. (2007) reported that the out-of-
sequence thrust structures of the South Kalijhora
Thrust overprinted the Himalayan structures; how-
ever, no detail was presented.

Arunachal Pradesh (India). Das (2004) concluded,
based on lineament density, that the Siwalik units
in Arunachal Pradesh (India) are more affected by
recent tectonic activity than in Bhutan. Devi et al.
(2011) documented the ENE-trending Ramghat
Thrust with a late-phase right-lateral strike-slip
movement and also the NNE-trending Burai River
Fault as out-of-sequence thrusts in Arunachal
Pradesh. The Middle Siwalik rocks are thrust over
the Upper Siwalik rocks by the Ramghat Thrust
(Devi et al. 2011). Luirei & Bhakuni (2008) referred
to several ‘active faults’ from Arunachal Pradesh.
These are the Ranaghat Fault, the Sampa Fault,
the Sibo Korang Thrust and the Sileng Fault. How-
ever, the timings of their activations are unknown.
De Sarkar er al. (2014) reported out-of-sequence
thrusting of <1 ka age between Bhalukpong and
Tipi villages from Siwalik in the eastern Himalaya.
They deciphered a significantly high ¢. 12 mma ™"
slip rate and a c. 7mma ' rate of shortening in
the horizontal direction from this out-of-sequence
thrust during the Holocene. De Sarkar et al. (2014)
concluded that profound erosion and a critical
taper condition produced this out-of-sequence
thrust (see also Schuller er al. 2015). However,
debate has not resolved about how far erosion can
control the (Himalayan) tectonics (see brief review
in Whipple 2014). Thus, genetic reasons or a kin-
ematic model for the out-of-sequence thrusting in
Siwalik are broad statements. Srivastava & Misra
(2008) reported the approximately north—south-
trending Kameng Fault, which created mainly
unpaired terraces near Bhalukpong during the
Holocene.
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Lesser Himalaya

Figure 11 shows the locations of out-of-sequence
thrusts, compiled from previous publications,
within the Lesser Himalaya.

Himachal Pradesh (India). Based on He and Ra iso-
topic data, Walia et al. (2008) determined the active
nature of the Main Boundary Fault-2, a strand of the
MBT, from the Dharmsala region. Using recent
landslides near the MBT, Joshi & Bhatt (2015)
determined that Dehradun is active at present.

Uttarakhand, Garhwal and Kumaun (India). Out-
of-sequence thrusting in the LH cut off some of
the LH rock units in the western Indian sector
(Mukhopadhyay & Mishra 1999). Ray & Srivastava
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(2010) referred to the North Almora Thrust (Fig.
12), which demarcates one of the boundaries of
the Almora Klippe, as an out-of-sequence thrust.
Igneous and detrital zircon data and epsilon Nd
values from the Almora Klippe indicate that it is
GHC and the Almora Thrust is considered as the
MCT (Mandal et al. 2014). Alternatively, the
North Almora Thrust may be an intra-GHC thrust
(Khanal et al. 2014). GHC rocks in the Dadeldhura
Klippe, which is the eastern continuation of the
Almora Klippe, cooled to below ¢. 350 °C, are inter-
preted to indicate the time at which the trailing
part of the klippe passed through the Ar closure
temperature (DeCelles et al. 2001). This indicates
that the thrust fault is not an out-of-sequence
thrust, but may have experienced some brittle
faulting after it was emplaced (Mandal 2014). Sri-
vastava & Mitra (1996) stated that the Almora
Klippe was emplaced during the Late Eocene.
Brittle faults <5 km long, which could be out-
of-sequence thrusts, were simulated in cross-section
balancing studies north of the Almora Klippe
(Mandal 2014).

Kothyari (2007) considered the North Almora
Thrust to be still active as it affects recent sediments
in addition to a number of critical geomorphologi-
cal resultant features (see also Sati et al. 2007).
Kothyari (2007) also noted that the NW-trending
right-lateral strike-slip Ramganga Fault is the
outcome of the North Almora Thrust. Therefore
the North Almora Thrust can be considered as an
out-of-sequence thrust.

A NW-SE zone of profound erosion in the Man-
dakani river valley, within the MCT and the Almora
Thrust, was identified by Vaidyanathan et al. (2002)
in the Garhwal Himalaya. However, whether this
erosion was sufficient to produce (any) out-of-
sequence thrusting is not known. This paper
reviews erosion as a possible mechanism of out-
of-sequence thrusting. Morell et al. (2012) has
documented <2 ka old regional tilting towards the
NE around Uttarkashi (Uttarakhand, India) in the
northern portion of the LH, correlated with a poss-
ible surface-breaking out-of-sequence thrust.

Banerjee et al. (1999), in the Kumaun Himalaya,
reported out-of-sequence thrust activity in the Nai-
nital region at c¢. 40 ka at the Nainital Fault and
the Sleepy Hollow Fault, and at the MBT c. 70 ka.
Around 10-30 m vertical displacement of terraces
was observed in the Nainital region (see also
Kothyari et al. 2010). The Bhikiyasain Fault is a
steeply dipping/sub-vertical transverse neotectonic
fault from the Almora region of unknown exact
timing (Goswami & Pant 2008b). From field
studies around the Batalghat region, Mehta &
Sanwal (2011) recognized NNE-trending oblique
transverse normal faults south to the South Almora
Thrust that offset Quaternary sediments by ¢. 1.5 m.

Nepal. Either nearly straight or lobate out-of-
sequence thrusts/active faults <100 km long exist
in Nepal Himalaya along and near the MBT
(Nakata 1989). The following were reported spe-
cifically by Nakata (1989) from the LH: (1) the
Matiali Fault (=MBT) defined by surface mounds,
a bifurcation from the Gorubathan Fault in Darjeel-
ing, average slip rate 1 m per 1000 years; (2) the
Chalsa Fault (=MFT?) with c¢. 20 m vertical dis-
placement; and (3) the Surkhet—Ghorahi Fault,
traceable for ¢. 120 km and with 35 m vertical dis-
placement — this fault is recognizable in remote
sensing images.

Paudel & Arita (2000) designated the Phalebas
Fault (Fig. 13), with activity prior to the Pliocene,
as an out-of-sequence thrust inside the LH in the
Nepal Himalaya because it cuts the Jajarkot
Klippe and the Kathmandu Klippe. Upreti et al.
(1980) opined that the Phalebas Thrust is equivalent
to the Chail Thrust in the NW Indian Himalaya and
is the same as the Lame Deorail Reverse Fault in
Kumaun. The Bari-Gad Kali Fault/Bari-Gad Kali
Gandaki Fault that separates the upper from the
lower LH cuts the Phalebas Thrust (Upreti et al.
1980), hence the former is also an out-of-sequence
thrust. Not all LH sections are divisible into lower
and upper units. Thus, the continuation of the
Bari-Gad Kali Gandaki out-of-sequence fault may
not exist.

Near the Kathmandu region in Nepal, the seismi-
cally active Trisuli—Likhu Fault is a continuation of
Sun Kose Fault/Sun Kosi Fault/Rosi Khola Fault
that lies within the MCT zone (Arita et al. 1997).
The Trisuli-Likhu Fault and the Bari-Gad Kali
Fault have been considered as out-of-sequence
thrusts, based presumably on the observation that
they cut the fabrics of the MCT zone and the GHC
rocks. These areas underwent c. 10 km of shorten-
ing and uplift rates increase significantly across
them (Arita et al. 1997). However, the timings of
the Trisuli-Likhu Fault and the Bari-Gad Kali
Fault are unconstrained (Arita et al. 1997, also see
Schelling 1992). Based on indirect geoscientific
evidence, Arita et al. (1997) considered the timing
of these out-of-sequence thrusts to be 10-7.5 Ma.
Arita et al. (1997) postulated that uplift related to
the out-of-sequence thrust, in the case of the
Trisuli-Likhu Fault/Sun Kose Fault, was linked
with the northwards shear of the Indian plate
along the MHT. Not all river sections in the LH and
GHC contain out-of-sequence thrusting, e.g. in the
Budhi—Gandaki section (Khanal & Robinson 2013).

The LH Ramgarh Thrust in Nepal continues in
India as the Munsiari Thrust (Robinson & Pearson
2006), which cuts the MCT (Webb 2013). It is an
out-of-sequence thrust as a young age of 4.3 Ma
was determined from a quartzite within the Munsiari
Thrust (Célérier et al. 2009b). Therefore the
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Fig. 11. Map of the Himalayan orogen. In this work, out-of-sequence thrusts within the Lesser Himalaya are plotted
Main Frontal Thrust; MBT, Main Boundary Thrust; MCT, Main Central Thrust; STDSy, South Tibetan Detachment

Munsiari Thrust has a much younger age than the
MBT (c. 9-11 Ma; see review in Thakur et al.
2014). Yu et al. (2015) reported 4—5 km heave of
the Munsiari Thrust during its out-of-sequence
activity. Webb (2013) reported a still younger 1—
2 Ma age of activation from this thrust and stated
that the Munsiari Thrust seems to be a sum of two
thrust sheets (see also Draganits et al. 2014 for
Pleistocene age reference). Rocks north of the Mun-
siari Thrust are part of a domain of underplating,
seismicity, most abrupt topography and fastest
incision and exhumation (Webb 2013 and refer-
ences cited therein). Although previous workers
(referred to in Webb 2013) considered the Kullu

Window to be a product of the out-of-sequence
thrust of the Munsiari Thrust, the cross-section bal-
ancing study of Webb (2013) proposed duplexing
as an alternative mechanism. Webb (2013) deter-
mined c. 8 km of slip over the last 4—5 Ma for the
Munsiari Thrust.

The Mahabharat Thrust (=MCT/sub-MCT
structure: Johnson & Rogers 1997), related to the
Kathmandu nappe, is a <22 Ma out-of-sequence
thrust (Guillot 1999). Further east, no out-of-
sequence thrust developed associated with the
Rangit duplex (Bhattacharyya & Mitra 2009).
Therefore the Himalayan duplexes are not invari-
ably associated with out-of-sequence thrusts.
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Structural and geochronological studies by He
et al. (2015) from the Nepal Himalaya concluded
that the out-of-sequence thrust in the LH corre-
sponds to <10% crustal shortening, even though
overthrusting related to out-of-sequence thrusting
can be proportionate (Robert et al. 2009, 2011).
A minimum of 6 km of shortening along the MBT
during 2.1-1.9 Ma occurred as an out-of-sequence
thrust in the Nepal Himalaya (Burbank & Beck
1989).

Sikkim and Darjeeling (India) and Bhutan. From
global positioning system studies, Mullick et al.
(2009) estimated a shortening of 11.1 + 1.5 mm a!

together for the Gorubathan, Matiali, Chalsa and
Baradighi faults and speculated the occurrence of
an earthquake from the Darjjeeling Himalaya.
Whether the North Kalijhora Thrust within the
LH is an out-of-sequence thrust is indeterminate,
although it has been correlated with the Ramgarh
Thrust in Nepal and the Shumar Thrust in Bhutan
(review in Mukul 2010). Structural studies by
Tobgay et al. (2012) deduced c. 96 km crustal short-
ening related to the Shumar Thrust.

Arunachal Pradesh (India). Based on geomorpholo-
gical features alone and no geochronological data,
Bhakuni et al. (2013) determined the ENE-trending
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Fig. 12. Lesser Himalaya in the Kumaun section. Reproduced from Srivastava & Mitra (1996, fig. 1) with permission

from Elsevier.

Kamla River Fault Zone as an out-of-sequence thrust
in the LH in Arunachal Pradesh (India). A number of
landslides were seen to occur parallel to this fault.
Bhakuni et al. (2012) reported c. 10 Ma out-of-
sequence thrusting of the Bomdila Thrust, which is
equivalent to the Munsiari Thrust and the Paro
Thrust (Valdiya 1980), in the Arunachal Himalaya.
Adlakha ef al. (2013) mentioned a further young
YOAr—*Ar age of 6-7Ma for this thrust. The
Mishmi Thrust, equivalent to the MBT determined
from geomorphological studies, was reactivated
(Misra & Singh 2002). Thus it seems to be an
out-of-sequence thrust. However, absolute timing
of its activation is not known.

Greater Himalayan Crystallines

Span of present review. Out-of-sequence thrusting
within the GHC was activated from c¢. 22 Ma up to
the Holocene (Grujic et al. 2011; Warren et al.
2011; review by Mukherjee et al. 2012; this work).
Mukherjee et al. (2012) reviewed out-of-sequence
thrusts from nine locations in the GHC from India,

Nepal and Bhutan. A summary is presented in
Table 1. Mukherjee et al. (2012) considered a single
out-of-sequence thrust passing through these nine
locations with different activation timings. Geos-
cientists have deciphered the out-of-sequence
thrust in the GHC observed at isolated river sections
as a continuous structure, such as the ‘Kakhtang—
Zimithang Thrust’ (Yin et al. 2009) and the ‘Laya—
Kakhtang—Zimithang Thrust’ (Warren ez al. 2014).
This is despite the fact that the continuity of
out-of-sequence thrusts in collisional orogens has
been debated (MacFarlane et al. 1992; Cannon
2011). In these considerations, the out-of-sequence
thrust over regional extents does not demarcate the
boundary between two specific lithologies. The rela-
tive position of the out-of-sequence thrust at specific
valleys with respect to the MCT at the south and
the STDSy at the north also vary (Mukherjee
et al. 2012).

In their review, Mukherjee et al. (2012) missed
the Tamar Khola Thrust in Nepal (Schelling &
Arita 1991), the Laya Thrust in Bhutan (Warren
et al. 2012) and the Balapur Fault in Kashmir, India
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(Ahmad & Bhatt 2012). In addition, the Nyalam
Thrust in south-central Tibet (Wang et al. 2013)
and the Kolbug Fault in Kashmir, India (B. Ahmad
et al. 2014) were reported as out-of-sequence
thrusts after Mukherjee er al. (2012) was published.
Gururajan & Choudhuri (2003) reported reactivation
of the Lohit Thrust from the Arunachal Hima-
laya. Thus, this thrust could be an out-of-sequence
thrust. These new observations of the out-of-
sequence thrusts are shown in Figure 14. New devel-
opments and issues about out-of-sequence thrusts
within the GHC that were not covered in Mukherjee
et al. (2012) are discussed in the following sections.

Pakistan. One or more out-of-sequence thrusts
inside the MCT zone has been documented or

proposed from the Pakistan Himalaya as the
Panjal—Khairabad Thrust (=MCT; DiPietro &
Pogue 2004); shear started in the Miocene and
persisted in the Pliocene and Holocene.

Kashmir and Himachal Pradesh (India). Stephen-
son et al. (2000) ascertained that the MCT zone in
the Zanskar section might have come from depth
via an out-of-sequence thrust. Stephenson et al.
(2001) deduced a 9.7 + 0.2 Ma age of the MCT
from the Kishtwar region, Kashmir, India. Many
of the contacts between domes, windows and klip-
pens in the LH and GHC with the country rocks
have been stated to be out-of-sequence thrusts. For
example, the east- and NE-dipping Kishtwar
Thrust (Singh 2010, fig. 2), which breached from
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Table 1 Information on out-of-sequence thrusts in the Greater Himalayan Crystalline as compiled by Mukherjee et al. (2012)

Location section Bhutan Nepal Sutlej India Arunachal,
Pradesh, India

Local name of the ~ Kakhtang Thrust Carosi et al. Khumbu Thrust ~ Modi Khola Kalopani Shear High Himal Toijem Shear Central Nepal ~ Marsyandi valley Chaura Thrust/ Zimithang
out-of-sequence (Grujic et al. (2010) (Searle 1999) Shear Zone Zone (Vannay Thrust Zone (Carosi (Carosi (Wobus et al. Sarahan Thrust Thrust
thrust 1996, 2002 and (Hodges & Hodges (Goscombe et al. 2007; see et al. 2010) 2003; (Jain et al. (Yin et al.
(reference) references cited et al. 1996) 1996) et al. 2006) Carosi et al. Burbank 20005 2006)

therein) 2010 for 2005; review Chambers et al.
counter Harris 2007) 2008)
argument)
Activation timing 14—10 Ma (but see ~15-13 Ma - 22.5-18.5Ma - - At least between 22.5-18.5Ma  Late Pliocene— 4.9-1.5 Ma (Jain -
scepticism in Yin 25 and 17 Ma Holocene et al. 2000)
2006)

Ratio of distance 1:1.15 (from fig. 1, - 1:0.67 (from fig. 1:0.19 (from fig. 1:0.3 (from fig. 3, 1:0.96 (from fig. (from fig. 1b, - - 1:0.75 (from fig. 1, *1:0.40 (from
between MCTL Grujic et al. 6, Searle 10, Hodges Vannay & 2, Goscombe Carosi et al. Jain & Anand fig. 1, Yin
to 2002); 1:0.71 1999) et al. 1996) Hodges 1996) et al. 2006) 2007) 1988; fig. 2,. et al.
out-of-sequence (from fig. 5, Chambers ef al. 2006)
thrust to that Hollister & Grujic 2008)
between 2006)
out-of-sequence
thrust and
STDSU

Other data Throw 10-20 km - —6 km (Searle - Throw similar to Thickness: 100— 8 km of horizontal - - Estimated throw Thickness

(Grujic et al. 1999) that at Chaura 400 m displacement 2.08 £+ 0.68 km 150 m
2002); minimum (Goscombe (Carosi et al. (Jain et al. (Yin et al.
displacement (net et al. 2006) 2010); 2000); average 2006)

slip?) 33 km
(McQuarrie et al.
2008)

thickness 50 m
(Carosi et al.
2007); 40—

50 km (Carosi
et al. 2010)

extrusion rate
0.6mma’
(Jain et al.
2000)
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the MCT and demarcates the western boundary
between the LH Kishtwar Window rocks and the
surrounding GHC, is an out-of-sequence thrust
(Singh 2010).

Likewise, the boundary of the (Larji) Kulu
Rampur Window (Himachal Pradesh, India) is an
out-of-sequence thrust (Chamoli et al. 2011). The
Jeori Wangtu Granite Gneiss Complex (Himachal
Pradesh, India) inside the MCT zone underwent
faulting. A continuation of this faulting in the
Garhwal Himalaya is dated to be an out-of-sequence
thrust (review in Miller et al. 2000). The Jhakri
Thrust Zone, dipping c. 50° towards the NE and c.
15-17 km deep, demarcates a boundary of the
Wangtoo Gneiss, similar to the Tons Thrust in
Garhwal (Pandey & Virdi 2004). Pandey & Virdi
(2004) determined a gradual increase in strain
towards the Jhakri Thrust Zone based on micro-
structural studies. This is the only study where a
strain gradient has been stated for the Himalaya in
the context of out-of-sequence thrusting. However,
the study is qualitative and demands quantitative
confirmation.

The Balapur Fault is traceable for >40 km in
the Rambiara basin of the Kashmir valley, has
a 60°NE dip and 13m of vertical separation
(Ahmad & Bhat 2012). The Kolbug Fault, runn-
ing sub-parallel to the Balapur Fault and mutually
c. 8 km away, is also an out-of-sequence thrust
that relates to the Budgam seismicity in 1963
(S. Ahmad et al. 2014).

Uttarakhand, Garhwal and Kumaun (India). In the
Kumaun and Garhwal Himalaya in India, several
sections of the MCT zone show reactivation based
on quartz c-axis orientation (Bhattacharya &
Weber 2004). However, the timings of reactivation
for these sections are not known. Catlos er al.
(2007) deduced 5.6—4.2 Ma monazite as the age
of the out-of-sequence thrust of the MCT zone
from the Garhwal Himalaya. Anand & Jain (1987)
reported unconstrained recent tectonic activity in
the MCT in the Tons valley and in the Krol Thrust
near Dehradun based on soft sedimentary defor-
mation structures.

