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Preliminary balanced palinspastic reconstruction of Cenozoic 
deformation across the Himachal Himalaya (northwestern India)

A. Alexander G. Webb*
Department of Geology and Geophysics, Louisiana State University, Baton Rouge, Louisiana 70803, USA

ABSTRACT

A line-length balanced palinspastic recon-
struction across the Himachal Himalaya is 
presented, highlighting different phases of 
Himalayan tectonic development: Eocene 
shortening of the north Indian margin, 
Early–Middle Miocene emplacement of the 
crystalline core, and subsequent growth of 
the range by underplating. The total pre-
served shortening is 518 km (72%). The 
reconstruction demonstrates geometric 
feasibility of crystalline core emplacement 
via tectonic wedging, i.e., between a south-
directed thrust (the Main Central thrust) 
and a north-directed backthrust (the South 
Tibet detachment). Crystalline core expo-
sure between these faults occurs ca. 5 Ma 
in the reconstruction; initial exposure of 
these crystalline rocks ca. 11 Ma probably 
occurred in the hinterland within core com-
plexes accommodating east-west extension. 
After Early–Middle Miocene crystalline core 
emplacement, ongoing orogenic growth is 
dominated by underplating processes. Out-
of-sequence faulting accomplishes <5% of 
this shortening; frontal accretion of foreland 
rocks occurs, but the resulting imbricate 
fan is largely eroded away. Over the past 
3–5 m.y., an antiformal stack of mid-crustal 
horses and a hinterland-dipping duplex of 
upper crustal horses develop simultaneously. 
Minimum total shortening across the west-
ern Himalaya (from undeformed foreland to 
the India-Asia suture) is estimated by adding 
the new results and results from prior work 
to the north; an estimate of ~703–773 km 
of assessed shortening is calculated. How-
ever, because large portions of the regional 
deformation remain unassessed, estimates of 
~900–1100 km may more accurately refl ect 
the minimum preserved shortening here. 
This range is comparable to the ~1350 km 

of shortening estimated by plate circuit 
reconstructions for this region. Apparent 
mismatch between geologic and plate circuit 
shortening estimates has recently instigated 
the new Greater India Basin hypothesis for 
two Cenozoic collisions along Asia’s southern 
margin, but the new results suggest that this 
mismatch may not exist.

INTRODUCTION

A broad spectrum of growth modes and 
mechanisms has been proposed to explain por-
tions of the Himalayan tectonic development 
since closure of the Tethys Ocean ~50 m.y. 
ago. Ongoing orogenic growth is variably 
modeled via Mohr-Coulomb critical taper 
wedge development, or wedge growth by 
accumulated incremental slip events involv-
ing out-of-sequence faulting, frontal accretion, 
and/or underplating (e.g., Davis et al., 1983; 
Price, 1988; Dahlen, 1990; Schelling and Arita, 
1991; Harrison et al., 1997; Hodges et al., 2001; 
Avouac, 2003, 2007; Robinson et al., 2003, 
2006; Bollinger et al., 2004; Konstantinovskaia 
and Malavieille, 2005; Wobus et al., 2005; Her-
man et al., 2010). The emplacement of the oro-
genic crystalline core is proposed to occur by 
wedge extrusion (e.g., Burchfi el and Royden, 
1985; Grujic et al., 1996; Kohn, 2008), middle 
and/or lower crustal channel flow coupled 
to climate-induced, orographically focused 
denudation (e.g., Nelson et al., 1996; Beau-
mont et al., 2001, 2004; Hodges et al., 2001), 
and tectonic wedging (e.g., Yin, 2006; Webb 
et al., 2007, 2013; Kellett  and Grujic , 2012). All 
these processes are proposed to occur within a 
single progressive collision, but a new hypoth-
esis posits  that the Hima layan orogen records 
not one, but two Cenozoic collisions with Asia: 
subduction of a Tethyan-Tibetan microconti-
nent ca. 50 Ma followed by subduction of India 
ca. 25–20 Ma (van Hins bergen et al., 2012).