Morell et al. (2015) identified a physiographic
transition (UPT2) in Uttarakhand similar to the
thoroughly studied PT2 in Nepal (discussed later).
The UPT2 falls within the MCT zone and inside
the Himalayan ‘central seismic gap’. Using '°Be
studies, these authors deduced an average ero-
sion rate of 0.2 mma ' south of the UPT2 and
0.6mma ' north of the UPT2. No lithological
change occurs across the UPT2. The line of ramp-
flat transition obtained geophysically comes out as
a line as a continuation of the UPT2 when projected
on the map. Morell er al. (2015) concluded that
the UPT2 is a surface manifestation of ramp-flat

kinematics below the surface and they did not rule
out out-of-sequence thrusting at the UPT2.

Yu et al. (2015) recognized (1) a c. 450 m thick
top-to-the-SW sheared Pabbar Thrust, with ¢. 25 km
displacement and a c. 3.5 km thick hanging-wall
block, in between the Berinag and the Tons Thrust
and (2) considered the Krol Thrust in the Mussourie
hills near Dehradun (India) to also be equivalent to
the Tons Thrust. Note that the Krol Thrust was
earlier considered to be equivalent to the MBT
(Yu et al. 2015). Ansari et al. (1976) estimated
recent creep and strain from the Krol Thrust near
Dehradun, but could not explain the cause. This
recent creep seems to be due to the out-of-sequence
activity of the Krol Thrust.

Based on apatite fission track (AFT) and zircon
dates, the Vaikrita Thrust (=MCTy) in the Gori-
ganga section (India) shows present-day out-of-
sequence activity, but not in the adjacent Dhauli-
ganga valley (India) (Patel & Carter 2009). Based
on this, Patel & Carter (2009) negated the link
between erosion and deformation. P. Singh et al.
(2012) also concluded an out-of-sequence thrust
nature for the Vaikrita Thrust at ¢. 2.5 Ma and deter-
mined ¢. 0.3-0.9 Ma duplexing in the footwall of
the MCT zone. They also concluded that, after a
sequence of deformation from the MCT up to the
MFT in the Pindari valley, an out-of-sequence
thrust occurred in the Vaikrita Thrust. Harrison
et al. (1999) considered the out-of-sequence thrust
in the GHC in the Nepal Himalaya within 8§—6 Ma
as the MCTy and to be a part of the GHC tectonics
(see also Upreti 1999). The MCT in NW Nepal reac-
tivated as the Darma Fault, the Talphi Fault, the
Tibrikot Fault and the Dhaulagiri Southwest Fault
to give a fault system traceable for c¢. 170 km, but
with an indeterminate fault dip.

Nepal and border regions. The Tamar Khola Thrust
within the MCT zone, recognized as an out-of-
sequence thrust, merges at depth with the MHT
(Schelling & Arita 1991). Note that: (1) the hang-
ing wall of the Tamar Khola Thrust is the GHC
and the footwall is the Tamar Khola Window; (2)
the Tamar Khola Thrust cuts the antiform developed
in the ramp part of the MHT; (3) the Tamar Khola
Thrust activated after the MBT; (4) the MCT termi-
nates against the Tamar Khola Thrust at a single
place, implying that the former activated before
the latter; and (5) the latter thrust underwent c.
10 km dip-slip movement and has been projected
up to ¢. 10 km depth (Schelling & Arita 1991).

Silver (2012) documented the out-of-sequence
Dhaulagiri Transtension Zone that links the Tribri-
kot Fault with the Dhaulagiri Southwest Fault.
This transtension zone offset Quaternary sediments,
displays dextral (variable) slip and accommodated
Himalayan strain (Silver 2012).
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Elsevier. MFT, Main Frontal Thrust; MBT, Main Boundary Thrust; MCT, Main Central Thrust; STDSy, South Tibetan

Transition in Uttarakhand.

The Bari—Gad Fault near the MCT in Nepal
is an out-of-sequence thrust with ‘right-lateral dis-
placement with northward downthrow’ (Nakata
1989). The MCT zone yielded a Late Miocene age
in the Garhwal and Nepal Himalaya (review in
Bollinger & Janots 2006) and elsewhere the age is
8-2Ma (review in Célérier et al. 2009b). This
timing partly coincides with the fastest sedimen-
tation rates in the Siwalik (Gautam & Fujiwara
2000). The MCT reactivated in the Nepal Himalaya
during 10—7.5 Ma (Antolin et al. 2013).

Around 5 km south to SW of Nyalam village,
Wang et al. (2013) documented the ‘Nyalam
Thrust’ within the GHC as an out-of-sequence thrust
that acted at <14 Ma (Wang et al. 2013, fig. 11c).

The timing (almost) matches with the first phase
of low denudation of 0.27 mma ' in this part of
the Himalaya during 15—6 Ma (Zheng et al. 2014).
The physiographic transition-2 (PT2) has been
studied in great detail from the MCT zone in Nepal.
The southern boundary of the PT2 is marked by a pro-
found erosion rate and has been determined to be an
out-of-sequence thrust (review in Adams et al. 2012)
that differentially uplifted rocks across it during
the Plio-Pleistocene (Hodges & Adams 2013), pro-
ducing low relief to its south (Adams et al. 2012).
Such a topography is independent of uplift of
the hanging-wall block of the Kakhtang Thrust
(Adams et al. 2012). Recently, however, McQuarrie
& Ehlers (2015) postulated that the Kakhtang
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Thrust modulated the local topography. Geomor-
phological expressions as indicators of out-of-
sequence thrusting have also been discussed for the
PT2 from Nepal (McDermott et al. 2013). The
entire PT2 can also be thought of as several out-of-
sequence thrusts, such as the Nalu Thrust (=MCT),
the Usta Thrust and the Nadi Thrust (Hodges et al.
2004). In particular, the shear fabric in the Nalu
Thrust dates 4—3 Ma and together these thrusts
absorbed Quaternary strain (Hodges et al. 2004).
However, neither the strain nor the slip has been
quantified (Pearson & DeCelles 2005). The out-of-
sequence thrust within the MCT zone in the Nepal
Himalaya, other than that documented as the
PT2, is the Tamar Khola Thrust (Schelling &

Arita 1991). Note that several authors questioned
whether the PT2 is really an out-of-sequence thrust
as the MFT in the Nepal Himalaya almost entirely
accommodates the strain (review in Walsh et al.
2012).

Montomoli et al. (2013, 2014) determined
the GHCy and GHCp contact to be a tectono-
metamorphic discontinuity: the Higher Himalayan
Discontinuity (HHD). They determined that the
HHD acted as a top-to-the-south/SW ductile shear
zone prior to c¢. 25 Ma. Later Himalayan shortening
(=the D, deformation as referred to in Mukherjee &
Koyi 2010b). Khanal et al. (2015) included the
Langtang Thrust, the Toijem Shear Zone, the
Mangri Shear Zone, the Bhanwua/Bhanua Thrust,


http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ by guest on August 18, 2015

90 S. MUKHERIJEE

the Sinua Thrust, the High Himal Thrust and poss-
ibly the Galchhi Shear Zone — all from the Nepal
Himalaya — as the HHD. Ambrose (2014) con-
sidered the High Himal Thrust to be an out-of-
sequence thrust activated at about 20 Ma. Larson
& Cottle (2014) detected several discontinuities
and tended to consider them as the HHD.
Imayama (2014) preferred to also call the Nyalam
Thrust an HHD. This appears incorrect as Wang
et al. (2013), who designated the Nyalam Thrust
clearly, stated that it occurred after the GHC had
exhumed. Montomoli et al. (2014) re-designated
the Toijem Shear Zone of 26—17 Ma activation in
Nepal as an HHD, which the same group of
researchers considered earlier as an out-of-sequence
thrust (Carosi et al. 2007). The GHC in Bhutan also
consists of a few metamorphic discontinuities
(Regis et al. 2014), hence the HHD might also con-
tinue here. However, Yakymchuk & Godin (2012)
considered the discontinuity in the NW Nepal
GHC between its upper and lower parts to be an
out-of-sequence thrust and not an HHD.

Sikkim. The MCT zone in Sikkim, characterized by
‘alternate shifts in epsilon Nd and zircon characters’
suggests an out-of-sequence thrust (Mottram et al.
2014), although again the timing of MCT activation
is not clearly understood. On map view, one of the
splays of the MCT cuts the latter and therefore
defines an out-of-sequence thrust from the Darjeel-
ing Himalaya (Searle & Szulc 2005).

Bhutan. Lesser Himalayan rocks of the Paro
Window are bound by the Paro Thrust. Based on
geochronological and cross-section balancing stud-
ies, McQuarrie et al. (2014) established that the
Paro Thrust is an out-of-sequence thrust and that
the Paro Window exhumed dominantly within
13-9 Ma. Cross-section balancing studies indicated
>58 km displacement and c¢. 28 km shortening
related to the Paro Thrust (Tobgay et al. 2012).
Valdiya (1980) referred to the Paro Thrust as an
equivalent of the Munsiari Thrust, the Jutogh Thrust
and the Panjal Thrust in the west, and the Bomdila
Thrust in the east.

Warren et al. (2011) referred to the Laya Thrust
as another possible out-of-sequence thrust, which
activated during c. 21-17 Ma (Grujic et al. 2011)
or c. 14—-10 Ma (Warren et al. 2011).

The Laya Thrust and the Kakhtang Thrust devel-
oped klippe to the south, with Tethyan rocks and the
Chekha Formation inside them (Regis et al. 2014).
McQuarrie et al. (2014) presented ¢. 2 Ma timing
for the out-of-sequence thrust in the MCT and a c.
14 Ma monazite age for its in-sequence deformation
from western Bhutan.

The Kakhtang Thrust has been considered to
be one of the reasons for the increasing structural

thickness of the GHC in this area (Wiesmayr & Gra-
semann 2002). Around 23—30 mm a ! rate of exhu-
mation of the hanging-wall block of the Kakhtang
Thrust has recently been deciphered by McQuarrie
& Ehlers (2015). The northern side of the Kakhtang
Thrust eroded preferentially and the exact role of
this thrust in exhuming the bedrock is unknown
(Tshering 2007). It has also been explained less
popularly as the tip of a blind thrust fault (reviewed
in Hodges & Adams 2013). The Kakhtang Thrust
cuts shear fabrics and isograds (Coutand et al.
2014), indicating that it is a much younger structure.
Among all the exposures of out-of-sequence thrusts
in the GHC, the hanging-wall rock of the Kakhtang
Thrust consists uniquely of altered eclogites that
exhumed from c. 70 km up to ¢. 20—30 km depth
(review in Coutand et al. 2014). The presence of
15-13 Ma granulitized eclogites at the hanging-
wall block of the Kakhtang Thrust (against older
21-18 Ma amphibolites in the footwall; Regis
et al. 2014) indicates that the thrust exhumed
at a rate of 10—44 mma~' along with slip of the
STDSy (as referred to in Coutand et al. 2014).
The out-of-sequence thrust in the GHC does not
contain granulitized eclogites in any other river
section. Thus, it appears that the deep exhumation
at Kakhtang is a unique and localized feature.

Around 1-10% shortening (Meade 2010) for
out-of-sequence thrusts in the GHC and 31-53 km
specifically for the Kakhtang Thrust — merely
8—14% of the total Himalayan shortening — has
been determined (Long er al. 2011). Despite
several research papers on the Kakhtang Thrust,
Cooper et al. (2013) considered the timing, displa-
cement constraint and location of this thrust to
be subjective. The relative timing of the out-of-
sequence thrust in relation to peak metamorphism
is generally unknown. Only at the Kalopani
section can the out-of-sequence thrusting at the
Kalopani Shear Zone be shown to occur after peak
metamorphism (Godin 2003).

At a few locations, the top-to-the-south com-
pression shear of the out-of-sequence thrust has
been understood to be coeval with the top-to-the-NE
extensional shear inside the STDSy and with
duplexing of the LH. For example, in the eastern
Himalaya the Kakhtang Thrust and the STDSy
co-activated within 15-11 Ma (Long et al. 2012)
or 15-9.5 Ma (Adams et al. 2012), leading to fault-
bend folding of the hanging-wall block of the Kakh-
tang Thrust (Wiesmayr et al. 2002). Wiesmayr et al.
(2002) considered that activation of the Kakhtang
Thrust probably led to extensional shearing within
the STDSy. The dates of intrusions inside the
Kakhtang Thrust bracket the upper age limit of the
activation of the latter (Long ef al. 2012).

Field observations of the Kakhtang Thrust, taken
as the trace of the anatexis of the granite/second
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sillimanite isograd, cutting the STDS;, indicates
that the former post-dated the latter (Long et al.
2012). The PT2 in places coincides with the Kakh-
tang Thrust (Adams ef al. 2012). No estimate of slip
of the Kakhtang Thrust is available (Long et al.
2012). Instead of supporting a channel flow (Beau-
mont et al. 2001) induced by gravity, Long et al.
(2012) indicated that the Kakhtang Thrust might
build the critical taper condition. Adams et al.
(2012) doubted the throw, the trace on the map
and the activation timing of the Kakhtang Thrust.
If this is so, commenting on its tectonic implication,
such as in Long et al. (2012), is also questionable.

Arunachal Pradesh, India. Adlakha et al. (2013)
postulated out-of-sequence thrusting within the
MCT zone from the Arunachal Himalaya, where a
crustal ramp might have played a role in exhuma-
tion. A recently obtained c. 7 Ma timing of the
Zimithang Thrust (Warren et al. 2014) by the
“OAr—*Ar method proves that this thrust is indeed
an out-of-sequence thrust. Yin et al. (2009) reported
that the Zimithang Thrust, with N10E to N45W
varying stretching lineations, also marks the bound-
ary between mylonitized gneiss and garnet—
biotite—quartzo-feldspathic gneiss. However, it is
not clear from this paper whether this marks a first-
order lithological boundary within the GHC. Yin
et al. (2008) identified a >200 m thick top-to-the-
south ductile shear zone in Geevan, east of Zimi-
thang, as a continuation of the Zimithang Thrust.

Kinematics and genesis of out-of-sequence thrusting
in the GHC. Out-of-sequence thrusting between
the MCT and STDS has been the key driving
mechanism of exhumation of the GHC since the
Late Miocene—Pliocene (review in T. Singh et al.
2012). Out-of-sequence thrusting in the GHC was
one of the factors in the exhumation and erosion
of the Himalayan leucogranites located to the
north. For example, the out-of-sequence thrust in
the GHC in the Everest section, the Khumbu
Thrust, uplifted, eroded and exhumed the Himala-
yan leucogranites to the north (Searle 1999).
Edwards & Harrison (1997) reached a similar con-
clusion for the Khumbu Thrust and the leucogra-
nites to its north in Bhutan.

The initiation of out-of-sequence thrusting in
some GHC sections took place when deformation in
the STDSy stopped (Kellett et al. 2009). Also, when
the MBT activated, the MCT steepened from c. 7 to
30° and underwent out-of-sequence thrusting
(review in Catlos et al. 2007). In the Bhutan Hima-
laya, the MBT activated at ¢. 10 Ma, presumably
when the MCT and the Kakhtang Thrust stopped
operating within the ductile regime (Coutand
et al. 2014). **Ar—*°Ar and U-Pb dating led to
the conclusion that, in Bhutan, the out-of-sequence

thrusting in the GHC - the Kalopani Shear
Zone - co-activated the local South Tibetan
Detachment (Godin et al. 2001). The Kakhtang
Thrust was also one of the reasons for the ter-
mination of the STDS; (Chambers et al. 2011). In
contrast, Herman et al. (2010) modelled the out-
of-sequence thrusting that developed after the
STDS stopped and favoured occasional slip of
the MCT.

In some cases, out-of-sequence thrusting in the
GHC has been linked with tectonics and the defor-
mation of both the LH and GHC. For example, (1)
duplexing in the LH and cooling and folding of
the GHC occurred simultaneously with Kakhtang
thrusting (McQuarrie et al. 2008) and (2) kinking
and doming north of the GHC link with out-of-
sequence thrusting of the MCT (review in Godin
2003; Aikman et al. 2008). The low angle of rotation
of the MHT coeval to or later than GHC extrusion
can explain the out-of-sequence thrust. Thus, the
out-of-sequence thrust within the GHC is linked in
a complicated way with the GHC thrust wedges,
whereby out-of-sequence thrusts keep develop-
ing in the hinterland while deformation propagates
towards the foreland (review in Robinson &
Pearson 2006). Khanal et al. (2014) viewed out-
of-sequence thrusts in the Himalaya as ‘location
specific unique complications’ in response to sub-
surface deformation.

Can the genesis of out-of-sequence thrusting
proposed from one specific location of the GHC be
applied to a different location? The Nyalam Thrust
plots to the south to SW of the Nyalam Detach-
ment/STDSy and inside the migmatitic GHCy.
The ‘Chaura Thrust’ (Jain et al. 2000) or ‘Sarahan
Thrust” (Chambers et al. 2008), on the other hand,
falls inside the non-migmatitic lithology of the
GHC; . Therefore, the model of Carosi et al. (2007)
(Fig. 15) cannot explain accurately the genesis of
the Nyalam Thrust nor the Chaura Thrust; this
could have been explained if the thrusts demarcated
the contact between the GHCy; and the GHC;.. The
Zimithang Thrust (Yin ef al. 2006) demarcates the
GHCy and GHC; contact in Bhutan and Arunachal
Pradesh, respectively. The model of Carosi et al.
(2007) might, therefore, work for the Zimithang
Thrust.

In the case where the out-of-sequence thrust in
the GHC is negated, this would result in tectonics
becoming the single deciding factor in the structural
geology of the GHC, not climatic or erosional fac-
tors (Pratt-Sitaula ef al. 2009). Herman et al. (2010)
compiled two ‘end-member models’ for Himalayan
tectonics: (1) underplating of the Indian plate, acti-
vation of the MHT and duplexing (review in Robin-
son & Pearson 2006); and (2) underplating, MHT
activity and out-of-sequence thrusting (see Arita &
Ohira 2004), probably linked with mid-crustal
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Fig. 15. When a shear zone with two broad lithologies is
simple sheared, the softer right-hand part slips more than
the harder left-hand part. An out-of-sequence thrust
develops between the two lithologies.

channel flow (Mukherjee er al. 2012). Both the
models excluded a role for far-field stress in the
genesis of the out-of-sequence thrust (Huntington
et al. 2006). The two models incorporate the ther-
mochronological age jump across the inferred
tectonic discontinuity.

Controversy exists about whether any age jump
is really there (review in Caldwell er al. 2013).
Buckingham (2014) showed a momentous jump in
the AFT age from 1.3 to 2.4 Ma in eastern Nepal
and favoured duplexing. Zeiger et al. (2015)
reported no significant variation in zircon age
across the Kakhtang Thrust. They therefore con-
sidered the Kakhtang Thrust to be a ‘minor shear
zone’. The authors, however, compiled ages across
the Laya Thrust and showed c. 23—15 Ma south of
the Laya Thrust and c¢. 15-11 Ma to the north.
Wobus et al. (2006) considered both models to be
correct and that the GHC initiated with underplating
and duplexing, and then later underwent out-of-
sequence thrusting. The problem in choosing the
correct model from the two arises because the fol-
lowing six (tectonic) aspects of the GHC fit both
the models: (1) its fast erosion; (2) its 4.4—6.8 mm
a~! rate of thrusting; (3) the reduced friction of
the MHT (Herman et al. 2010); (4) several geomor-
phological expressions (McDermott et al. 2013); (5)
disparity in the Ar—Ar age (Robl er al. 2008); and
(6) the difference in AFT age (review in Caldwell
et al. 2013) across the suspected out-of-sequence
thrust. Note that the last point has not been accepted
by all (reviews in Caldwell ez al. 2013; Webb 2013).
Aspect (3) does not match the opposite case, where
high friction at the base can favour out-of-sequence
thrusting. In addition, a few geomorphological
indicators remain difficult to explain — for exam-
ple, the knick zone in the Modi river in Nepal
around the MCT zone could either indicate an
out-of-sequence thrust or a combined effect of
incision of the river and landslides (Nadin &
Martin 2012), or even a ramp structure at depth
(Pratt-Sitaula et al. 2009). Geophysical studies also
remain inconclusive (Godard & Burbank 2011; and
the imaging of the Munsiari Thrust by Caldwell
etal. 2013).