Viabilities of many tectonic hypotheses have 
been examined across the central segment of 

the northwestern Indian Himalaya, i.e., the 
Himachal  Himalaya, because this region has 
key advantages. First, crystalline core occur-
rences are highly variable along strike, providing 
unique exposures of bounding structures (e.g., 
Thakur and Rawat, 1992; DiPietro and Pogue, 
2004; Yin, 2006; Webb et al., 2007). Second, 
rocks accreted to the orogen here over the past 
~10 m.y. display the best-defi ned and highest-
variance stratigraphy along the range, and thus 
offer the promise of the highest-resolution recon-
struction of ongoing deformation processes (e.g., 
Srikantia and Sharma, 1976; Richards  et al., 
2005; Célérier et al., 2009a, 2009b; McKenzie 
et al., 2011). A synthesis of new and existing data 
(Webb et al., 2011a) indicated that the tectonic 
development here involves emplacement of the 
crystalline core via tectonic wedging, succeeded 
by orogenic growth dominated by underplating, 
which continues at present.

In this study this tectonic wedging-under-
plating evolution is modeled via a line-length 
balanced palinspastic reconstruction. Three 
primary purposes are accomplished: (1) the 
cogency of the tectonic wedging-underplating 
evolutionary model and corresponding inter-
pretation of the current subsurface geology are 
tested; (2) the geometry of faults and topogra-
phy during stages of Himalayan orogenesis are 
explored; and (3) a new minimum shortening 
estimate is determined. As discussed herein, 
shortening estimates provide key tests of the 
new idea that the Himalaya records two Ceno-
zoic collisions along Asia’s southern margin, 
termed the Greater India Basin hypothesis (van 
Hinsbergen et al., 2012).

HIMALAYAN OROGENESIS

Geologic Framework

The Himalayan orogen marks the colli-
sion front between the continents of India and 
Asia (Fig. 1). It is dominated by a stack of four 
largely north-dipping, fault-bound units (Heim 
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and Gansser, 1939; Gansser, 1964; Le Fort, 
1975; Hodges, 2000; DeCelles et al., 2001; 
Yin, 2006). From south to north, these units are 
(1) the Sub-Himalayan Sequence, foreland basin 
rocks accreted to the growing orogen; (2) the 
low-grade Lesser Himalayan Sequence, main 
locus of orogenic growth via fold-thrust belt 
development since the Middle Miocene; (3) the 
high-grade Greater Himalayan Crystalline com-
plex (GHC), bound below and above by the 
Main Central thrust and South Tibet detachment 
shear zones, respectively; and (4) the Tethyan 
Himalayan Sequence (THS), deformed in an 
Eocene–Oligocene fold-thrust belt (e.g., Heim 
and Gansser, 1939; Hodges, 2000; Yin, 2006). 
The Indus-Yarlung suture zone separates these 
rocks from the Asian plate to the north, and is 
generally marked by the south-dipping, north-
directed Great Counter thrust (Yin et al., 1994, 
1999; Murphy et al., 2009; Zhang et al., 2011). 
The Main Central thrust, South Tibet detach-
ment, and Great Counter thrust were active dur-
ing the Early to Middle Miocene (Burchfi el and 
Royden, 1985; Burchfi el et al., 1992; Hodges 
et al., 1992, 1996; Harrison et al., 2000; Searle, 
2010; DeCelles et al., 2011).

Models for the Assembly of the Himalayan 
Tectonic Units

Models of Himalayan deformation generally 
feature shortening with lesser lateral spreading, 
but the juxtaposition of the major tectonic units 
has also been proposed to involve signifi cant 
normal faulting along the South Tibet detach-
ment (e.g., Hodges, 2000). Such normal faulting 
is a key element for two of the three models to 
explain GHC emplacement, i.e., wedge extru-
sion (Burchfi el and Royden, 1985) and channel 
fl ow coupled to focused denudation (Beaumont 
et al., 2001), whereas tectonic wedging involves 
only thrusting (Yin, 2006; Webb et al., 2007). 
Wedge extrusion shows the GHC as a north-dip-
ping, northward-tapering wedge that extrudes to 
the south between the Main Central thrust and 
South Tibet detachment (Fig. 2A). In this model, 
South Tibet detachment normal faulting may be 
driven by rotation of principal stresses along 
the topographic front (Burchfi el and Royden, 
1985), or may represent local gravitational col-
lapse within a critical taper orogen (e.g., Burg 
et al., 1984; Robinson et al., 2006; Kohn, 2008). 
In channel fl ow-focused denudation models, 
the GHC represents partially molten lower 
and/or middle crust that tunneled southward 
in the Eocene–Oligocene, driven by the gravi-
tational potential of the high plateau (Fig. 2B). 
During this period, the South Tibet detachment 
kinematics match those of a ductile backthrust 
(e.g., see fi g. 3A of Beaumont et al., 2001). In 