Based on remote sensing and surface velo-
city studies, Grandin er al. (2012) negated out-
of-sequence thrust activity at the physiographic
transition as this would require a kinematically
implausible steep 45—90° dip of the out-of-sequence
thrust. Interestingly, Kohn et al. (2001), based on
the P—T—t paths of metapelites in the MCT region
in central Nepal, deduced a c¢. 8 Ma age for out-of-
sequence thrust reactivation. This becomes proof,
independent of geochronological methods, that
the out-of-sequence thrust did occur in the MCT
zone. This is despite the modelling results of
Robert ef al. (2011), which demand an unusually
high temperature/geothermal gradient and faster
overthrusting.

None of the out-of-sequence thrusts in the Qua-
ternary requires a gently dipping (c. 20°) ramp
beneath it. Note that Gavillot (2014) concluded
geochronologically that climate forcing has no rela-
tion with erosion and exhumation in the Kashmir
Himalaya. Based on thermochronological and ther-
mobarometric data, Herman et al. (2010) also
pointed out that the duplex model can explain the
topographic disparity across the PT2. However,
Hirschmiller et al. (2014) favoured a critical taper
condition based on a morphological study of the
orogen. Therefore, an out-of-sequence thrust could
still be likely. On another aspect, Herman et al.
(2010) pointed out that the LH klippes and win-
dows cannot be explained by the out-of-sequence
thrust model.

Neither of the two cases, duplexing and the out-
of-sequence thrust, can explain all the geochronolo-
gical data available from the Marsyandi valley in
Nepal (discussed in Landry 2014). Landry (2014)
still favoured the duplexing model because his
mathematical model run for a time span equivalent
to 10 Ma showed that the out-of-sequence thrust
model demands >18 mma ' for the unusually
high slip rate of the MCT. For comparison, (1)
Nadin & Martin (2012) demonstrated from geochro-
nological studies that no fault around the Modi river
in central Nepal attained a slip rate of >4 mma '
in last 1 Ma and (2) both Herman et al. (2010) and
Nadin & Martin (2012) found that the out-of-
sequence thrust slipped at less than a few mm a~’
in Nepal. Their methodology of deduction was
geochronology and analytical modelling.

An out-of-sequence thrust that acts for a short
duration may not affect AFT age data across
it (Robert et al. 2011). As geochronological
approaches could not prove with certainty whether
or not an out-of-sequence thrust exists inside the
GHC, input from structural geology and meta-
morphic petrology might help to establish or refute
the out-of-sequence thrust (Kellett ez al. 2013). For
example, presuming a Himalayan D, deformation
of top-to-the-south/SW ductile shear at c. 25 Ma
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(Mukherjee 2013a, b) gave a uniform shear strain,
then a subsequent out-of-sequence thrust would be
expected to give a higher magnitude of shear strain
near the out-of-sequence thrust. If this is proved, it
could be an important input to understanding the
seismicity within the GHC (Herman et al. 2010).

Kellett et al. (2013) pointed out that if one of the
strands of the South Tibetan Detachment acted as a
passive roof structure, out-of-sequence thrusting is
not required in the tectonics of the GHC. How-
ever, this argument does not negate the presence
of an out-of-sequence thrust.

Erosion simultaneous to tectonics can facilitate
out-of-sequence thrusting (Konstantinovskaia &
Malavieille 2005). An out-of-sequence thrust can
reduce the critical taper angle of a thrust wedge
(Kellett et al. 2009). A possible enhanced erosion
rate on the Himalayan wedge during 12—10 Ma
was probably one of the reasons that the critical
taper angle was reduced and a single out-of-
sequence thrust developed inside the GHC at
several places within the orogen (Kellett ez al. 2009).
Herman et al. (2010) pointed out that although
the second model demands a much faster India—
Eurasia convergence, a <1 mma ' slip rate and
30° dip of the MCT zone still revokes the out-of-
sequence thrust model.

Thermal mechanical mid-crustal channel flow
modelling by Beaumont et al. (2007) explained
2-0.9 Ma profound exhumation of a part of the
GHC, guided by vigorous erosion under a pre-
existing crustal shortening rate that reproduced the
spatial trend of the cooling age variation of the pro-
totype. This, in one way, supports erosion as a key
factor of out-of-sequence thrusting in the GHC.
Beaumont et al. (2007) modelled the coherent
flow of the GHC where out-of-sequence thrust-
ing remains unexplained (Warren et al. 2014).
Out-of-sequence thrusting in the GHC was earlier
considered to be a hindrance to crustal channel

NN

flow (review in Thakur 2013). As the rigour of
channel flow may be milder in some Himalayan sec-
tions, e.g. the Annapurna—Dhaulagiri Himalaya, as
determined by Parsons et al. (2014) from back-
scattered electron diffraction studies, how far
out-of-sequence thrusting can be produced in such
cases remain uncertain.

By pushing a Newtonian fluid inside a horizontal
channel and letting it extrude through a linked
inclined channel equivalent to the GHC, Mukherjee
et al. (2012) demonstrated that the fluid originally
within the horizontal channel was extruded through
the model GHCy (Fig. 16). The lower boundary of
this part of the fluid defines a blind out-of-sequence
thrust that reaches the surface (equivalent to a
surface-breaking fault) much later. Neither erosion
nor any thermal variability was exerted in these
models, which were run with a single fluid. There-
fore, the thermal reason for the restricted flow of
Wang et al. (2013), the lithological heterogeneity
of Carosi et al. (2007) and differential erosion
(review in Harris 2007) are not essential for out-
of-sequence thrusting. Thus, the out-of-sequence
thrust developed as a result of fluid flow from a
flat into a GHC ramp.

Hollister & Grujic (2006) proposed pulsed chan-
nel flow of the Bhutanese GHC where the out-
of-sequence thrust was involved as follows. The c.
12-10 Ma final pulse was confined within the
GHCy, between the Kakhtang Thrust in the south
and the STDSy in the north. The reason for this
restricted flow was not stated. Wang et al. (2013)
postulated in their ‘revised channel flow model’
that partial melting for c. 26 Ma from c. 30 to
40 km depth near Nyalam (border of Nepal), south-
central Tibet produced a southward ‘long-lived
channel flow’ that exhumed the GHC. Denudation
from the top and buoyant force from the bottom
drove the channel by a 2—3 kbar km ™' pressure gra-
dient in the lower GHC and <0.5 kbar km ™' in the

—— <

=

Fig. 16. On pushing a piston towards the left in a horizontal channel, the fluid inside extrudes through an inclined
channel. Its lower boundary (half-arrow) defines an out-of-sequence thrust.
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upper GHC. They conjectured that the MCT acti-
vated between 27 and 14 Ma and the melt extruded
preferentially through the upper part of the GHC due
to heat convection.

Out-of-sequence thrusting of Cenozoic age
was postulated from the STDS (Yin 2006). An
out-of-sequence thrust inside the STDS has been
ascertained (review in Hurtado et al. 2001). Rana
et al. (2013) deduced most convincingly from soft
sedimentary deformation structures that the STDS
in the Uttarakhand Himalaya activated during the
Pleistocene—Holocene. Based on (U-Th)/He apa-
tite and zircon thermochronology and field studies,
McDermott et al. (2015) also recently deduced a
Pleistocene reactivation of the STDS from the
Annapurna—Dhaulagiri Region in Nepal. The defor-
mation of the GHC, therefore, appears not to be
simple and to be more prolonged than previously
thought.

Hoth et al. (2007) expected out-of-sequence
thrusting to develop within bivergent tectonic
wedges. Interestingly, the GHC is now also viewed
as a bivergent wedge with top-to-the-south/SW
pro-shear (review in Yin 2006) and top-to-the-
north/NE back-shear (Mukherjee 2013a). If this
is so, we may expect an out-of-sequence thrust
within the GHC.

Discussion

The leading models of Himalayan tectonics have,
until now, not considered the out-of-sequence defor-
mation in detail (Streule ef al. 2010, fig. 2). How-
ever, the timing of out-of-sequence thrusting has
been found to affect how the GHC deforms and
exhumes in cross-section balance models (Gilmore
et al. 2014). Out-of-sequence thrusting takes partial
care of the shortening produced by the India—
Eurasia collision (Mukul et al. 2007). By adding
the slip rates of the two major thrusts and those of
the out-of-sequence thrusts in between them, we can
estimate the rate of shortening of this particular seg-
ment of the Himalayan unit (Mugnier et al. 2004).

Pratt-Situala ez al. (2009) proposed that enhanced
precipitation in the Himalaya was the key reason
for profound erosion followed by out-of-sequence
thrusting, leading to a sharp morphology. How-
ever, Cruz et al. (2010) considered that erosion was
not an essential requirement for out-of-sequence
thrusting. These authors acknowledged that the
abrupt morphology could be produced by a ramp
underneath.

Out-of-sequence thrusts have been designated as
a zone of (strong) seismicity (Mugnier et al. 1998;
Bilham & Ambraseys 2005; Mukul et al. 2007).
The nearby region acts as the seismic gap (Mugnier
et al. 1998). As out-of-sequence thrusts parallel

nearby in-sequence thrusts in outcrop, deformation
may localize within them, yielding strong seismi-
city (Vassallo et al. 2012). The presence of out-of-
sequence thrusts in orogens most probably indicates
seismicity associated with genesis (Kao & Chen
2000). The Chamoli earthquake in 1999 was con-
sidered to be related to an out-of-sequence thrust
movement on the Himalaya (Mugnier et al. 2013
and references cited therein). Out-of-sequence
thrusting decides how wide the rupture zone is in
relation to the earthquake (Mugnier er al. 2005).
The 1991 Uttarkashi and the 1999 Chamoli earth-
quakes ruptured and faulted close to the MHT in
the subsurface. However, the width of the rupture
zone in relation to the earthquake intensity was prob-
ably not studied. The seismicity in relation to out-of-
sequence thrusts is confined most plausibly in ramps
(Yeats & Thakur 1998). Ramping seems to control
the Himalayan tectonics critically (Caldwell et al.
2013). Interestingly, Roux-Mallouf et al. (2015)
inferred a ramp geometry for the MHT around the
boundary between western Bhutan and Sikkim.

The MFT was reactivated, leading to sinking
of the ground where it was blind (Valdiya 2003).
The other manifestation of reactivation has been
seismicity (such as the 1905 Dehradun earthquake)
and a shift in the courses of rivers (Valdiya 2003).
However, whether it is considered to be an out-
of-sequence thrust is subjective, as no thrust exists
south of the MFT. Another point to note is that no
fault was produced or reactivated by earthquakes
in Siwalik from 1803 to 1991 (Yeats et al. 1992).

Out-of-sequence thrusting, along with duplex-
ing, can develop a critical wedge condition in the
collisional orogen (Mukul et al. 2007) and strain
partitioning (Husson ez al. 2004). Slip transfer
from one out-of-sequence thrust into the other has
been determined by cross-section balancing
(Mugnier et al. 1999). The (over)critical wedge con-
dition might have been augmented by fast up-rise of
the Tibetan Plateau (Huyghe et al. 2001). Out-of-
sequence thrusting can develop prior to the critical
taper condition (Thakur 2013), or after the steady
state has been attained (Chalaron et al. 1995).
Out-of-sequence thrusting can also maintain the
critical taper situation (Cruz et al. 2010) and bring
equilibrium to the wedge (review in Bollinger &
Janots 2006). Alternatively, out-of-sequence thrusts
can develop to maintain the critical taper condi-
tion and favour the foreland-ward propagation of
thrusts (Robinson et al. 2006).

Whether channel flow or a critical taper mechan-
ism works in the Himalaya has been contested. A
number of studies have suggested that either (1)
both channel flow and critical taper acted together
(Beaumont & Jamieson 2010; Mukherjee 2013a,
b), or (2) critical taper dominated (Hirschmiller
et al. 2014). The presence of out-of-sequence
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thrusting in several sectors of the Himalaya suggests
that some component of critical taper might be
acting in this orogen.

Two-dimensional finite-element modelling of
the tectonics of the Nepal Himalaya (Chamlagain &
Hayashi 2007) revealed that normal faulting would
be possible near the MBT. This might simulate
normal faults around Singhauli (Haryana, India).
Chamlagain & Hayashi (2007) did not specify
whether such faults could be expected in the
Siwalik or the LH. The mid-crustal ramp related to
the MHT was found to be the key reason for such
faulting.

Among the out-of-sequence thrusts in the
Siwalik, LH and the GHC, the Nalagarh Thrust
(Himachal Pradesh, India) and the MCT in Garhwal
and (western) Nepal reveal a prior in-sequence
deformation. This means that the out-of-sequence
thrust can be reactivated along pre-existing planes
of ductile/brittle shear. The Balapore Fault
(Kashmir, India) and the Nalagarh Thrust (Hima-
chal Pradesh, India) display multiple phases of
out-of-sequence thrusting.

Few out-of-sequence thrusts developed as new
thrust planes, e.g. the Bhauwala Thrust (Dehradun,
India) and the Soan Thrust (Soan Dun, India). The
other group of out-of-sequence thrusts developed
presumably by reactivation of the pre-existing
thrust planes, e.g. the out-of-sequence thrusts devel-
oped inside the MCT zone, such as the UPT2 (Uttar-
akhand, India) and the PT2 (Marsyandi valley,
Nepal).

Webb (2013) deduced from cross-section balan-
cing studies that the Tons Thrust is a continuation
of the Berinag Thrust in Himachal Pradesh. Simi-
larly, Yu et al. (2015) considered the Tons Thrust
with >40 km displacement and the Berinag Thrust
to be ‘contiguous structures’ and grouped them
together as the ‘Berinag Tons Thrust’. Webb (2013)
deduced from cross-section balancing studies that
(1) crustal slices accreted near the Berinag/Tons
Thrust, the Chaura Thrust and the Munsiari Thrust
in the LH and the Higher Himalaya; (2) from c.
14 Ma onwards, these thrusts started developing;
and (3) a total of c¢. 218 km of crustal shortening
occurred that was related to these out-of-sequence
thrusts. Webb (2013) deduced the timing of out-
of-sequence thrusts in trials in cross-section balan-
cing. Note that the Chaura Thrust has actually
been dated to be active within 4.9—1.5 Ma (Jain
et al. 2000). Ahmad et al. (2000) considered the
LH Tons Thrust, with >80 km displacement (Yu
& Webb 2012), locally known as the Srinagar
Thrust, in the Garhwal Himalaya as an out-of-
sequence thrust and correlated it with the Tamar
Khola Thrust in Nepal.

The MCT (zone) has not yielded a conclusively
young age, indicating out-of-sequence thrusting, at

all locations, e.g. some parts of the Kisthwar region
(Stephenson et al. 2001) and near the Mount Ever-
est region in Nepal (review in MacFarlane et al.
1992). At several other sections, no data are avail-
able, e.g. in the Indian Dhauliganga section
(Mukherjee 2010). In the Garhwal Himalaya, a gra-
dation in cooling ages in the MCT zone negates the
episodic nature of its out-of-sequence thrust (Célér-
ier et al. 2009a, b). Out-of-sequence thrusts leading
to klippens (Hodges & Adams 2013) have been
understood, but the detailed mechanism has not
been explained.

A number of studies have determined the neotec-
tonics/out-of-sequence deformation within the
Siwalik/LH/GHC, but did not pin-point exactly
which fault(s) were active. A few of these include:
(1) Singh (2007) from the Itanagar region of
Siwalik in Arunachal Pradesh (India); (2) Virdi
et al. (2006) from Siwalik in Bata and the Markanda
river basins in Himachal Pradesh, where the
region within the Nahan Thrust and the MBT
tilted and the Bata Formation uplifted; (3) based
on seismicity-related soft sedimentary deformation
structures reported by Kundu er al. (2011) from
the Siwalik in Darjeeling district, West Bengal,
India; (4) the neotectoniclly active GHC and LH
in the Pindari valley (Bali e al. 2012); and (5) the
landslide-prone MCT zone in the Bhagirathi river
section from Maneri up to Bhatwari (Mathew
et al. 2007). Saha et al. (2002) hinted that local
thrusts can cause landslides in the Bhagirathi sec-
tion, but did not provide a possible timing for the
thrusting. Note that the Bata Thrust with 25-30 m
throw has been recognized in Himachal Pradesh
(Philip er al. 2009) and this could be the reason
for the uplift of the Bata Formation.

Conclusions

The study of out-of-sequence deformation in
collisional terrains is important in the context of
seismicity, petroleum geoscience and tectonics.
Thrusting is the most common manifestation of
out-of-sequence deformation in the Himalaya,
from Pakistan in the west to Arunachal Pradesh
(India) in east. In addition to faulting, a less com-
mon mode of out-of-sequence deformation in the
Himalaya has been fracturing related to earth-
quakes. Examples from India are from Nurpur,
Nadha, Kala Amb and Rampur Ganda (Himachal
Pradesh), Lal Dhang and Ramnagar (Uttarakhand)
and Punjab.