the Early and Middle Miocene, the channel is 
exhumed between active faults (the Main Cen-
tral thrust and South Tibet detachment) by ero-
sion across a narrow zone where precipitation 
is focused by the orography of the topographic 
front (e.g., Beaumont et al., 2001, 2004; Hodges 
et al., 2001); thus the South Tibet detachment 
acts as a normal fault then. In a tectonic wedg-
ing model, top-to-the-north motion along the 
South Tibet detachment represents tens of 
kilome ters of backthrusting, which splays from 
the Main Central thrust in the Early and Middle 
Miocene (Fig. 2C). The top-to-the-north South 
Tibet detachment links to the north-directed 
Great Counter thrust (Yin et al., 1999).

Models for Ongoing Mountain-Building 
Processes

The Main Central thrust was the Himalayan 
sole thrust until ca. 10–15 Ma (e.g., Hodges 
et al., 1996; Kohn et al., 2004; Tobgay et al., 
2012). Shortening since this time incorporates 
the Lesser Himalayan Sequence and the Sub-
Himalayan Sequence into the growing oro-
gen (e.g., DeCelles et al., 2001). Three plane 
strain models have been proposed to explain 
the growth of the Himalaya since the Middle 
Miocene. These models are end members, and 
thus may work in concert: (1) frontal accre-
tion during forward-propagating thrusting (e.g., 
Schelling and Arita, 1991); (2) underplating of 
thrust horses from the downgoing plate to the 
fold-thrust belt along a ramp of the Himalayan 
sole thrust (e.g., Robinson et al., 2003; Bollinger 
et al., 2004, 2006; Murphy, 2007); and (3) out-
of-sequence faulting, likewise associated with 
a ramp of the sole thrust (e.g., Harrison et al., 
1997; Wobus et al., 2005) (Fig. 3). Proposed 
out-of-sequence faults commonly coincide with 
the northern trace of the Main Central thrust, 
giving rise to terminology like MCT-I (ca. 
10–15 Ma to ca. 1–2 Ma [to recent?] out-of-
sequence fault) and MCT-II (sole thrust until ca. 
10–15 Ma) (e.g., Upreti, 1999). The MCT-I is 
commonly correlated with the Munsiari thrust, 
particularly in the northwestern India Hima-
laya (e.g., Vannay et al., 2004). In this study the 
MCT-I is termed the Munsiari thrust, and the 
MCT-II termed the Main Central thrust.

Debate over ongoing deformation centers on 
underplating versus out-of-sequence concepts 
because these models explain a zone of rapid 
uplift observed across the central band of the 
Himalaya. The hanging wall of the proposed 
out-of-sequence fault (i.e., the Munsiari thrust) 
coincides in map view with the proposed under-
plating region in an ~20–50-km-wide, orogen-
parallel zone coincident with a belt of shallow 
seismicity and featuring the steepest topography, 

highest river incision rates, and highest uplift 
and exhumation rates along the main length of 
the arc (e.g., Seeber and Gornitz, 1983; Lave 
and Avouac, 2001; Wobus et al., 2005). Detailed 
thermokinematic modeling of thermochrono-
metric data from this zone (and more southern 
regions) has failed to rule out either underplat-
ing or out-of-sequence models (Wobus et al., 
2006; Whipp et al., 2007; Herman et al., 2010). 
Some investigations suggest a late Pliocene 
increase in erosion and/or exhumation rates, 
a change that correlates with increased sedi-
mentation in the Indus fan and indicators of an 
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C  Tectonic wedging

Figure 2. Kinematic models for the emplace-
ment of the Greater Himalayan Crystalline 
complex (GHC) between the Main Central 
thrust and the South Tibet detachment 
(after Webb et al., 2011a). THS—Tethyan 
Hima layan Sequence; ITS—Indus-Tsangpo 
suture zone; LHS—Lesser Himalayan 
Sequence; E—Early; M—Middle. (A) Wedge 
extrusion and (B) channel flow-focused 
denudation involve extrusion of the Greater 
Himalayan Crystalline complex to the sur-
face between two surface-breaching faults 
(e.g., Burchfiel and Royden, 1985; Beau-
mont et al., 2001). In contrast, (C) tectonic 
wedging shows emplacement of this unit at 
depth, with the two faults merging to the 
south (e.g., Webb et al., 2007).
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increasingly wet climate (e.g., Huntington et al., 
2006; Clift et al., 2008; Thiede et al., 2009; cf. 
Herman et al., 2010). Uplift and erosion rates do 
not correlate consistently with modern precipi-
tation patterns, so a simple relationship between 
precipitation, erosion, and structural evolution 
may be precluded (e.g., Burbank et al., 2003; 
Bookhagen and Burbank, 2006; Blythe et al., 
2007; Thiede et al., 2009; cf. Wobus et al., 2003, 
2005). Nonetheless, in the absence of a known 
change in tectonic regime, climate-driven ero-
sion is the most likely cause of increased exhu-
mation rates in the late Pliocene (e.g., Molnar 
and England, 1990). Analog (sandbox) experi-
ments featuring erosion, multiple décollements, 
and dominant underplating with lesser frontal 
accretion are proposed to reproduce the ca. 
10–15 Ma to Holocene pattern of Himalayan 
deformation (Konstantinovskaia and Malavie-
ille, 2005; Avouac, 2007). Such models produce 
an antiformal stack formed by deep underplat-
ing in the hinterland, underlying a zone of maxi-
mum exhumation. Toward the foreland, either 
hinterland-dipping imbricate stacks formed by 
frontal accretion or duplexes formed by shallow 
underplating are generated.

Total Himalayan Shortening: Estimates 
and Implications

India-Asia collisional shortening estimates 
from plate circuit reconstructions far exceed 
known geological shortening (Patriat and 
Achache , 1984; van Hinsbergen et al., 2011a). 
Plate circuits derived from seafl oor magnetic 
anomaly data show ~2400 and ~3200 km of 
shortening (at longitudes of western and east-
ern Himalayan syntaxes, respectively) between 
stable Eurasia and stable India since a commonly 
cited collisional age of 50 Ma (Molnar and 
Tapponnier, 1975; Patriat and Achache, 1984; 
Dewey et al., 1989; Torsvik et al., 2008; Molnar  
and Stock, 2009; Cande et al., 2010; Copley 
et al., 2010; van Hinsbergen et al., 2011b; White 
and Lister, 2012). Geological shortening esti-
mates since 50 Ma across deformed portions of 
Asia are only ~1050 km (Pamirs), ~750 km (cen-
tral Tibet through Mongolia), ~600 km (eastern 
and northeastern Tibet) (van Hinsbergen et al., 
2011a). Similar estimates across deformed por-
tions of India (i.e., the Himalaya) range from 
600 to 900 km (see summary of Long et al., 
2011a). Resulting shortening defi cits range from 
~750 km in the west [2400 – (1050 + 600)], 
~1150 km in the center [2800 – (750 + 900)], 
to ~1950 km in the east [3200 – (600 + 650)]. 
Although the Asian shortening estimates are 
preliminary and geological shortening estimates 
are generally minimums, the magnitude of the 
defi cits suggests that large volumes of India may 

have been subducted below Asia without leaving 
a shortening record in the Himalaya (Dupont-
Nivet et al., 2010; van Hinsbergen et al., 2011a). 
This possibility led to the recent Greater India 
Basin hypothesis that the Himalaya records two 
Cenozoic collisions along Asia’s southern mar-
gin (van Hinsbergen et al., 2012). In short, this 
hypothesis posits that a microcontinent domi-
nated by the THS collided with Asia ca. 50 Ma, 
followed by subduction of a Greater India Basin 
dominated by oceanic lithosphere. This subduc-
tion left little shortening record, and terminated 
with the collision of the Indian and Asian cra-
tons ca. 25 Ma, with the (currently unidentifi ed) 
suture zone occurring within the GHC.