The vast stretch of Siwalik, LH and GHC con-
sists of several out-of-sequence thrusts that usually
strike NW and dip NE. Out-of-sequence thrusts (in
the Himalaya) have been recognized by the follow-
ing features: (1) they cut across recent sediments;
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(2) geomorphological indicators, e.g. landslides; (3)
trials in cross-section balancing exercises; and (4)
disparities in geochronological ages across a tec-
tonic plane. The first three techniques have been
applied in Siwalik, whereas the fourth method
has been worked more profusely in the GHC.
Some of the out-of-sequence thrusts in the
Salt Range (Pakistan) and the Barsar Thrust and
Majhaur Thrust in the Indian Siwalik are back-
thrusts. The rates of crustal shortening related to
out-of-sequence thrusts are usually trivial compared
with Himalayan tectonics. Notwithstanding, the
Riasi Thrust is an out-of-sequence thrust that seems
to have accommodated significant crustal shorten-
ing. Out-of-sequence thrusts can either be surface-
breaking (the South Kalijhora Thrust in Darjeeling,
India) or blind (the SjBt in Himachal Pradesh,
India), have a gentle, moderate or steep dip, and
may have an in-sequence deformation history with
or without associated drag folds. Out-of-sequence
faulting can display an oblique-slip component
(Muzaffarabad Fault, Siwalik, Pakistan; possibly
the Garampani—Kathgodam Fault, Siwalik, India),
normal faulting (e.g. the Singhauli Fault in
Siwalik, Himachal Pradesh, India; the Salt Range,
Pakistan), a strike-slip component (the Ganga and
Yamuna Tear Fault in Siwalik, near Dehradun,
India) and a significant dip-slip component (the
Tamar Khola Thrust, GHC, Nepal). Single out-of-
sequence thrusts, such as the Kala Amb Fault,
Pinjaur Garden Fault, Hajipur Fault (Himachal
Pradesh), Munsiari Thrust (Uttarakhand, India),
the MDT in the LH and the physiographic transi-
tion from the MCT zone (Nepal) reveal, on higher
resolution, more than one strand of coeval /different
activation timings. The Siwalik Himalaya along
the Himalayan trend varies in critical taper con-
dition. The intensity of deformation along individ-
ual out-of-sequence thrusts can vary along its
length, such as the Medlicott—Wadia Thrust and
the MDT. Temporal variation of the slip rate of
out-of-sequence thrusts has also been deciphered
for the Medlicott—Wadia Thrust, in addition to
varied slip along the Kathgodam—Garampani Fault.
At places the out-of-sequence thrust is defined
between the Upper and Lower Siwalik (e.g. the
Paonta Thrust, Pinjaur Thrust and Nahan/Nalagarh
Thrust in Himachal Pradesh, the Chaura—Marin
Thrust in Nepal and the South Kalijhora Thrust in
Darjeeling, India), between the Upper and Middle
Siwalik (e.g. the Soan Thrust in Himachal Pradesh,
the Ramghat Thrust in Arunachal Pradesh, India),
between the Lower Siwalik and alluvium (e.g. the
Nalagarh Thrust, Himachal Pradesh, India), the
upper and the lower LH (the Bari-Gad Kali
Gandaki Fault) and between the upper GHC and
lower GHC (the Zimithang Thrust in Arunachal
Pradesh, India). Lithological contacts in different

units of the Himalaya thus favourably acted as the
out-of-sequence thrust in a few places, which is
common in many other regional shear zones
(review in Gerbi et al. 2015). However, such thrust-
ing among major lithological divisions does not
exist everywhere in the Siwalik. For example, the
structural cross-section along the Dun valley does
not have any thrust between the Upper and Mid-
dle, and between the Middle and the Lower
Siwalik (Thakur & Pandey 2004, fig. 4). In addition,
the Chamuhi Fault (Himachal Pradesh, India) devel-
oped wholly inside the Upper Siwalik unit. As a
result of lithofacies variation along the Himalayan
trend, not all the major lithological/stratigraphic
contacts can be traced continuously. Finally, the
contact between the GHCy and the GHCp in
Nepal is the pre-India—Eurasia collisional Higher
Himalayan Discontinuity, which is very different
from an out-of-sequence thrust.

Out-of-sequence thrusting within the GHC has
been reported from 13 or more spot locations in
various Himalayan sections. Except for a few sec-
tions, the MCT zone reactivated or acted like an
out-of-sequence thrust as a discrete thrust, deci-
phered most notably from the Marsyandi valley in
Nepal. Out-of-sequence thrusts of unconstrained
mechanisms exist as the contact between domes/
windows and klippens with the GHC and LH.

The deepest exhumation of the hanging-wall
block of the out-of-sequence thrust in the GHC
has been around Kakhtang. The out-of-sequence
thrust in the GHC links in a complicated way
with the deformation of the GHC, and also the
LH, and spans c. 22 Ma up to the Holocene. The
out-of-sequence thrust in the GHC has been deter-
mined by noting the (significant) age jump of
rocks across the Himalayan trend. However, the
jump has also been explained by a duplexing mech-
anism. Whether any age jump really exists has also
been questioned. Whether duplexing was followed
by out-of-sequence thrusting has remained uncer-
tain. Although Robert er al. (2011) and Grandin
et al. (2012) almost negated out-of-sequence thrust-
ing in the GHC, Kohn et al. (2001), using an alterna-
tive petrological study, supported out-of-sequence
thrust activity within the GHC.

We would expect a higher shear strain near the
out-of-sequence thrust in the Siwalik, LH and
GHC. Such a quantitative study is yet to be under-
taken. However, even if a higher strain is obtained
near a tectonic plane/zone, it cannot act as inde-
pendent proof for out-of-sequence thrusting. This
is because pre-Himalayan/pre-collisional ductile
shearing (as in Montomoli et al. 2013) might be
another possibility. A few conventional structural
geological studies exist across out-of-sequence
thrusts, such as around the Chaura/Sarahan region
in the GHC (e.g. Singh 1980; Singh & Jain 1993).
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These studies do not indicate the presence of an out-
of-sequence thrust.

Erosion and crustal shortening during channel
flow can produce the age jumps in the GHC and
hence can explain out-of-sequence thrusting in the
GHC (Beaumont et al. 2007). On the other hand,
Mukherjee et al. (2012) analogue-modelled the
channel flow of the GHC, the same as the restricted
channel flow in the mechanisms of Wang et al.
(2013) and Hollister & Grujic (2006), where out-
of-sequence thrusting was generated without any
erosion of the extruded material. Whether out-of-
sequence thrusting can form a weak channel flow
in some Himalayan section is yet to be explored
via modelling. Out-of-sequence thrusting can also
be explained easily by the critical taper mechanism
with or without enhanced erosion. Recent findings
of out-of-sequence thrusts of the STDSy indicate
more complicated tectonics in the GHC.
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Appendix A

The main acronyms used within the text are explained
below. Additional acronyms may appear in figure captions
and are explained there.

AFT Apeatite fission track

GHC Greater Himalayan Crystalline

GHC,, Greater Himalayan Crystalline-Lower
GHCy Greater Himalayan Crystalline-Upper
HHD Higher Himalayan Discontinuity

LH Lesser Himalaya

MBT Main Boundary Thrust
MCT Main Central Thrust
MCT, Main Central Thrust Lower
MCTy Main Central Thrust Upper
MDT Main Dun Thrust

MFT Main Frontal Thrust

MHT Main Himalayan Thrust
PT2 Physiographic Transition-2

SH Sub-Himalaya

STDS
STDS,.
STDSy

South Tibetan Detachment System
South Tibetan Detachment System-Lower
South Tibetan Detachment System-Upper

References

Abpams, B. A., HopGes, K. V., vAN SogsT, M. C. &
WarppLE, K. X. 2012. Evidence for Pliocene—
Quaternary normal faulting in the hinterland of the
Bhutan Himalaya. Lithosphere, 5, 438—449.

ADER, T., AVOUAC, J.-P. ET AL. 2012. Convergence rate
across the Nepal Himalaya and interseismic coupling
on the Main Himalayan Thrust: implications for
seismic hazard. Journal of Geophysical Research
Solid Earth, 117, B04403.

ADLAKHA, V., LANG, K. A., PATEL, R. C., LAL, N. & HUN-
TINGTON, K. W. 2013. Rapid long-term erosion in the
rain shadow of the Shillong Plateau, Eastern Himalaya.
Tectonophysics, 582, 76—83.

AGARD, P., OMRANI, J., JOLIVET, L. & MOUTHEREAU, F.
2005. Convergence history across Zagros (Iran): con-
straints from collisional and earlier deformation. Inter-
national Journal of Earth Sciences, 94, 401-419.

AHMAD, A. & BHAT, M. A. 2012. Tectonic geomorphology
of the Rambiara basin, SW Kashmir valley reveals
emergent out-of-sequence active fault system. Himala-
yan Geology, 33, 162—172.

AHMAD, B., SANA, H. & ArLaM, A. 2014. Macroseimic
intensity assessment of 1885 Baramulla earthquake
of northwestern Kashmir Himalaya, using Environ-
mental Seismic Intensity scale (ESI2007). Quaternary
International, 321, 59—-64.

AHMAD, S., AHMAD, I. & KHAN, M. 1. 2005. Structure and
stratigraphy of the Paleozoic and Mesozoic sequence
in the vicinity of Zaluch Nala, Western Salt Range,
Punjab Pakistan. Pakistan Journal of Hydrocarbon
Research, 15, 1-8.

AHMAD, S., BHAT, M., MADDEN, C. & BALL B. S. 2014.
Geomorphic analysis reveals active tectonic defor-
mation on the eastern flank of the Pir Panjal Range,
Kashmir valley, India. Arabian Journal of Geoscience,
7,2225-2235.

AHMAD, T., HARriS, N., BickLE, M., CHAPMAN, H.,
BUNBURY, J. & PrINCE, C. 2000. Isotopic constraints
on the structural relationships between the Lesser
Himalayan Series and the High Himalayan Crystalline
Series, Garhwal Himalaya. Geology Society of
America Bulletin, 112, 467-4717.

AIKMAN, A. B., Harrison, T. M. & LiN, D. 2008.
Evidence for Early (N44 Ma) Himalayan crustal
thickening, Tethyan Himalaya, southeastern Tibet.
Earth and Planetary Science Letters, 274, 14-23.

ALAM, A., AHMAD, S., BHAT, S. M. & AHMAD, B. 2015.
Tectonic evolution of Kashmir basin in northwest
Himalayas. Geomorphology, 239, 114—126.

AMBROSE, T. K. 2014. Ductile Extrusion, Underplating,
and out-of-Sequence Thrusting within the Himalayan
Metamorphic core, Kanchenjunga, Nepal. Masters
thesis, UBC Okanagan.

ANAND, A. & JAIN, A. K. 1987. Earthquakes and defor-
mational structures (seismites) in Holocene sediments
from the Himalayan—Andaman Arc, India. Tectono-
physics, 133, 105-120.


http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ by guest on August 18, 2015

98 S. MUKHERIJEE

ANSARI, A. R., CHUGH, R. S., SINVHAL, H., KHATRI, K. N.
& GAUR, V. K. 1976. Geodetic determination of Earth
strains and creep on the Krol Thrust in the Dakpathar
area, Dehradun Distt, U.P. Himalayan Geology, 6,
323-337.

ANTOLIN, B., GopIN, L., WEMMER, K. & Nagy, C. 2013.
Kinematics of the Dadeldhura klippe shear zones
(W Nepal): implications for the foreland evolution of
the Himalayan metamorphic core. Terra Nova, 25,
282-291.

ARITA, K. & OHIRA, J. 2004. Plio-Pleistocene rapid
uplift process of the Nepal Himalaya revealed from
fission-track ages. Himalayan Journal of Science, 2,
98-99.

ArITA, K., DALLMEYER, R. D. & Takasu, A. 1997.
Tectonothermal evolution of the Lesser Himalaya,
Nepal: constraints from *°Ar/**Ar ages from the Kath-
mandu Nappe. Island Arc, 6, 372-385.

AvouAc, J.-P., Avous, F., LEPRINCE, S., KonNca, O. &
HELMBERGER, D. V. 2006. The 2005, M,, 7.6
Kashmir earthquake: sub-pixel correlation of ASTER
images and seismic waveforms analysis. Earth and
Planetary Science Letters, 249, 514—-528.

AYDAN, O. 2006. Geological and seismological aspects of
Kashmir earthquake of October 8, 2005 and a geotech-
nical evaluation of induced failures of natural and cut
slopes. Journal of the School of Marine Science and
Technology, Tokai University, 4, 25—44.

BaLL R., AcarwaL, K. K., ALL S. N., Rastoar, S. K. &
KrisHNA, K. 2012. Drainage morphology of Himala-
yan glacio-fluvial basin, India: hydrologic and neotec-
tonic implications. Environmental Earth Sciences, 33,
221-233.

BANERJEE, D., SINGHVI, A. K., PANDE, K., GOGDTE, V. D.
& CHANDRA, B. P. 1999. Towards a direct dating of
fault gouge using luminescence dating techniques —
methodological aspects. Current Science, 1717,
256-268.

BEAUMONT, C. & JaMIESON, R. A. 2010. Himalayan—
Tibetan orogeny: channel flow v. (critical) wedge
models, a false dichotomy? In: LEECH, M. L., KLEM-
PERER, S. L. & MoOONEY, W. D. (eds) Proceedings of
the 25th Himalaya—Karakoram—Tibet Workshop. US
Geological Survey, Open-File Report 2010-1099.

BeAUMONT, C., JAMIESON, R. A., NGUYEN, M. H. & LEE,
B. 2001. Himalayan tectonics explained by extrusion
of a low-viscosity crustal channel coupled to focused
surface denudation. Nature, 414, 738 -742.

BeauMoNT, C., JAMIESON, R. & NGUYEN, M. H. 2007.
Erosion-induced reactivation of the Main Central
Thrust zone: model and implications for channel flow
in the Himalayan—Tibetan System. Abstract #134C-
01 presented at the American Geophysical Union,
Fall Meeting, 10—14 December 2007, San Francisco,
CA, USA.

BHAkKUNI, S. S., LuIrel, K. & DEvi, M. L. 2012. Soft-
sediment deformation structures (seismites) in Middle
Siwalik sediments of Arunachal Pradesh. Himalayan
Geology, 33, 139-145.

BHakuUNI, S. S., Luirel, K. & KotHYARY, G. C. 2013.
Neotectonic fault in the middle part of Lesser Hima-
laya, Arunachal Pradesh: a study based on structural
and morphotectonic analyses. Himalayan Geology,
34, 57-64.

BHATTACHARYA, A. R. & WEBER, K. 2004. Fabric devel-
opment during shear deformation in the Main Central
Thrust Zone, NW-Himalaya, India. Tectonophysics,
387, 23-46.

BHATTACHARYYA, K. & MITRA, G. 2009. A new Kinematic
evolutionary model for the growth of a duplex — an
example from the Rangit duplex, Sikkim Himalaya,
India. Gondwana Research, 16, 697-715.

BHUGARBH VAN12014. Quarterly Newsletter. Wadia Insti-
tute of Himalayan Geology, 4, 3—4.

BiLHAM, R. & AMBRASEYS, N. 2005. Apparent Himalayan
slip deficit from the summation of seismic moments for
Himalayan earthquakes, 1500—2000. Current Science,
88, 1658—-1663.

BrisNniUuk, P. M., SONDER, L. J. & LILLIE, R. J. 1998.
Foreland normal fault control on northwest Him-
alayan thrust front development. Tectonics, 17,
766—779.

BOLLINGER, L. & JaNoTs, E. 2006. Evidence for Mio-
Pliocene retrograde monazite in the Lesser Himalaya,
far western Nepal. European Journal of Mineralogy,
18, 289-297.

BOLLINGER, L., SAPKOTA, S. N. ET AL. 2014. Estimating
the return times of great Himalayan earthquakes in
eastern Nepal: evidence from the Patu and Bardibas
strands of the Main Frontal Thrust. Journal of Geophy-
sical Research, 119, 7123-7163.

BuckINGHAM, H. M. 2014. Evolution and Late Stage
Deformation of the Himalayan Metamorphic Core,
Kanchenjunga Region, Eastern Nepal. Masters thesis,
University of British Columbia.

BuURrBANK, D. W. 2005. Earth science: cracking the Hima-
laya. Nature, 434, 963-964.

BurBaNk, D. W. & BEeck, R. A. 1989. Early Pliocene
uplift of the Salt Range; temporal constraints on
thrust wedge development, northwest Himalaya, Paki-
stan. In: MALINCONICO, L. L., Jr & LILLIE, R. J. (eds)
Tectonics of the Western Himalayas. Geological
Society of America Special Papers, 232, 113-128.

CALDWELL, W. B., KLEMPERER, S., LAWRENCE, J. F., RAI,
S. S. & AsuisH. 2013. Characterizing the Main
Himalayan Thrust in the Garhwal Himalaya, India
with receiver function CCP stacking. Earth and Plane-
tary Science Letters, 367, 15-27.

CANNON, J. M. R. 2011. The East Jhomolari Fault System
and the Timing of East-West Extension in NW Bhutan.
MSc thesis, University of Texas at El Pasco.

CARrosl, R., MoNnTOMOLI, C. & VIsoNA, D. 2007. A struc-
tural transect in the lower Dolpo: insights in the tec-
tonic evolution of Western Nepal. Journal of Asian
Earth Sciences, 29, 407-423.

CaRrosl, R., MoNTOMOLIL, C., RUBATTO, D. & VISONA, D.
2010. Late Oligocene high temperature shear zones
in the core of the Higher Himalayan Crystallines
(Lower Dolpo, western Nepal). Tectonics, 29, TC4029.

CASTELLARIN, A. & CANTELLIL L. 2000. Neo-Alpine evol-
ution of the Southern Eastern Alps. Journal of Geody-
namics, 30, 251-274.

CaTtLos, E. J., DUBEY, C. S., MARSTON, R. A. & HARRISON,
T. M. 2007. Geochronologic constraints across the
Main Central Thrust shear zone, Bhagirathi river
(NW India): implications for Himalayan tectonics.
In: Croos, M., CarLsoN, W. D., GILBERT, M. C.,
Liou, J. G. & SORENSEN, S. S. (eds) Convergent


http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ by guest on August 18, 2015

OUT-OF-SEQUENCE THRUSTS 99

Margin Terranes and Associated Regions: A Tribute to
W.G. Ernst. Geological Society of America Special
Papers, 419, 135-151.

CELERIER, J., HARRISON, T. M., WEBB, A. A. G. & YIN, A.
2009a. The Kumaun and Garwhal Lesser Himalaya,
India: Part 1. Structure and stratigraphy. Geological
Society of America Bulletin, 121, 1262—1280.

CELERIER, J., HARRISON, T. M., WEBB, A. A. G. & YIN, A.
2009b. The Kumaun and Garwhal Lesser Himalaya,
India: Part 2. Thermal and deformation histories. Geo-
logical Society of America Bulletin, 121, 1281-1297.

CHALARON, E., MUGNIER, J. L. & MascLE, G. 1995.
Control on thrust tectonics in the Himalayan foothills:
a view from a numerical model. Tectonophysics, 248,
139-163.

CHAMBERS, J. A., ARGLES, T. W., HorsTwooD, M. S. A.,
HaRrRis, N. B. W, PArrisH, R. R. & AaMAD, T. 2008.
Tectonic implications of Palaeoproterozoic anatexis
and Late Miocene metamorphism in the Lesser Himala-
yan Sequence, Sutlej valley, NW India. Journal of the
Geological Society, London, 165, 725-737, http://
doi.org/10.1144/0016-76492007 /090

CHAMBERS, J., PARRISH, R., ARGLES, T., HARrIS, N. &
Horstwoop, M. 2011. A short-duration pulse of
ductile normal shear on the outer South Tibetan detach-
ment in Bhutan: alternating channel flow and critical
taper mechanics of the eastern Himalaya. Tectonics,
30, TC2005.

CHAMLAGAIN, D. & HAavasHI, D. 2007. Neotectonic fault
analysis by 2D finite element modeling for studying
the Himalayan fold-and-thrust belt in Nepal. Journal
of Asian Earth Sciences, 29, 473—489.

CHAMOLI, A., PANDEY, A. K., DIMRI, V. P. & BANERJEE, P.
2011. Crustal configuration of the northwest Himalaya
based on modeling of gravity data. Pure and Applied
Geophysics, 168, 827—-844.

CHAMPATI RAY, P. K., PERUMAL, R. J. G., THAKUR, V. C.,
BHAT, M. I, MaLLIK, M. A., SINGH, V. K. &
LAKHERA, R. C. 2005. A quick appraisal of ground
deformation in Indian region due to the October 8
2005 earthquake, Muzaffarabad, Pakistan. Journal of
the Indian Society of Remote Sensing, 33, 465-473.

CHAMPATI RAY, P. K., PARVAI1Z, I., JAYANGONDAPERUMAL,
R., THAKUR, V. C., DADHWAL, V. K. & BHAT, F. A.
2009. Analysis of seismicity-induced landslides due
to the 8 October 2005 earthquake in Kashmir Hima-
laya. Current Science, 97, 1742—1751.

CoOOPER, F. J., HopGES, K. V. & Apams, B. A. 2013. Meta-
morphic constraints on the character and displacement
of the South Tibetan fault system, central Bhutanese
Himalaya. Lithosphere, 5, 67-81.

Corton, J. T. & Koyi, H. A. 2000. Modeling of thrust
fronts above ductile and frictional detachments: appli-
cation to structures in the Salt Range and Potwar
Plateau, Pakistan. Geological Society of America Bul-
letin, 112, 351-363.

CouTaND, 1., WHIP, D. M, Jr ET AL. 2014. Geometry and
kinematics of the Main Himalayan thrust and Neogene
crustal exhumation in the Bhutanese Himalaya derived
from inversion of multi-thermochronologic data. Jour-
nal of Geophysical Research: Solid Earth, 119,
1446-1481.

Cruz, L., MALINSKI, J., WILSON, A., TAKE, W. A. &
HiLLEY, G. 2010. Erosional control of the kinematics

and geometry of fold-and-thrust belts imaged in a
physical and numerical sandbox. Journal of Geophysi-
cal Research, 115, B09404.

Das, J. D. 2004. Active tectonics of the Eastern Himalayan
foothills region and adjoining Brahmaputra Basin
based on satellite images. International Journal of
Remote Sensing, 25, 549-557.

DECELLES, P. G., RoBINSON, D. M., QUADE, J., OJHA,
T. P., GarziONE, C. N., CoPELAND, P. & UPRETI,
B. N. 2001. Stratigraphy, structure, and tectonic evol-
ution of the Himalayan fold-thrust belt in western
Nepal. Tectonics, 20, 487—509.

DELCAILLAU, B., CAROZZAB, J.-M. & LAVILLE, E. 2006.
Recent fold growth and drainage development: the
Janauri and Chandigarh anticlines in the Siwalik foot-
hills, northwest India. Geomorphology, 76, 241-256.

DE SARKAR, S., MATHEW, J., PANDE, K., PHUKON, P. &
SINGHVI, A. K. 2014. Drainage migration and out of
sequence thrusting in Bhalukpong, western Aruna-
chal Himalaya, India. Journal of Geodynamics, 81,
1-16.

DEvl, R. K. M., BHAKUNI, S. S. & Bora, P. K. 2011. Neo-
tectonic study along mountain front of northeast Hima-
laya, Arunachal Pradesh, India. Environmental Earth
Sciences, 63, 751-762.

DEY, S., SARKAR, P. & DEBBARMA, C. 2009. Morphologi-
cal signatures of fault lines in an earthquake prone zone
of southern Baromura hill, north-east India: a multi
sources approach for spatial data analysis. Environ-
mental Earth Sciences, 59, 353-361.

DEy, S., THIEDE, R., SCHILDGEN, T. & STRECKER, M.
2015. Tectonic control on Pleistocene basin-filling pro-
cesses and landscape evolution: the intermontane
Kangra Basin, NW Sub-Himalaya, India. Geophysical
Research Abstracts, 17, EGU2015-3990-1, EGU
General Assembly.

DHiTAL, M. R. 2015. Geology of the Nepal Himalaya.
Springer.

DiPieTRO, J. A. & PoGUE, K. R. 2004. Tectonostrati-
graphic subdivisions of the Himalaya: a view from
the west. Tectonics, 23, TC5001.

DRAGANITS, E., GRASEMANN, B., JANDA, C., HAGER, C. &
PreH, A. 2014. 300 MWBaspa II — India’s largest
private hydroelectric facility on top of a rock
avalanche-dammed palaco-lake (NW Himalaya):
regional geology, tectonic setting and seismicity.
Engineering Geology, 169, 14-29.

DuBtey, A. K. 2014. Understanding an Orogenic Belt:
Structural Evolution of the Himalaya. Springer Inter-
national, Cham.

DUBEY, A. K., MisrA, R. & BHAKUNT, S. S. 2001. Erratic
shortening from balanced cross-sections of the western
Himalayan foreland basin: causes and implications for
basin evolution. Journal of Asian Earth Sciences, 19,
765-775.

DUNNING, S. A., MiTCHELL, W. A., ROSSER, M. J. &
PETLEY, D. N. 2007. The Hattian Bala rock avalanche
and associated landslides triggered by the Kashmir
earthquake of 8 October 2005. Engineering Geology,
93, 130-144.

EDWARDS, M. A. & HARRISON, T. M. 1997. When did the
roof collapse? Late Miocene north—south extension in
the high Himalaya revealed by Th—Pb monazite dat-
ing of the Khula Kangri granite. Geology, 25, 543—546.


http://doi.org/10.1144/0016-76492007/090
http://doi.org/10.1144/0016-76492007/090
http://doi.org/10.1144/0016-76492007/090
http://doi.org/10.1144/0016-76492007/090
http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ by guest on August 18, 2015

100 S. MUKHERIJEE

GAUTAM, P. & Fuiiwara, Y. 2000. Magnetic polarity stra-
tigraphy of Siwalik group sediments of Karnali river
section in western Nepal. Geophysical Journal Inter-
national, 142, 812—-824.

GAVILLOT, Y. 2011. Active thrusting within the Hima-
layan orogenic wedge in the Kashmir Himalayas.
Abstract #T51G-2450 presented at the American Geo-
physical Union, Fall Meeting, 5—9 December 2011,
San Francisco, CA.

GAVILLOT, Y. G. 2014. Active Tectonics of the Kashmir
Himalaya (NW India) and Earthquake Potential on
Folds, out-of-Sequence Thrusts, and Duplexes. PhD
thesis, http://ir.library.oregonstate.edu/xmlui/handle/
1957/53335 [last accessed 24 December 2014].

GEHRELS, G. E., DECELLES, P. G., MARTIN, A., OJHA,
T. P., PiNnHASSI, G. & UpPreTI, B. N. 2003. Initiation
of the Himalayan orogen as an early Paleozoic
thin-skinned thrust belt. GSA Today, 13, 4-9.

GeRrsI, C., CuLsHAw, N., SHULMAN, D., FoLEY, M. &
MarsH, J. 2015. Predicting km-scale shear zone
formation. Geophysical Research Abstracts, 17,
EGU2015-EGU3097.

GILMORE, M. E., MCQUARRIE, N. & EHLERS, T. A. 2014.
Quantifying deformation in the Bhutan Himalaya:
insights from a thermal-kinematic model of the Trashi-
gang cross section. Session No. 66. T14. Feedbacks
among Tectonics and Surface Process During Ceno-
zoic Growth of Topography in Asia, 19 October
2014, Vancouver, Canada. Geological Society of
America Abstracts with Programs, 46, 177.

GLESSNER, K., RING, U., PASSCHIER, C. W. & GUNGOR, T.
2001. How to resist subduction: evidence for
large-scale out-of-sequence thrusting during Eocene
collision in western Turkey. Journal of the Geological
Society, London, 158, 769-784, http://doi.org/10.
1144 /jgs.158.5.769

GODARD, V. & BURBANK, D. W. 2011. Mechanical analy-
sis of controls on strain partitioning in the Himalayas of
central Nepal. Journal of Geophysical Research, 116,
B10402.

GopiN, L. 2003. Structural evolution of the Tethyan sedi-
mentary sequence in the Annapurna area, central Nepal
Himalaya. Journal of Asian Earth Sciences, 22,
307-328.

GoDIN, L., PARrISH, R. R., BROWN, R. L. & HoDGES, K. V.
2001. Crustal thickening leading to exhumation of the
Himalayan metamorphic core of central Nepal: insight
from U-Pb geochronology and *°Ar / 3 Ar thermochro-
nology. Tectonics, 20, 729-747.

GobIN, L., Gruiic, D., Law, R. D. & SEARLE, M. P. 2006.
Channel flow, ductile extrusion and exhumation in
continental collision zones: an introduction. In: LAw,
R. D., SEARLE, M. P. & GobIN, L. (eds) Channel
Flow, Ductile Extrusion and Exhumation in Continen-
tal Collision Zones. Geological Society, London,
Special Publications, 268, 1-23, http://doi.org/10.
1144 /GSL.SP.2006.268.01.01

GOKARN, S. G.,, Rao, C. K. & Gurra, G. 2002.
Crustal structure in the Siwalik Himalayas using mag-
netotelluric studies. Earth, Planets and Space, 54,
19-30.

GOSCOMBE, B., GrRAY, D. & HAND, M. 2006. Crustal archi-
tecture of the Himalayan metamorphic front in eastern
Nepal. Gondwana Research, 10, 232—-255.

Goswawmi, P. K. 2012. Geomorphic evidence of active
faulting in the northwestern Ganga Plain, India: impli-
cations for the impact of basement structures. Geo-
sciences Journal, 16, 289—-299.

GoswawMm, P. K. & Deopa, T. 2015. Channel morphology,
hydrology and geomorphic positioning of a Middle
Miocene river system of the Siwalik foreland basin,
India. Geological Magazine, 152, 12-27.

GoswaMml, P. K. & PANT, C. C. 2008a. Tectonic evolution
of Duns in Kumaun Sub-Himalaya, India: a remote
sensing and GIS-based study. International Journal
of Remote Sensing, 29, 4721-4734.

Goswawmi, P. K. & PanT, C. C. 2008b. Morphotectonic
evolution of the Binau—Ramganga—Naurar transverse
valley, southern Kumaun Lesser Himalaya. Current
Science, 94, 1640—1645.

GRANDIN, R., DoiN, M.-P., BOLLINGER, L., PINEL-
PUYSSEGUR, B., DUCRET, G., JOLIVET, R. & SAPKOTA,
S.N. 2012. Long-term growth of the Himalaya inferred
from interseismic InNSAR measurement. Geology, 40,
1059-1069.

GRELAUD, S., Sass1, W., DE LAMOTTE, D. F., JAswaL, T. &
ROURE, F. 2002. Kinematics of eastern Salt Range and
South Potwar Basin (Pakistan): a new scenario. Marine
and Petroleum Geology, 19, 1127-1139.

GruJic, D., Casey, M. & DavipsoN, C. 1996. Ductile
extrusion of the Higher Himalayan Crystalline in
Bhutan: evidence from quartz microfabrics. Tectono-
physics, 260, 21-43.

GruJic, D., HOLLISTER, L. S. & ParrisH, R. R. 2002.
Himalayan metamorphic sequence as an orogenic
channel: insight from Bhutan. Earth and Planetary
Science Letters, 198, 177—-191.

GRruJIC, D., WARREN, C. J. & WOODEN, J. L. 2011. Rapid
synconvergent exhumation of Miocene-aged lower
orogenic crust in the eastern Himalaya. Lithosphere,
3, 344-34e.

GUILLOT, S. 1999. An overview of the metamorphic evol-
ution in Central Nepal. Journal of Asian Earth
Sciences, 17, 713-725.

GURURAJAN, N. S. & CHOUDHURI, B. K. 2003. Geology
and tectonic history of the Lohit Valley, Eastern Aru-
nachal Pradesh, India. Journal of Asian Earth Sciences,
21, 731-741.

HaxkHoo, N., BHAT, G. M., Kout, S., CRAIG, J. & THUSU,
B. 2011. Potential Proterozoic petroleum system,
Northwest Himalayan Thrust Belt, Jammu (India).
Abstract presented at the American Association of Pet-
roleum Geologists, International Conference & Exhi-
bition, 23-26 October 2011, Milan, Italy.

Harris, N. 2007. Channel flow and the Himalayan—
Tibetan orogen: a critical review. Journal of the Geo-
logical Society, London, 164, 511-523, http://doi.
org/10.1144/0016-76492006-133

HARRISON, T. M., GROVE, M., LOVERA, O. M., CATLOS, E. J.
& D’ ANDREA, J. 1999. The origin of Himalayan ana-
texis and inverted metamorphism: models and con-
straints. Journal of Asian Earth Sciences, 17,755-772.

HE, D., WEBB, A. A. G., LARSON, K. P., MARTIN, A. J. &
Scamitt, A. K. 2015. Extrusion vs. duplexing
models of Himalayan mountain building 3: duplexing
dominates from the Oligocene to Present. International
Geology Review, 57, 1-27, http://doi.org/10.1080/
00206814.2014.986669


http://ir.library.oregonstate.edu/xmlui/handle/1957/53335
http://ir.library.oregonstate.edu/xmlui/handle/1957/53335
http://ir.library.oregonstate.edu/xmlui/handle/1957/53335
http://doi.org/10.1144/jgs.158.5.769
http://doi.org/10.1144/jgs.158.5.769
http://doi.org/10.1144/jgs.158.5.769
http://doi.org/10.1144/GSL.SP.2006.268.01.01
http://doi.org/10.1144/GSL.SP.2006.268.01.01
http://doi.org/10.1144/GSL.SP.2006.268.01.01
http://doi.org/10.1144/0016-76492006-133
http://doi.org/10.1144/0016-76492006-133
http://doi.org/10.1144/0016-76492006-133
http://doi.org/10.1144/0016-76492006-133
http://doi.org/10.1144/0016-76492006-133
http://doi.org/10.1080/00206814.2014.986669
http://doi.org/10.1080/00206814.2014.986669
http://doi.org/10.1080/00206814.2014.986669
http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ by guest on August 18, 2015

OUT-OF-SEQUENCE THRUSTS 101

HEeRrMAN, F., CoPELAND, P. ET AL. 2010. Exhumation,
crustal deformation, and thermal structure of the
Nepal Himalaya derived from the inversion of thermo-
chronological and thermobarometric data and model-
ing of the topography. Journal of Geophysical
Research, 115, B06407.

HIRSCHMILLER, J., GRUJIC, D., BOOKHAGEN, B., COUTAND,
1., HUYGHE, P., MUGNIER, J.-L. & OJHA,T. 2014. What
controls the growth of the Himalayan foreland
fold-and-thrust belt? Geology, 42, 247-250.

Hobges, K. V. & Apawms, B. A. 2013. The influence of
middle and lower crustal flow on the landscape evol-
ution of orogenic plateaus: insights from the Himalaya
and Tibet. In: SHRODER, J. F. (Editor-in-Chief), OWEN,
L. A. (ed.) Treatise on Geomorphology. Academic
Press, San Diego, 5, 350—369.

HobGes, K. V., PARRISH, R. R. & SEARLE, M. P. 1996. Tec-
tonic evolution of the central Annapurna Range, Nepa-
lese Himalayas. Tectonics, 15, 1264—1291.

Hobgces, K. V., Wosus, C., RuHL, K., SCHILDGEN, T. &
WHIPPLE, K. 2004. Quaternary deformation, river stee-
pening, and heavy precipitation at the front of the
Higher Himalayan ranges. Earth and Planetary
Science Letters, 220, 379-389.

HOLLISTER, L. S. & Gruiic, D. 2006. Pulsed channel flow
in Bhutan. In: Law, R. D., SEARLE, M. P. & GobIN, L.
(eds) Channel Flow, Ductile Extrusion and Exhumation
in Continental Collision Zones. Geological Society,
London, Special Publications, 268, 415-423, http://
doi.org/10.1144/GSL.SP.2006.268.01.19

HortH, S., HOFFMANN-ROTHE, A. & Kukowski, N. 2007.
Frontal accretion: an internal clock for bivergent
wedge deformation and surface uplift. Journal of Geo-
physical Research, 112, B06408.

HunTiNGTON, K. W., BLYTHE, A. E. & HobpGEs, K. V.
2006. Climate change and Late Pliocene acceleration
of erosion in the Himalaya. Earth and Planetary
Science Letters, 252, 107-118.

HurTADO, J. M., HODGES, K. V. & WHIPPLE, K. X. 2001.
Neotectonics of the Thakkhola graben and impli-
cations for recent activity on the South Tibetan fault
system in the central Nepal Himalaya. Geological
Society of America Bulletin, 113, 222-240.

HussAIN, A., YEATS, R. S. & MonNALIsaA,. 2009. Geologi-
cal setting of the 8 October 2005 Kashmir earthquake.
Journal of Seismology, 13, 315-325.

Husson, L., MUGNIER, J.-L., LETUrRMY, P. & ViDAL, G.
2004. Kinematics and sedimentary balance of the Sub-
Himalayan zone, western Nepal. In: McCLAY, K. R.
(ed.) Thrust Tectonics and Hydrocarbon Systems.
American Association of Petroleum Geologists
Memoir, 82, 115-130.

HuYGHE, P., GALY, A., MUGNIER, J. L. & FRANCE-
LaNORD, C. 2001. Propagation of the thrust system and
erosion in the Lesser Himalaya: geochemical and sedi-
mentological evidence. Geology, 29, 1007-1010.

ImAaYaMA, T. 2014. P—T conditions of metabasites within
regional metapelites in far-eastern Nepal Himalaya
and its tectonic meaning. Swiss Journal of Geos-
ciences, 107, 81-99.

JAIN, A. K. 2014. When did India— Asia collide and make
the Himalaya? Current Science, 106, 254—266.

JAIN, A. K. & ANAND, A. 1988. Deformational and strain
patterns of an intracontinental collision ductile shear

zone—an example from the Higher Garhwal Hima-
laya. Journal of Structural Geology, 10, 717-734.

JaiN, A. K., KuMAR, D., SINGH, S. & Lar, N. 2000.
Timing, quantification and tectonic modelling of
Pliocene—Quaternary movements in the NW Hima-
laya: evidence from fission track dating. Earth and
Planetary Science Letters, 179, 437-451.

JAIN, A. K., SINGH, S. & MANICKAVASAGAM, R. M. 2002.
Himalayan Collisional Tectonics. Gondwana Research
Group Memoir. Field Science, Hasimoto.

JAIN, A. K., AHMAD, T. ET AL. 2012. Evolution of the
Himalaya. Proceedings of Indian National Science
Academy, 78, 259-275.

JounsoN, M. R. W. & RoGers, G. 1997. Rb-Sr
ages of micas from the Kathmandu complex, Central
Nepalese Himalaya: implications for the evolution of
the Main Central Thrust. Journal of the Geological
Society, London, 154, 863-869, http://doi.org/10.
1144/ gsjgs.154.5.0863

JosHl, B. C. & BHATT, S. C. 2015. Role of neotectonic
activity in triggering landslides in Dehradun Valley,
Garhwal Himalaya, India. In: LoLLINO, G. ET AL.
(eds) Engineering Geology for Society and Territory
— Vol 2. Springer, Cham, 167-171.

JosH1, M. & KoTHYARI, G. C. 2010. Assessment of tec-
tonic activity in a seismically locked segment of Hima-
chal Himalaya. International Journal of Remote
Sensing, 31, 681-689.

KANEDA, H., NAKATA, T. ET AL. 2006. Surface rupture of
the 2005 Kashmir, Pakistan, earthquake and its active
tectonic implications. Abstract #T31G-05 presented
at the American Geophysical Union, Fall Meeting,
11-15 December 2006, San Francisco, CA, USA.

KANEDA, H., NAKATA, T. ET AL. 2008. Surface rupture of
the 2005 Kashmir, Pakistan, earthquake and its active
tectonic implications. Bulletin of the Seismological
Society of America, 98, 521-557.

Kao, H. & CHEN, W.-P. 2000. The Chi-Chi earthquake
sequence: active, out-of-sequence thrust faulting in
Taiwan. Science, 288, 2346—2349.

KeLLETT, D. A., Grusic, D. & ErRDMANN, S. 2009.
Miocene structural reorganization of the South
Tibetan detachment, eastern Himalaya: implications
for continental collision. Lithosphere, 1, 259-281.

KELLETT, D. A., Grusic, D., CouTAaND, 1., COTTLE, J. &
MukuL, M. 2013. The South Tibetan detachment
system facilitates ultra rapid cooling of granulite-facies
rocks in Sikkim Himalaya. Tectonics, 32, 252—270.

KHANAL, S. & RoBINSON, D. 2013. Upper crustal shorten-
ing and forward modeling of the Himalayan thrust
belt along the Budhi-Gandaki River, central Nepal.
International Journal of Earth Sciences, 102,
1871-1891.