GEOLOGY OF THE HIMACHAL 
HIMALAYA

The geology of the Himachal Himalaya 
is generally consistent with the stack of four 
largely north-dipping, fault-bound units 
described here. A key exception is that from 
east to west, the immediate Main Central thrust 
hanging wall changes from an inverted meta-
morphic sequence consistent with the GHC to a 
right-way-up metamorphic sequence consistent 
with the THS (e.g., Thakur, 1998; DiPietro and 
Pogue, 2004; Leger et al., 2013). Yin (2006) 
speculated that this transition may result from 
the merging of the South Tibet detachment and 
Main Central thrust at the leading edge of the 
GHC. Field mapping and kinematic analysis 
confi rm this, showing the southernmost South 
Tibet detachment overturned within the top-
to-the-southwest overturned Phojal anticline 
and intersecting the Main Central thrust (Webb 
et al., 2007, 2011a). The region also contains 
the orogen’s richest combination of Main Cen-
tral thrust footwall stratigraphy, structure, and 
existent thermochronological data (Figs. 1 and 
4; Table 1) (e.g., Valdiya, 1980; Webb et al., 
2011a). Further details of the regional geology 
are briefl y noted in the following (for a detailed 
review, see Webb et al., 2011a).

The Sub-Himalayan Sequence here con-
sists of lower shallow-marine strata and upper 
continental deposits. The Lesser Himalayan 
Sequence is divided into four units: (1) the Neo-
proterozoic–Cambrian Outer Lesser Himalayan 
Sequence, (2) the Paleoproterozoic–Neoprotero-
zoic Damtha and Deoban Groups, (3) the 
Paleoproterozoic Berinag Group, and (4) the 
Paleoproterozoic Munsiari Group. All Lesser 
Himalayan Sequence units are dominated by 
metasiliciclastic and/or siliciclastic rocks except 
the Deoban Group, which is composed largely 
of carbonates, and the Munsiari Group, which 
contains ca. 1.85 Ga orthogneiss and para-
gneiss. A laterally discontinuous strip of gra-
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Main Central thrust
Future
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Figure 3. End-member models for the 
structural evolution of the Main Central 
thrust footwall and the ongoing growth of 
the Himalayan orogen. Frontal accretion 
involves growth of the range by forward 
propagation of thrusting at the leading edge 
of the thrust belt (after Schelling and Arita, 
1991). LHS—Lesser Himalayan Sequence. 
Underplating involves incorporation of 
thrust horses to the growing orogen at depth 
along the sole thrust (after Bollinger et al., 
2004). Active and/or recent out-of-sequence 
thrusting divides the orogenic hanging wall 
into two structural plates, both being thrust 
to the south (after Harrison et al., 1997; 
Hodges et al., 2001; Thiede et al., 2004).