KHANAL, S., ROBINSON, D. M., MANDAL, S. & SIMKHADA,
P. 2014. Structural, geochronological and geochemical
evidence for two distinct thrust sheets in the ‘Main
Central thrust zone’, the Main Central thrust and
Ramgarh—Munsiari thrust: implications for upper
crustal shortening in central Nepal. /n: MUKHERJEE,
S., Carosl, R., VAN DER BEEK, P. A., MUKHERJEE,
B. K. & RoBINSON, D. M. (eds) Tectonics of the Hima-
laya. Geological Society, London, Special Publi-
cations, 412. First published online September 11,
2014, http: //doi.org/10.1144 /SP412.2


http://doi.org/10.1144/GSL.SP.2006.268.01.19
http://doi.org/10.1144/GSL.SP.2006.268.01.19
http://doi.org/10.1144/GSL.SP.2006.268.01.19
http://doi.org/10.1144/gsjgs.154.5.0863
http://doi.org/10.1144/gsjgs.154.5.0863
http://doi.org/10.1144/gsjgs.154.5.0863
http://doi.org/10.1144/SP412.2
http://doi.org/10.1144/SP412.2
http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ by guest on August 18, 2015

102

KHANAL, S., RoBINSON, D., KoHN, M. & MANDAL, S.
2015. Evidence for a far traveled thrust sheet in the
Greater Himalayan thrust system, and an alternative
model to building the Himalaya. Tectonics, 34, 31-52.

KonN, M. 2008. P-T-t data from central Nepal support
critical taper and repudiate large-scale channel flow
of the Greater Himalayan sequence. Geological
Society of America Bulletin, 120, 259-273.

KoHnN, M., CaTLOs, E. J., RYERSON, F. J. & HARRISON,
T. M. 2001. Pressure-temperature-time path disconti-
nuity in the Main Central thrust zone, central Nepal.
Geology, 29, 571-574.

KONSTANTINOVSKAIA, E. & MALAVIEILLE, J. 2005.
Erosion and exhumation in accretionary orogens:
experimental and geological approaches. Geochemis-
try, Geophysics, Geosystems, 6, Q02006.

KotHYARI, G. C. 2007. Quaternary Reactivation of North
Almora Thrust in Central Kumaun: Implication to Neo-
tectonic Rejuvenation, Lesser Himalaya, Uttarakhand.
PhD thesis, Kumaun University.

KoTtHyARl, G. C., PaNT, P. D., JosHi, M., LUIREL K. &
MALIK, J. 2010. Active faulting and deformation of
Quaternary landform Sub-Himalaya, India. Geochro-
nometria, 37, 63-71.

KUMAHARA, Y. & JAYANGONDAPERUMAL, J. 2013. Paleo-
seismic evidence of a surface rupture along the north-
western  Himalayan  Frontal — Thrust (HFT).
Geomorphology, 180-181, 47-56.

KUMAHARA, Y. & NAKATA, T. 2006. Active faults in the
epicentral area of the 2005 Pakistan earthquake.
Research Center for Regional Geography, Hiroshima
University, Hiroshima.

KUMAR, R., SURESH, N., SANGODE, S. J. & KUMARAVEL,
V. 2007. Evolution of the Quaternary alluvial fan
system in the Himalayan foreland basin: implications
for tectonic and climate decoupling. Quaternary Inter-
national, 159, 6-20.

KUMAR, S., WESNOUSKY, S. G., RockwkeLL, T. K., BRIGGS,
R. W., THAKUR, V. C. & JAYANGONDAPERUMAL, R.
2006. Paleoseismic evidence of great surface rupture
earthquakes along the Indian Himalaya. Journal of
Geophysical Research, 111, B03304.

Kunpu, A., MATIN, A., MukuL, M. & ERiksson, P. G.
2011. Sedimentary facies and soft-sediment defor-
mation structures in the Late Miocene—Pliocene
Middle Siwalik Subgroup, Eastern Himalaya, Darjeel-
ing District, India. Journal of the Geological Society of
India, 78, 321-336.

Kunbpu, B., YaDpAv, R. K., BALL B. S., CHOWDHURY, S. &
GAHALAUT, V. K. 2014. Oblique convergence and slip
partitioning in the NW Himalaya: implications from
GPS measurements. Tectonics, 33, 2013-2024.

LANDRY, K. R. 2014. Neogene Exhumation of the Sikkim
Himalaya from Zircon (U-Th)/He Thermochronology
and 3-D Thermo-Kinematic Modeling. MSc thesis,
Dalhousie University.

LARsON, K. P. & CoTTLE, J. M. 2014. Midcrustal disconti-
nuities and the assembly of the Himalayan midcrust.
Tectonics, 33, 718—740.

LaArsoN, K. P., GobiN, L., Davis, W. J. & Davis, D. W.
2010. Out-of-sequence deformation and expansion of
the Himalayan orogenic wedge: insight from the
Changgo culmination, south central Tibet. Tectonics,
29, TC4013.

S. MUKHERIJEE

Long, S. P., McQuaRrrig, N., ToBGay, T. & GruJic, D.
2011. Geometry and crustal shortening of the Himala-
yan fold-thrust belt, eastern and central Bhutan. Geo-
logical Society of America Bulletin, 123, 1427—1447.

LoNG, S. P., MCQUARRIE, N. ET AL. 2012. Variable short-
ening rates in the eastern Himalayan thrust belt,
Bhutan: insights from multiple thermochronologic
data sets tied to kinematic reconstructions. Tectonics,
31, TC5004.

Luirel, K. & BHAKUNI, S. S. 2008. Geomorphic imprints
of neotectonic activity along the frontal part of Eastern
Himalaya, Pasighat, East Siang District, Arunachal
Pradesh. Journal of the Geological Society of India,
71, 502-512.

MACFARLANE, A. M., HopGEs, K. V. & Lux, D. 1992. A
structural analysis of the Main Central Thrust zone,
Langtang National Park, central Nepal Himalaya. Geo-
logical Society of America Bulletin, 104, 1389—1402.

MAaDDEN, C., AHMAD, S. & MEIGs, A. 2011. Geo-
morphic and paleoseismic evidence for late Quaternary
deformation in the southwest Kashmir Valley, India:
out-of-sequence thrusting, or deformation above a
structural ramp? Paper presented at the American Geo-
physical Union, Fall Meeting, 5—9 December 2011,
San Francisco, CA, USA.

MAHAJAN, S., WALIA, V. ET AL. 2010. Soil-gas radon/
helium surveys in some neotectonic areas of NW
Himalayan foothills, India. Natural Hazards and
Earth System Sciences, 10, 1221-1227.

MaLik, J. N. & MaTHEw, G. 2005. Evidence of
paleoearthquakes from trench investigations along
Pinjore Garden fault in Pinjore Dun, NW Himalaya.
Journal of Earth System Science, 114, 387-400.

MALIK, J. N. & MoHANTY, C. 2007. Active tectonic influ-
ence on the evolution of drainage and landscape: geo-
morphic signatures from frontal and hinterland areas
along the Northwestern Himalaya, India. Journal of
Asian Earth Sciences, 29, 604—-618.

MALIK, J. N. & NAKATA, T. 2003. Active faults and related
Late Quaternary deformation along the Northwestern
Himalayan Frontal Zone, India. Annals of Geophysics,
46, 917-936.

MALIK, J. N., NAKATA, T., PHILIP, G., SURESH, N. & VIRDI,
N. S. 2003. Preliminary observations from a trench
near Chandigarh, NW Himalaya and their bearing on
active faulting. Current Science, 85, 1793—1798.

MALIK, J. N, SAHOO, A. K., SHAH, A. A., RAwAT, A. &
CHATURVEDI, A. 2007a. Farthest recorded liquefaction
around Jammu caused by October 8, 2005 Muzaffara-
bad earthquake of Mw 7.6. Journal of the Geological
Society of India, 69, 39-41.

MALIK, J. N., SAHOO, A. K. & SHAH, A. A. 2007b. Ground-
penetrating radar investigation along Pinjore Garden
Fault: implication toward identification of shallow sub-
surface deformation along active fault, NW Himalaya.
Current Science, 93, 1422—-1427.

MALIK, J. N., NAKATA, T., PHILIP, G., SURESH, N. & VIRDI,
N. S. 2008. Active fault and paleoseismic inves-
tigation: evidence of a historic earthquake along Chan-
digarh Fault in the Frontal Himalayan zone, NW India.
Himalayan Geology, 29, 109—117.

MALIK, J. N., SAHOO, A. K., SHAH, A. A., SHINDE, D. P.,
JuyvaLr, N. & SiNGHVI, A. K. 2010. Paleoseismic evi-
dence from trench investigation along Hajipur fault,


http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ by guest on August 18, 2015

OUT-OF-SEQUENCE THRUSTS

Himalayan Frontal Thrust, NW Himalaya: impli-
cations of the faulting pattern on landscape evolution
and seismic hazard. Journal of Structural Geology,
32, 350-361.

MALIK, J. N., KUMAR, A., SATULURI, S., PUHAN, B. &
MOoHANTY, A. 2012. Ground-penetrating radar investi-
gations along Hajipur Fault: Himalayan Frontal
Thrust — attempt to identify near subsurface displace-
ment, NW Himalaya, India. International Journal of
Geophysics, 2012, Article ID 608269, http://doi.
org/10.1155/2012/608269

MaLIK, J. N., SHAH, A. A., NaIK, S. P., SAHoO, S.,
OKUMURA, K. & PATrA, N. R. 2014. Active fault
study along foothill zone of Kumaun Sub-Himalaya:
influence on landscape shaping and drainage evolution.
Current Science, 106, 229-236.

MANDAL, S. 2014. Structural, Kinematic and Geochrono-
logic Evolution of the Himalayan Fold-Thrust Belt in
Kumaun, Uttaranchal, Northwest India. PhD disser-
tation, University of Alabama.

MANDAL, S., ROBINSON, D. M., KHANAL, S. & Das, O.
2014. Redefining the tectonostratigraphic and struc-
tural architecture of the Almora klippe and the
Ramgarh—Munsiari thrust sheet in NW India. In:
MUKHERJEE, S., CAROSI, R., VAN DER BEEK, P. A.,
MUKHERJEE, B. K. & ROBINSON, D. M. (eds) Tectonics
of the Himalaya. Geological Society, London, Special
Publications, 412. First published online September
17, 2014, http: //doi.org/10.1144/SP412.6

MATHEW, J., JHA, V. K. & RAwAT, G. S. 2007. Application
of binary logistic regression analysis and its validation
for landslide susceptibility mapping in part of Garhwal
Himalaya, India. International Journal of Remote
Sensing, 28, 2257-2275.

MCcDERMOTT, J. A., WHIPPLE, K. X., HODGES, K. V. & vaAN
Soest, M. C. 2013. Evidence for Plio-Pleistocene
north—south extension at the southern margin of the
Tibetan Plateau, Nyalam region. Tectonics, 32,
317-333.

MCcDERMOTT, J. A., HoDGES, K. V., WHIPPLE, K. X., VAN
SoEsT, M. C. & HurTADO, J. M., Jr 2015. Evidence
for Pleistocene low-angle normal faulting in the
Annapurna—Dhaulagiri region, Nepal. The Journal
of Geology, 123, 133-151.

MCQUARRIE, N. & EHLERS, T. A. 2015. Influence of thrust
belt geometry and shortening rate on thermochron-
ometer cooling ages: Insights from thermokinematic
and erosion modeling of the Bhutan Hima-
laya. Tectonics, in press, http://doi.org/10.1002/
2014TC003783

McQUARRIE, N., RoBINsON, D., LoNgG, S., ToBGay, T.,
GruJIc, D., GEHRELS, G. & DUCEA, M. 2008. Prelimi-
nary stratigraphic and structural architecture of
Bhutan: implications for the along strike architecture
of the Himalayan system. Earth and Planetary
Science Letters, 272, 105-117.

MCcQUARRIE, N., ToBGAY, T., LONG, S. P., REINERS, P. W.
& Cosca, M. A. 2014. Variable exhumation rates and
variable displacement rates: documenting recent
slowing of Himalayan shortening in western Bhutan.
Earth and Planetary Science Letters, 386, 161—174.

MEADE, B. J. 2010. The signature of an unbalanced earth-
quake cycle in Himalayan topography? Geology, 38,
987-990.

103

MEHTA, J. S. & SANWAL, R. 2011. Evidence of active tec-
tonics along oblique transverse normal faults in the
Kosi River valley around Betalghat, Kumaun Lesser
Himalaya, India. Current Science, 101, 541-543.

MILLER, C., KLoTzLl, U., FRANK, W., THONI, M. &
GRASEMANN, B. 2000. Proterozoic crustal evolution
in the NW Himalaya (India) as recorded by circa
1.80 Ga mafic and 1.84 Ga granitic magmatism. Pre-
cambrian Research, 103, 191-206.

MisHRA, A., Srivastava, D. C. & SHAH, J. 2013.
Late Miocene—Early Pliocene reactivation of the
Main Boundary Thrust: evidence from the seismites
in southeastern Kumaun Himalaya, India. Sedimen-
tary Geology, 289, 148—158.

MisHrA, P. & MukHOPADHYAY, D. K. 2012. Structural
evolution of the frontal fold—thrust belt, NW Hima-
layas from sequential restoration of balanced cross-
sections and its hydrocarbon potential. /n: BHATT,
G. M., CraigG, J., THUurow, J. W., THUsU, B. &
Cozzi, A. (eds) Geology and Hydrocarbon Potential
of Neoproterozoic—Cambrian Basins in Asia. Geo-
logical Society, London, Special Publications, 366,
201-228, http: //doi.org/10.1144/SP366.6

Misra, D. K. 2005. Litho-tectonic sequence and their
regional correlation along the Lohit and Dibang
Valleys, Eastern Arunachal Pradesh. Journal of the
Geological Society of India, 73, 213-219.

Misra, D. K. & SINGH, T. 2002. Tectonic settings and neo-
tectonci features along the eastern syntaxial bend
(Lohit and Dibang), Arunachal Himalaya. In: PANT,
C. C. & SHARMA, A. K. (eds) Aspects of Geology and
Environment of the Himalaya. Gyanodaya Prakashan,
Nainital, 19—40.

MoLINARO, M., LETUrRMY, P., GUezou, J.-C. & DE
LAMOTTE, F. 2005. The structure and kinematics of
the southeastern Zagros fold-thrust belt, Iran: from
thin-skinned to thick-skinned tectonics. Tectonics,
24, TC3007.

MonToMoOLI, C., IACCARINO, S., CAROSI, R., LANGONE, A.
& VisoNA, D. 2013. Tectonometamorphic discontinu-
ities within the Greater Himalayan Sequence in
Western Nepal (Central Himalaya): insights on the
exhumation of crystalline rocks. Tectonophysics, 608,
1349-1370.

MontoMoLl, C., Carosi, R. & IaccariNo, S. 2014.
Tectonometamorphic discontinuities in the Greater
Himalayan Sequence: a local or a regional feature?
In: MUKHERJEE, S., CAROSI, R., VAN DER BEEK,
P. A., MUKHERJEE, B. K. & RoBINsON, D. M. (eds)
Tectonics of the Himalaya. Geological Society,
London, Special Publications, 412. First published
online September 18, 2014, http://doi.org/10.1144/
SP412.3

MoReLL, K. D., SANDIFORM, M. ET AL. 2012. Neotec-
tonics of the Kumaun—Garhwal region of the Indian
Himalaya. Abstract: #T51F-2658 presented at the
American Geophysical Union, Fall Meeting, 3-7
December 2012, San Francisco, CA USA.

MogreLL, K. D., SaANDIFORM, M., RaJENDRAN, C. P.,
RAJENDRAN, K., ALimMaNovic, A., FINK, D. &
SANWAL, J. , 2015. Geomorphology reveals active
décollement geometry in the central Himalayan seis-
mic gap. Lithosphere, first published online March
12, 2015, http: //doi.org/10.1130/L407.1


http://doi.org/10.1155/2012/608269
http://doi.org/10.1155/2012/608269
http://doi.org/10.1155/2012/608269
http://doi.org/10.1144/SP412.6
http://doi.org/10.1144/SP412.6
http://doi.org/10.1002/2014TC003783
http://doi.org/10.1002/2014TC003783
http://doi.org/10.1144/SP366.6
http://doi.org/10.1144/SP366.6
http://doi.org/10.1144/SP412.3
http://doi.org/10.1144/SP412.3
http://doi.org/10.1144/SP412.3
http://doi.org/10.1130/L407.1
http://doi.org/10.1130/L407.1
http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ by guest on August 18, 2015

104 S. MUKHERIJEE

MotTrRAM, C. M., ARGLES, T. W., HARrris, N. B. W_,
ParrisH, R. R., HorsTwooD, M. S. A., WARREN,
C. J. & GuPTa, S. 2014. Tectonic interleaving along
the Main Central Thrust, Sikkim Himalaya. Journal
of the Geological Society, London, 171, 255-268,
http: //doi.org/10.1144 /jgs2013-064

MUGNIER, J.-L., HUYGHE, P., CHALARON, E. & MASCLE,
G. 1994. Recent movements along the Main Boundary
Thrust of the Himalayas: normal faulting in an over-
critical thrust wedge? Tectonophysics, 238, 199-215.

MUGNIER, J.-L., DEeLcaiLLAU, B., HUYGHE, P. &
LETURMY, P. 1998. The break-back thrust splay of
the Main Dun Thrust (Himalayas of western Nepal):
evidence of an intermediate displacement scale
between earthquake slip and finite geometry of
thrust systems. Journal of Structural Geology, 20,
857-864.

MUGNIER, J.-L., LETURMY, P. ET AL. 1999. The Siwaliks
of western Nepal I. Geometry and kinematics. Journal
of Asian Earth Sciences, 17, 629—-642.

MUGNIER, J.-L., HUYGHE, P., LETURMY, P., JOUANNE, F.
2004. Episodicity and rates of thrust-sheet motion
in the Himalayas (western Nepal). In: McCrLay,
K. R. (ed.) Thrust Tectonics and Hydrocarbon Sys-
tems. American Association of Petroleum Geologists
Memoir, 82, 91-114.

MUGNIER, J.-L., HUYGHE, P., GAJUREL, A. P. & BECEL, D.
2005. Frontal and piggy-back seismic ruptures in the
external thrust belt of Western Nepal. Journal of
Asian Earth Sciences, 25, 7107-717.

MUGNIER, J.-L., HUYGHE, P., GAJUREL, A. P., UPRETI,
B. N. & JouaNNE, F. 2011. Seismites in the Kath-
mandu basin and seismic hazard in central Himalaya.
Tectonophysics, 509, 33—-49.

MUGNIER, J.-L., GAJUREL, A., HUYGHE, P., JAYANGONDA-
PERUMAL, R., JOUANNE, F. & UPRrETI, B. 2013. Struc-
tural interpretation of the great earthquakes of the last
millennium in the central Himalaya. Earth-Science
Reviews, 127, 30-47.

MUKHERIJEE, S. 2010. Applicability of channel flow as an
extrusion mechanism of the Higher Himalayan Shear
Zone from Sutlej, Zanskar, Dhauliganga and Gori-
ganga Sections, Indian Himalaya. European Geos-
ciences Union General Assembly, 2—7 May, 2010,
Vienna, Austria. Geophysical Research Abstracts, 12,
EGU2010-14.

MUKHERIEE, S. 2013a. Higher Himalaya in the Bhagirathi
section (NW Himalaya, India): its structures, back-
thrusts and extrusion mechanism by both channel
flow and critical taper mechanisms. International
Journal of Earth Sciences, 102, 1851-1870.

MUKHERIEE, S. 2013b. Channel flow extrusion model to
constrain dynamic viscosity and Prandtl number of
the Higher Himalayan Shear Zone. International
Journal of Earth Sciences, 102, 1811-1835.

MUKHERJEE, S. 2014. Review of flanking structures in
meso- and micro-scales. Geological Magazine, 151,
957-974.

MUKHERIEE, S. & Kovyr, H. A. 2010a. Higher Himalayan
Shear Zone, Sutlej section: structural geology and
extrusion mechanism by various combinations of
simple shear, pure shear and channel flow in shifting
modes. International Journal of Earth Sciences, 99,
1267-1303.

MUKHERJEE, S. & Koy, H. A. 2010b. Higher Himalayan
Shear Zone, Zanskar Indian Himalaya: microstructural
studies and extrusion mechanism by a combination of
simple shear and channel flow. International Journal
of Earth Sciences, 99, 1083—-1110.

MUKHERJEE, S., Kovl, H. A. & TarLpot, C. J. 2009.
Out-of-sequence thrust in the Higher Himalaya — a
review and possible genesis. European Geosciences
Union General Assembly, 19-24 April 2009,
Vienna, Austria. Geophysical Research Abstracts, 11,
EGU2009-13783.

MUKHERIEE, S., Koyl, H. A. & TarLsor, C. J. 2012.
Implications of channel flow analogue models for
extrusion of the Higher Himalayan Shear Zone with
special reference to the out-of sequence thrusting.
International Journal of Earth Sciences, 101,
253-272.

MUKHOPADHYAY, D. K. & MisHRA, P. 1999. A balanced
cross section across the Himalayan foreland belt, the
Punjab and Himachal foothills: a reinterpretation of
structural styles and evolution. Proceedings of the
Indian Academy of Science, 108, 189-205.

MUKHOPADHYAY, D. K. & MisHRA, P. 2005. A balanced
cross section across the Himalayan frontal fold—
thrust belt, Subathu area, Himachal Pradesh, India:
thrust sequence, structural evolution and shortening.
Journal of Asian Earth Sciences, 25, 735-746.

MukuL, M. 2000. The geometry and kinematics of the Main
Boundary Thrust and related neotectonics in the Darjil-
ing Himalayan fold-and-thrust belt, West Bengal, India.
Journal of Structural Geology, 22, 1261-1283.

Mukut, M. 2010. First-order kinematics of wedge-scale
active Himalayan deformation: insights from Darjil-
ing—Sikkim—Tibet (DaSiT) wedge. Journal of Asian
Earth Sciences, 39, 645—-657.

MukuL, M., JAISWAL, M. & S1GHVI, A. K. 2007. Timing of
recent out-of-sequence active deformation in the
frontal Himalayan wedge: insights from the Darjiling
sub-Himalaya, India. Geology, 35, 999—-1002.

MuLLIcK, M., Ricuzzi, F. & MUKHOPADHYAY, D. 2009.
Estimates of motion and strain rates across active
faults in the frontal part of eastern Himalayas in
North Bengal from GPS measurements. Terra Nova,
21, 410-415.

MurpPHY, M. A. & YIN, A. 2003. Structural evolution and
sequence of thrusting in the Tethyan fold-thrust belt
and Indus-Yalu suture zone, southwest Tibet. Geologi-
cal Society of America Bulletin, 115, 21-34.

NapIN, E. S. & MARTIN, A. 2012. Apatite thermo-
chronometry within a knick zone near the Higher
Himalaya front, central Nepal: no resolvable fault
motion in the past one million years. Tectonics,
31, TC2010.

NAKATA, T. 1989. Active faults of the Himalaya of India
and Nepal. /n: MALINCONICO, L. L.,, Jr & LILLIE,
R. J. (eds) Tectonics of the Western Himalayas. Geo-
logical Society of America, Special Papers, 232,
243-264.

PANDEY, A. K. & PANDEY, P. 2015. Soft sediment defor-
mation structures in late Quaternary abandoned
channel fill deposit of Yamuna river in NW Sub-
Himalaya, India. Current Science, 108, 1717-1725.

PANDEY, A. K. & VIrDI, N. S. 2004. Microstructural and
fluid inclusion constraints on the evolution of the


http://doi.org/10.1144/jgs2013-064
http://doi.org/10.1144/jgs2013-064
http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ by guest on August 18, 2015

OUT-OF-SEQUENCE THRUSTS 105

Jakhri Thrust Zone in the Satluj valley of NW Hima-
laya. Current Science, 84, 1355-1364.

Park, J.-O., Tsuru, T., KopAIRA, S., NAKANISHI, A.,
Miura, S., KANEDA, Y. & Kono, Y. 2000. Out-
of-sequence thrust faults developed in the coseismics
lip zone of the 1946 Nankai earthquake (Mw = 8.2)
off Shikoku, southwest Japan. Geophysical Research
Letters, 27, 1033—-1036.

PaArsons, A. J., PHILLIPS, R. J., LLOYD, G. E. & SEARLE,
M. P. 2014. Tectonic evolution of the Greater Himala-
yan Sequence, Annapurna-Dhaulagiri Himalaya,
central Nepal. Session No. 181. T23. Exploring the
Development of the Himalayan—Karakorum—Tibet
Orogenic System from the Mantle to Mountain Peaks,
21 October 2014, Vancouver, Canada. Geological
Society of America Abstracts with Programs, 46, 449.

PATEL, R. C. & CARTER, A. 2009. Exhumation history of
the Higher Himalayan Crystalline along Dhauliganga-
Goriganga river valleys, NW India: new constraints
from fission track analysis. Tectonics, 28, TC3004.

PAUDEL, L. P. & AritaA, K. 2000. Tectonic and poly-
metamorphic history of the Lesser Himalaya in
central Nepal. Journal of Asian Earth Sciences, 18,
561-584.

PEARSON, O. & DECELLES, P. G. 2005. Structural geology
and regional tectonic significance of the Ramgarh
thrust, Himalayan fold-thrust belt of Nepal. Tectonics,
24, TC4008.

PHiLIP, G. 2007. Remote sensing data analysis for mapping
active faults in the northwestern part of Kangra Valley,
NW Himalaya, India. International Journal of Remote
Sensing, 28, 4745-4761.

PHiLIP, G. 2011. Remote sensing in tectonic geomorphic
studies: selected illustrations from the northwestern
frontal Himalaya, India. In: ANBAZHAGAN, S., SUBRA-
MANIAN, S. K. & YANG, X. (eds) Geoinformatics
in Applied Geomorphology. CRC Press, 141-162,
http: //books.google.co.in/books ?hl=en&Ir=&id=2-k
0-Cf9pu0C&oi=fnd&pg=PA141&dq=Kareri+Active
+Fault&ots=K6WFYoyGvn&sig=XnQIloa7X 1nCw
NNQmjSXe_KwTXPo&redir_esc=y#v=onepage&
gq=Kareri%20Active%20Fault&f=false [last accessed
20 January 2015].

PHiLIp, G. & VIrDI, N. S. 2006. Co-existing compressional
and extensional regimes along the Himalayan Front
vis-a-vis active faults near Singhauli, Haryana, India.
Current Science, 90, 1267—1271.

PHiLIp, G., VIRDL, N. S. & SuURESH, N. 2009. Morphotec-
tonic evolution of Parduni Basin: an intradun piggy-
back basin in western Doon valley, NW Outer
Himalaya. Journal of the Geological Society of India,
74, 189-199.

PHiLIp, G., SURESH, N., BHAKUNI, S. S. & GuUPTA, V.
2011. Paleoseismic investigation along Nalagarh
Thrust: evidence of Late Pleistocene earthquake in
Pinjaur Dun, Northwestern sub-Himalaya. Journal of
Asian Earth Sciences, 40, 1056—1067.

PHILIP, G., BHAKUNI, S. S. & SURESH, N. 2012. Late Pleis-
tocene and Holocene large magnitude earthquakes
along Himalayan Frontal Thrust in the Central
Seismic Gap in NW Himalaya, Kala Amb, India. Tec-
tonophysics, 580, 162—177.

PHiLip, G., BHAKUNI, S. S., SURESH, N. & VIrDI, N. S.
2014a. Late Pleistocene faulting along the growing

Janauri Anticline and seismic potential in the north-
western frontal Himalaya, India. Himalayan Geology,
35, 89-96.

PHiLIp, G., SURESH, N. & BHAKUNI, S. S. 2014b. Active
tectonics in the northwestern outer Himalaya: evi-
dence of large-magnitude palaeoearthquakes in Pinjaur
Dun and the Frontal Himalaya. Current Science, 106,
211-222.

PowkgLL, P. M., LILLIE, R. J. & YEATs, R. S. 1998. Struc-
ture and shortening of the Kangra and Dehra Dun reen-
trants, Sub-Himalaya, India. Geological Society of
America Bulletin, 110, 1010-1027.

PrATT-S1TAULA, B., UPRETI, B. N., MELBOURNE, T.,
MINER, A., PARKER, E., Ral, S. M. & BHATTARAI,
T. N. 2009. Applying geodesy and modeling to test
the role of climate controlled erosion in shaping Hima-
layan morphology and evolution. Himalayan Geology,
30, 123-131.

QAYYUM, M. 1991. Crustal Shortening and Tectonic Evol-
ution of the Salt Range in Northwest Himalaya, Paki-
stan. MSc thesis, Oregon State University, http://ir.
library.oregonstate.edu/xmlui/handle /1957 /9504
[last accessed 20 December 2014].

QAYYUM, M., SPRATT, D. A., DixoN, J. M. & LAWRENCE,
R. D. 2014. Displacement transfer from fault-bend
to fault-propagation fold geometry: an example from
the Himalayan thrust front. Journal of Structural
Geology, first published online November 14, 2014,
http: //doi.org/10.1016/j.jsg.2014.10.010

RAJENDRAN, K. & RAJENDRAN, C. P. 2011. Revisiting the
earthquake sources in the Himalaya: perspectives on
past seismicity. Tectonophysics, 504, 75—88.

RaNA, N., BHATTACHARYA, F., BAsavaiaH, N., PANT,
R. K. & JuyaL, N. 2013. Soft sediment deformation
structures and their implications for Late Quaternary
seismicity on the South Tibetan Detachment System,
Central Himalaya (Uttarakhand), India. Tectonophy-
sics, 592, 165-174.

Rao0, D.P.1977. A note on recent movements and origin of
some piedmont deposits of Dehra Dun valley. Journal
of the Indian Society of Photo-Interpretation, V,
35-40.

RAY, Y. & SrivasTava, P. 2010. Widespread aggradation
in the mountainous catchment of the Alaknanda-Ganga
River System: timescales and implications to Hinter-
land-foreland relationships. Quaternary Science
Reviews, 29, 2238-2260.

REGis, D., WARREN, C. J., YOUNG, D. & ROBERTS,
N. M. W. 2014. Tectono-metamorphic evolution of
the Jomolhari massif: variations in timing of syn-
collisional metamorphism across western Bhutan.
Lithos, 190-191, 449-466.

ROBERT, X., VAN DER BEEK, P., BRAUN, J., PERRY, C.,
DUBILLE, M. & MUGNIER, J.-L. 2009. Assessing
Quaternary reactivation of the Main Central thrust
zone (central Nepal Himalaya): new thermochrono-
logic data and numerical modeling. Geology, 37,
731-734.

ROBERT, X., VAN DER BEEK, P., BRAUN, J., PERRY, C. &
MUGNIER, J.-L. 2011. Control of detachment geometry
on lateral variations in exhumation rates in the Hima-
laya: insights from low-temperature thermochronology
and numerical modeling. Journal of Geophysical
Research, 116, B05202.


http://books.google.co.in/books?hl=en&lr=&id=2-k0-Cf9pu0C&oi=fnd&pg=PA141&dq=Kareri+Active+Fault&ots=K6WFYoyGvn&sig=XnQIoa7X1nCwNNQmjSXe_KwTXPo&redir_esc=y&num;v=onepage&q=Kareri&percnt;20Active&percnt;20Fault&f=false
http://books.google.co.in/books?hl=en&lr=&id=2-k0-Cf9pu0C&oi=fnd&pg=PA141&dq=Kareri+Active+Fault&ots=K6WFYoyGvn&sig=XnQIoa7X1nCwNNQmjSXe_KwTXPo&redir_esc=y&num;v=onepage&q=Kareri&percnt;20Active&percnt;20Fault&f=false
http://books.google.co.in/books?hl=en&lr=&id=2-k0-Cf9pu0C&oi=fnd&pg=PA141&dq=Kareri+Active+Fault&ots=K6WFYoyGvn&sig=XnQIoa7X1nCwNNQmjSXe_KwTXPo&redir_esc=y&num;v=onepage&q=Kareri&percnt;20Active&percnt;20Fault&f=false
http://books.google.co.in/books?hl=en&lr=&id=2-k0-Cf9pu0C&oi=fnd&pg=PA141&dq=Kareri+Active+Fault&ots=K6WFYoyGvn&sig=XnQIoa7X1nCwNNQmjSXe_KwTXPo&redir_esc=y&num;v=onepage&q=Kareri&percnt;20Active&percnt;20Fault&f=false
http://books.google.co.in/books?hl=en&lr=&id=2-k0-Cf9pu0C&oi=fnd&pg=PA141&dq=Kareri+Active+Fault&ots=K6WFYoyGvn&sig=XnQIoa7X1nCwNNQmjSXe_KwTXPo&redir_esc=y&num;v=onepage&q=Kareri&percnt;20Active&percnt;20Fault&f=false
http://books.google.co.in/books?hl=en&lr=&id=2-k0-Cf9pu0C&oi=fnd&pg=PA141&dq=Kareri+Active+Fault&ots=K6WFYoyGvn&sig=XnQIoa7X1nCwNNQmjSXe_KwTXPo&redir_esc=y&num;v=onepage&q=Kareri&percnt;20Active&percnt;20Fault&f=false
http://ir.library.oregonstate.edu/xmlui/handle/1957/9504
http://ir.library.oregonstate.edu/xmlui/handle/1957/9504
http://ir.library.oregonstate.edu/xmlui/handle/1957/9504
http://doi.org/10.1016/j.jsg.2014.10.010
http://doi.org/10.1016/j.jsg.2014.10.010
http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ by guest on August 18, 2015

106 S. MUKHERIJEE

RoBINSON, D. M. 2008. Forward modeling the kinematic
sequence of the central Himalayan thrust belt,
western Nepal. Geosphere, 4, 785-801.

RoBINSON, D. M. & PEARSON, O. 2006. Exhumation of
Greater Himalayan rock along the Main Central
Thrust in Nepal: implications for channel flow. In:
Law, R. D., SEARLE, M. P., GopiN, L. (eds) Channel
Flow, Ductile Extrusion and Exhumation in Continen-
tal Collision Zones. Geological Society, London,
Special Publications, 268, pp. 255-267, http://doi.
org/10.1144/GSL.SP.2006.268.01.12

RoBINSON, D. M., DECELLES, P. G. & COPELAND, P. 2006.
Tectonic evolution of the Himalayan thrust belt in
western Nepal: implications for channel flow models.
Geological Society of America Bulletin, 118, 865—885.

ROBL, J., STUWE, K. & HERGARTEN, S. 2008. Channel pro-
files around Himalayan river anticlines: constraints on
their formation from digital elevation model analysis.
Tectonics, 27, TC3010.

Roux-MALLOUF, R. L., GopARD, V. ET AL. 2015. Evi-
dence for a crustal ramp below the northernmost part
of the Bhutan Himalayas. European Geosciences
Union General Assembly, Vienna, Austria, Geophysi-
cal Research Abstracts, 17, EGU2015-15056.

SAHA, A. K., GuPTA, R. P. & ARrROrA, M. K. 2002. GIS-
based landslide hazard zonation in the Bhagirathi

(Ganga) Valley, Himalayas. International Journal of

Remote Sensing, 23, 357—-369.

SAHOO, P. K., KuMAR, S. & SINGH, R. P. 2000. Neotec-
tonic study of Ganga and Yamuna tear faults, NW
Himalaya, using remote sensing and GIS. International
Journal of Remote Sensing, 21, 499—518.

SaT1, S. P., SUNDRIYAL, Y. P. & Rawar, G. S. 2007.
Geomorphic indicators of neotectonic activity around
Srinagar (Alaknanda basin), Uttarakhand. Current
Science, 92, 824—829.

SCHELLING, D. 1992. The tectonostratigraphy and struc-
ture of the eastern Nepal Himalaya. Tectonics, 11,
925-943.

SCHELLING, D. & ARrITA, K. 1991. Thrust tectonics, crustal
shortening, and the structure of the far-eastern Nepal
Himalaya. Tectonics, 10, 851—-862.

SCHELLING, D., CARTER, J., SEAGO, R. & OrHA, T. P. 1991.
A balanced cross-section across the Central Nepal
Siwalik Hills; Hitauda to Amlekhganj. Journal of the
Faculty of Science Hokkido University, 23, 1-9.

SCHULLER, V., FriscH, W. & HErzoG, U. 2015. Critical
taper behaviour and out-of-sequence thrusting on oro-
genic wedges — an example of the Eastern Alpine
Molasse Basin. Terra Nova, 27, 23-237.

SEARLE, M. P. 1986. Structural evolution and sequence
of thrusting in the High Himalaya, Tibetan-Tethys
and Indus suture zones of Zanskar and Ladakh,
Western Himalaya. Journal of Structural Geology, 8,
923-936.

SEARLE, M. P. 1999. Emplacement of Himalayan leuco-
granites by magma injection along giant sill com-
plexes: examples from the Cho Oyu, Gyachung Kang
and Everest leucogranites (Nepal Himalaya). Journal
of Asian Earth Sciences, 17, 773-783.

SEARLE, M. P. & SzuLc, A. G. 2005. Channel flow and
ductile extrusion of the high Himalayan slab — the
Kangchenjunga—Darjeeling profile, Sikkim Himalaya.
Journal of Asian Earth Sciences, 25, 173—185.

SEARLE, M. P., CooPER, D. J. W., REX, A. J., HERREN,
E. A, REx, A.J. & CoLcHEN, M. 1988. Collision tec-
tonics of the Ladakh—Zanskar Himalaya [and discus-
sion]. Philosophical Transactions of the Royal
Society of London. Series A, Mathematical and Phys-
ical Sciences, 326, 117-150.

SEARLE, M. P., Law, R. D. & IJessup, M. J. 2006.
Crustal structure, restoration and evolution of the
Greater Himalaya in Nepal-South Tibet: implica-
tions for channel flow and ductile extrusion of the
middle crust. In: Law, R. D., SEARLE, M. P. &
GobIN, L. (eds) Channel Flow, Ductile Extrusion and
Exhumation in Continental Collision Zones. Geo-
logical Society, London, Special Publications, 268,
355-378, http://doi.org/10.1144 /GSL.SP.2006.268.
01.17

SHAH, A. A. 2013. Earthquake geology of Kashmir basin
and its implications for future large earthquakes. Inter-
national Journal of Earth Sciences, 102, 1957—-1966.

SHAH, A. A. 2015a. Kashmir Basin Fault and its tectonic
significance in NW Himalaya, Jammu and Kashmir,
India. International Journal of Earth Sciences, first
published online April 30, 2015, http://doi.org/10.
1007/s00531-015-1183-1

SHAH, A. A. 2015b. Comment on: Alam Akhtar, Ahmad
Shabir, Sultan Bhat, M., Ahmad Bashir, 2015. Tectonic
evolution of Kashmir basin in northwest Hima-
layas. Geomorphology, http://doi.org/10.1016/j.geo
morph.2015.03.025. Geomorphology, first published
online May 8, 2015, http://doi.org/10.1016/j.geo
morph.2015.04.032

SHANKER, D., PAubYyAL, H. & SINGH, H. N. 2011. Dis-
course on seismotectonics of Nepal Himalaya and
vicinity: appraisal to earthquake hazard. Geosciences,
1, 1-15.

SHARMA, M. & KuMAR, R. 2008. GIS-based landslide
hazard zonation: a case study from the Parwanoo
area, Lesser and Outer Himalaya, H.P., India. Bulletin
of Engineering Geology and the Environment, 67,
129-137.

SILVER, C. R. P. 2012. The Dhaulagiri Transtensional
Zone: an Active Fault Zone within the Western Nepal
Himalaya. Masters thesis, University of Houston.

SimpsoN, G. D. H. 2010. Influence of the mechanical be-
haviour of brittle-ductile fold-thrust belts on the devel-
opment of foreland basins. Basin Research, 22,
139-156.

SINGH, K. 1980. Deformation history of the rocks around
Sarahan Bushair, Himachal Pradesh. In: SAKLANI,
P. S. (ed.) Structural Geology of the Himalaya.
Today and Tomorrow’s Printers & Publishers, Delhi,
163-182.

SINGH, T. 2007. Geology of Itanagar Capital Complex,
Arunachal Himalaya, with special reference to neotec-
tonics. Journal of the Geological Society of India, 70,
339-353.

SINGH, K. 2010. Tectonic evolution of Kishtwar Window
with respect to the Main Central Thrust, northwest
Himalaya, India. Journal of Asian Earth Sciences,
39, 125-135.

SINGH, S. & JAIN, A. K. 1993. Deformational and strain
pattern of the Jutogh Nappe along the Sutlej Valley
in Jeori-Wangtu region, Himachal Pradesh, India.
Journal of Himalayan Geology, 4, 41-55.


http://doi.org/10.1144/GSL.SP.2006.268.01.12
http://doi.org/10.1144/GSL.SP.2006.268.01.12
http://doi.org/10.1144/GSL.SP.2006.268.01.12
http://doi.org/10.1144/GSL.SP.2006.268.01.17
http://doi.org/10.1144/GSL.SP.2006.268.01.17
http://doi.org/10.1007/s00531-015-1183-1
http://doi.org/10.1007/s00531-015-1183-1
http://doi.org/10.1016/j.geomorph.2015.03.025
http://doi.org/10.1016/j.geomorph.2015.03.025
http://doi.org/10.1016/j.geomorph.2015.04.032
http://doi.org/10.1016/j.geomorph.2015.04.032
http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ by guest on August 18, 2015

OUT-OF-SEQUENCE THRUSTS 107

SINGH, V. & TANDON, S. K. 2010. Integrated analysis of
structures and landforms of an intermontane longitudi-
nal valley (Pinjaur dun) and its associated mountain
fronts in the NW Himalaya. Geomorphology, 114,
573-589.

SINGH, S., AGARWAL, P. N. & ARYA, A. S. 1976. Filling of
Ramganga reservoir, Kalagarh, U.P., India and its
possible influence on seismic activity. Bulletin of the
Seismological Society of America, 66, 1721-1731.

SINGH, V., TaNDON, S. K., SINGH, V., MUKUL, M. &
THAMO-Bozso, E. 2008. Geometry and development
of the Jhajara thrust: an example of neotectonic activity
in the Pinjaur Dun, NW Himalaya. Current Science,
94, 623-628.

SINGH, T., AwaAsTHI, A. K. & CapuTo, R. 2012. The sub-
Himalayan fold-thrust belt in the 1905 Kangra earth-
quake zone: a critical taper model perspective for
seismic hazard analysis. Tectonics, 31, TC6002.

SINGH, P., PATEL, R. C. & LAL, N. 2012. Plio-Plistocene
in-sequence thrust propagation along the Main
Central Thrust zone (Kumaon-Garhwal Himalaya,
India): new thermochronological data. Tectonophysics,
574-575, 193-203.

SINVHAL, H., AGARWAL, P. N., KING, G. C. P. & GAUR,
V. K. 1973. Interpretation of measured movement at
a Himalayan (Nahan) thrust. Geophysical Journal of
the Royal Astronomical Society, 34, 203-210.

SRINIVASAN, V. 2009. Discussion on Luirei K, Bhakuni SS
in Journal of the Geological Society of India, 71,
502-512. Journal of the Geological Society of India,
73, 441-442.

SRIVASTAVA, P. & Misra, D. K. 2008. Morpho-sedimentary
records of active tectonics at the Kameng river exit,
NE Himalaya. Geomorphology, 96, 187—-198.

SRIVASTAVA, P. & MITRA, G. 1994. Thrust geometries
and deep structure of the outer and lesser Hima-
laya, Kumaon and Garhwal (India): Implications for
evolution of the Himalayan fold-and-thrust belt. Tec-
tonics, 13, 89—-109.

SRIVASTAVA, P. & MITRA, G. 1996. Deformation mechan-
isms and inverted thermal profile in the North Almora
Thrust mylonite zone, Kumaon Lesser Himalaya,
India. Journal of Structural Geology, 18, 27-39.

STEPHENSON, B. J., WATERS, D. J. & SEARLE, M. P. 2000.
Inverted metamorphism and the Main Central Thrust:
field relations and thermobarometric constraints from
the Kishtwar Window, NW Indian Himalaya. Journal
of Metamorphic Geology, 18, 571-590.

STEPHENSON, B. J., SEARLE, M. P., WATERS, D. J. & REX,
D. C. 2001. Structure of the Main Central Thrust zone
and extrusion of the High Himalayan deep crustal
wedge, Kishtwar—Zanskar Himalaya. Journal of the
Geological Society, London, 158, 637-652, http://
doi.org/10.1144/jgs.158.4.637

ST-ONGE, M. R., SEARLE, M. P. & Wobicka, N. 2006.
Trans-Hudson Orogen of North America and Hima-
laya—Karakoram—Tibetan Orogen of Asia: structural
and thermal characteristics of the lower and upper
plates. Tectonics, 25, TC4006.

STREULE, M. J., STRACHAN, R. A., SEARLE, M. P. & LAw,
R. D. 2010. Comparing Tibet—Himalayan and
Caledonian crustal architecture, evolution and moun-
tain building processes. In: Law, R. D., BUTLER,
R. W. H., HoLbsworTH, R. E., KRABBENDAM, M.,

STRACHAN, R. A. (eds) Continental Tectonics and
Mountain Building: The Legacy of Peach and Horne.
Geological Society, London, Special Publications,
335, 207-232, http://doi.org/10.1144 /SP335.10

THAKUR, V. C. 1998. Structure of the Chamba nappe and
position of the Main Central thrust in Kashmir Hima-
laya. Journal of Asian Earth Sciences, 16, 269—-282.

THAKUR, V. C. 2013. Active tectonics of Himalayan
Frontal Fault system. International Journal of Earth
Sciences, 102, 1791-1810.

THAKUR, V. C. & PANDEY, A. K. 2004. Late Quaternary
tectonic evolution of Dun in fault bend/propagated
fold system, Garhwal Sub-Himalaya. Current
Science, 87, 1567—-1576.

THAKUR, V. C., PANDEY, A. K. & SURESH, N. 2007. Late
Quaternary-Holocene evolution of Dun structure and
the Himalayan Frontal Fault zone of the Garhwal Sub-
Himalaya, NW India. Journal of Asian Earth Sciences,
29, 305-319.

THAKUR, V. C., JAYANGONDAPERUMAL, R. & MALIK,
M. A. 2010. Redefining Medlicott—Wadia’s main
boundary fault from Jhelum to Yamuna: an active
fault strand of the main boundary thrust in northwest
Himalaya. Tectonophysics, 489, 29—-42.

THAKUR, V. C., JosHI, M., SAHU, D., SURESH, N., JAYAN-
GONDAPERUMAL, R. & SINGH, A. 2014. Partitioning of
convergence in Northwest Sub-Himalaya: estimation
of late Quaternary uplift and convergence rates
across the Kangra reentrant, North India. International
Journal of Earth Sciences, 103, 1037-1056.

Trwari, B. N., VErRMA, B. C. & BHANDARI, A. 2006.
Record of Prodeinotherium (Proboscidea: Mammalia)
from mid-Tertiary Dharmsala Group of Kangra
Valley, NW Himalaya, India: biochronological and
palaeobiogeographical implications. Journal of the
Paleontological Society of India, 51, 93—100.

ToBGAy, T., MCQUARRIE, N., LoNG, S., KouN, M. J. &
CORRIE, S. L. 2012. The age and rate of displacement
along the Main Central Thrust in the western Bhutan
Himalaya. Earth and Planetary Science Letters,
319-320, 146-158.

TSHERING, P. 2007. Detrital Muscovite Thermochronology
in two Drainage Basins in Western Bhutan. MSc thesis,
Masschusetts Institute of Technology.

UPRETL B. N. 1999. An overview of the stratigraphy and
tectonics of the Nepal Himalaya. Journal of Asian
Earth Sciences, 17, 577-606.

UPRETI, B. N., SHARMA, T. & MERH, S. S. 1980. Structural
geology of Kusma-Sirkang section of the Kali Gandaki
valley and its bearing on the tectonic framework of
Nepal Himalaya. Tectonophysics, 62, 155—164.

VAIDYANATHAN, N. S., SHARMA, G., SINHA, R. & DixIT,
0. 2002. Mapping of erosion intensity in the Garhwal
Himalaya. International Journal of Remote Sensing,
23, 4125-4129.

VALDIYA, K. S. 1980. The two intracrustal boundary thrusts
of the Himalaya. Tectonophysics, 66, 323—348.

VaLbpiya, K. S. 2001. Reactivation of terrane-defining
boundary thrusts in central sector of the Himalaya:
implications. Current Science, 81, 1418—1431.

VALDIYA, K. S. 2003. Reactivation of Himalayan Frontal
Fault: implications. Current Science, 85, 1031-1040.

VANNAY, J.-C. & HobaEs, K. V. 1996. Tectonomorphic
evolution of the Himalayan metamorphic core


http://doi.org/10.1144/jgs.158.4.637
http://doi.org/10.1144/jgs.158.4.637
http://doi.org/10.1144/jgs.158.4.637
http://doi.org/10.1144/SP335.10
http://doi.org/10.1144/SP335.10
http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ by guest on August 18, 2015

108 S. MUKHERIJEE

between the Annapurna and Dhaulagiri, central Nepal.
Journal of Metamorphic Geology, 14, 635—-656.

VASSALLO, V., VIGNON, V. ET AL. 2012. A future big one
in the North-West Himalayan syntax? European Geos-
ciences Union General Assembly, 22—27 April 2012,
Vienna, Austria. Geophysical Research Abstracts, 14,
EGU2012-10839.

VASSALLO, R., MUGNIER, J.-L. ETAL.2015. Distribution of
the Late-Quaternary deformation in Northwestern
Himalaya. Earth and Planetary Science Letters, 411,
241-252.

VERMA, M. & BANsAL, B. K. 2014. Active fault research
in India: achievements and future perspective. Geo-
matics, Natural Hazards and Risks, first published
online January 3, 2014, http://doi.org/10.1080/
19475705.2013.868371

VIGNON, V., MUGNIER, J-L. ET AL. 2010. Active tectonic
of the Medlicott Wadia Thrust (Western Himalaya)
inferred from morphotectonic analysis. Abstract
#EP43E-01 presented at the American Geophysical
Union, Fall Meeting, 13-17 December 2010,
San Francisco, CA, USA.

VirDI, N. S., PHILIP, G. & BHATTACHARYA, S. 2006. Neo-
tectonic activity in the Markanda and Bata river basins,
Himachal Pradesh, NW Himalaya: a morphotectonic
approach. International Journal of Remote Sensing,
27, 2093-2099.

WALIA, V., MAHAJAN, S., KUMAR, A., SINGH, S., BATWA,
B. S., DHAR, S. & YANG, T. F. 2008. Fault delineation
study using soil—gas method in the Dharamsala area,
NW Himalayas, India. Radiation Measurements, 43,
S337-S342.

WALSH, L. S., MARTIN, A.J., OJHA, T. P. & FEDENCZUK, T.
2012. Correlation of fluvial knickzones with landslide
dams, lithologic contacts, and faults in the south-
western Annapurna Range, central Nepalese Himalaya.
Journal of Geophysical Research, 117, FO1012.

WANG, J. M., ZHANG, J. J. & WaNG, X. X. 2013. Structural
kinematics, metamorphic P-T profiles and zircon
geochronology across the Greater Himalayan Crystal-
line Complex in south-central Tibet: implication for
a revised channel flow. Journal of Metamorphic
Geology, 31, 607-628.

WARREN, C. J., Grusic, D. & KEeLLETT, D. A. 2011.
Probing the depths of the India-Asia collision: U—
Th-Pb monazite chronology of granulites from NW
Bhutan. Tecronics, 30, TC2004.

WARREN, C.J., Gruiic, D., COTTLE, J. M. & ROGERS, N. W.
2012. Constraining cooling histories: rutile and titanite
chronology and diffusion modelling in NW Bhutan.
Journal of Metamorphic Geology, 30, 113—130.

WARREN, C. J., SINGH, A. K., ROBERTS, N. M. W., REGIS,
D., HALTON, A. M. & SINGH, R. B. 2014. Timing and
conditions of peak metamorphism and cooling across
the Zimithang Thrust, Arunachal Pradesh, India.
Lithos, 200-201, 94—110.

WEBB, A. A. G. 2013. Preliminary balanced palinspastic
reconstruction of Cenozoic deformation across the
Himachal Himalaya (northwestern India). Geosphere,
9, 572-587.

‘WHIPPLE, K. X. 2014. Can erosion control tectonics? Data
from the eastern Himalaya challenge the idea that
climate-driven erosion can control the tectonics.
Science, 346, 918—-919.

WIESMAYR, G. & GRASEMANN, B. 2002. Eohimalayan fold
and thrust belt: implications for the geodynamic evol-
ution of the NW-Himalaya (India). Tectonics, 21,
1058.

WIESMAYR, G., EDWARDS, M. A., MEYER, M., Kipp,
W. S. F., LEBER, D., HAUSLER, L. & WANGDA, D.
2002. Evidence for steady fault-accommodated strain
in the High Himalaya: progressive fault rotation of
the southern Tibet detachment system in NW Bhutan.
In: DE MEER, S., DRURY, M. R., DE BRESSER,
J. H. P. & PENNOCK, G. M. (eds) Deformation Mechan-
ism, Rheology and Tectonics: Current Status and
Future Perspectives. Geological Society, London,
Special Publications, 200, 371-386, http://doi.org/
10.1144/GSL.SP.2001.200.01.21

Wosus, C. W., Hopaes, K. V. & WHIPPLE, K. X. 2003.
Has focused denudation sustained active thrusting
at the Himalayan topographic front? Geology, 31,
861-864.

Wosus, C. W., WHIPPLE, K. X. & HobpGes, K. V. 2006.
Neotectonics of the central Nepalese Himalaya: con-
straints from geomorphology, detrital 40Ar/39Ar ther-
mochronology, and thermal modeling. Tectonics, 25,
TC4011.

YAKYMCHUK, C. & GODIN, L. 2012. Coupled role of defor-
mation and metamorphism in the construction of
inverted metamorphic sequences: an example from far-
northwest Nepal. Journal of Metamorphic Geology,
30, 513-535.

YEATS, R. S. & THAKUR, V. C. 1998. Reassessment of
earthquake hazard based on a fault-bend fold model
of the Himalayan plate boundary fault. Current
Science, 74, 230-233.

YEATS, R. S., NAKATA, T., FARAH, A., FOrRT, M., MIRZA,
M. A., PANDEY, M. R. & STEIN, R. S. 1992. The Hima-
layan frontal fault system. Annales Tectonicae Special
Issue, VI, 85-98.

YHOKHA, A., CHANG, C.-P., Goswawmi, P. K., YEN, J.-Y. &
LEE, S. L. 2015. Surface deformation in the Himalaya
and adjoining piedmont zone of the Ganga Plain, Uttar-
akhand, India: determined by different radar interfero-
metric techniques. Journal of Asian Earth Sciences,
first published online March 20, 2015, http://doi.
org/10.1016/j.jseaes.2015.02.032

YiN, A. 2006. Cenozoic tectonic evolution of the Hima-
layan orogen as constrained by along-strike varia-
tion of structural geometry, exhumation history, and
foreland sedimentation. Earth-Science Reviews, 76,
1-131.

YIN, A. & Harrison, T. M. 2000. Geologic evolution of
the Himalayan—Tibetan orogen. Annual Review of
Earth and Planetary Sciences, 28, 211-280.

YN, A., DuBey, C. S., KeLty, T. K., GEHRELS, G. E.,
CHou, C. Y., GROVER, M. & Lovera, O. 2006.
Structural evolution of the Arunachal Himalaya and
implications for asymmetric development of the Hima-
layan orogen. Current Science, 90, 195-206.

YIN, A., DUBEY, C. S., WEBB, A. A. G., VERMA, P. K.,
KEeLTY, T. K. & HARRISON, T. M. 2008. The Central
Crystallines around Hapoli, Subansiri, Eastern Hima-
layas. Himalayan Journal of Science, 5, 174—175.

YIN, A., DuBEyY, C. S., KeLty, T. K., WEBB, A. A. G.,
HARRISON, T. M., CHOU, C. Y. & CELERIER, J. 2009.
Geologic correlation of the Himalayan orogen and


http://doi.org/10.1080/19475705.2013.868371
http://doi.org/10.1080/19475705.2013.868371
http://doi.org/10.1080/19475705.2013.868371
http://doi.org/10.1144/GSL.SP.2001.200.01.21
http://doi.org/10.1144/GSL.SP.2001.200.01.21
http://doi.org/10.1144/GSL.SP.2001.200.01.21
http://doi.org/10.1016/j.jseaes.2015.02.032
http://doi.org/10.1016/j.jseaes.2015.02.032
http://doi.org/10.1016/j.jseaes.2015.02.032
http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ by guest on August 18, 2015

OUT-OF-SEQUENCE THRUSTS 109
Indian craton: Part 2. Structural geology, geochro- 2015. Timing and conditions of metamorphism and
nology, and tectonic evolution of the Eastern Hima- melt crystallization in Greater Himalayan rocks,
laya. Geological Society of America Bulletin, 122, eastern and central Bhutan: insight from U-Pb
360-395. zircon and monazite geochronology and trace-
Yu, H. & WEBB, A. A. G. 2012. Assembly of the Lesser element analyses. Contributions to Mineralogy and
Himalayan duplex along the Tons Valley, north- Petrology, 169, http://doi.org/10.1007/s00410-015-
western India. Abstract Volume. 27th Himalaya— 1143-6
Karakoram—Tibet Workshop. Journal of Nepal ZHANG, Z., X1ANG, H., DoNG, X., DING, H. & HE, Z.
Geological Society, 45, 61-62. 2015. Long-lived high-temperature granulite-facies
Yu, H., WEBB, A. & HE, D. 2015. Extrusion v. duplexing metamorphism in eastern Himalayan orogen, south
models of Himalayan mountain building 1: discovery Tibet. Lithos, 212-213, 1-15.
of the Pabbar thrust confirms duplex-dominated ZHENG, Y., ZHANG, J., WANG, J., ZHANG, B., WANG, X. &
growth of the northwestern Indian Himalaya since WANG, M. 2014. Rapid denudation of the Himalayan
Mid-Miocene. Tectonics, 34, 313-333. orogen in the Nyalam area, southern Tibet, since the
ZEIGER, K., GOrDON, S. M., LoNG, S. P., KYLANDER- Pliocene and implications for tectonics—climate coup-

CLARK, A. R. C., AcusTssoN, K. & PENFoOLD, M. ling. Chinese Bulletin of Science, 59, 874—885.


http://doi.org/10.1007/s00410-015-1143-6
http://doi.org/10.1007/s00410-015-1143-6
http://sp.lyellcollection.org/