Webb

576 Geosphere, June 2013

Pabbar River

Chandrabhaga River

Tso      M
orari

Beas River

Sutlej River

Sutlej River

Spiti River
Beas
River

Tons River

Alaknanda River

Bhagirathi

        
River

KN

TI

Z-CGHC
Z-CGHC

Z-CGHC

KG

P-J

P-J

P-J

P-J

O-C

Z-CH

Z-CH

Z-CH

Z-CH

Z-CH

Z-CH

Z-CH

Z-CH

Z-CH

Z-CH

Z-CH

XW

XW

XW

XW

C-O

C-O

C-O

C-O

C-O

C-O

C-O

C-O

C-O

ZC

ZC
XBA

XBA

XBA

XBE

XBE

XBE

XBE

XBE

X/X

X/X

XD XD

XD

XD

Y-Z

Y-Z

Y-Z

Y-Z
Y-ZD

Y-Z

ZB

ZB

ZB

ZS

ZS

ZS

Z-CK

Z-CK

Z-CH

CT

E/M

K/E

K/E

MLD
MUD

MLS

XBA

MMS

X/Z

CP

TL

XW

M-Q

M-Q

M-Q

M-Q

M-Q

M-Q

M-Q

MMS

MMS

MMS

MMS

MLS

MLS

MLS

MLS

MLS

MLS

MLS

K/E

K/E

K/E

K/E

MUD

MUD

MUD

MUD

CT

CT

P-J

O-C

O-C

P-J

P-J

O-C

O-C

CP

MUD

KG

KG

Q Q

Q

Q

Q

Y-Z

Z-CH

KN

Q

Z-CGHC

Z-CGHC

XJ

SHIMLA

M

E

X

77°E 
78°E 

33
°N

32
°N

31
°N

78°E 79°E 

33°N
32°N

31°N
30°N

A

A′

Bilaspur 

Bilaspur 

  thrust
  thrust

Main Frontal thrust

Main Frontal thrust

Palampur

Palampur

Great Counter     Great Counter     
          thrust           thrust 
                system                system

DEHRA DUN

Chaura thrustChaura thrust

Mata Nappe
Mata Nappe

South Tibet detachment

South Tibet detachment

Krol 
Krol Tons thrust

Tons thrust
Berinag thrust

Berinag thrust

Munsiari thrust

Munsiari thrust

Sarchu Normal 

Sarchu Normal Fault
Fault

Spiti Synclinorium

Spiti Synclinorium

Chamba Synclinorium

Chamba Synclinorium

Tandi Syncline

Tandi Syncline

LeoLeo
PargilPargil
DomeDomePhojal Anticline

Phojal AnticlineMain Central thrust

Main Central thrust

Dehra Dun Recess

Dehra Dun Recess

Mandi
Mandi

Indo-GangeticIndo-Gangetic
PlainPlain

Nahan belt
Nahan belt

Kullu
Kangra

Recess

thrust
thrust thrust

thrust

Spiti Synclinorium

Spiti Synclinorium

Narkanda
Half-Window

Uttarkashi

Half-Window

Zanskar shear zone
Zanskar shear zone

Lansdowne Lansdowne 
     klippe     klippe

Tso MorariTso Morari
                     UHP dome                     UHP dome

thrustthrust

Window

50  km0 10 20 30 40N

Sub-Himalayan Sequence
M-Q Upper Siwalik

Q Active depocenters

MLS Lower Siwalik

MMS Middle Siwalik

MUD Upper Dharamsala

MLD Lower Dharamsala

K/E Subathu and/or 
Singtali

E/M Lower Dharamsala
and/or Subathu Lesser Himalayan 

Sequence

O
ut

er
 L

es
se

r 
H

im
al

ay
a

Berinag

M
un

si
ar

i
G

ro
up

XBE

XW

XJ

CT Tal

Z-CK Krol

ZS Simla

ZB Basantpur

Y-Z Deoban

XD Damtha

Wangtu

Jeori

Darla volcanics

Berinag and/or
DamthaX/X

X/Z

Map Units

Tethyan Himalayan Sequence

S
ed

im
en

ta
ry

 R
oc

ks
Ig

ne
ou

s 
R

oc
ks

KG

P-J

O-C

CP

XBA

Giumal-Chikkim

Tandi

Thaple-Muth-Lipak

Parahio

Haimanta (with graphitic
quartzite marker beds)

Early Paleozoic 
granite
~830 Ma granite  
and/or granitic gneiss
Baragaon granitic 
gneiss

Z-CH

C-O

Indus Suture Zone

KN Nidar Ophiolite

TI Indus Molasse

Z-CGHC

Tertiary LeucograniteTL

Greater 
Himalayan 
Crystalline complex

river lake

ZC

Geological Symbols
Contacts and Folds

Solid: well located; dashed: approximately 
located; dotted: concealed and inferred

Lithologic Thrust fault Normal fault

Anticline overturned

plunging anticline

overturnedSyncline

overturned 
(synformal) anticline

South Tibet 
detachment

Overturned South 
Tibet detachment 

Main Central 
thrust

Key Structures

Chaura thrust

Berinag thrust

Munsiari thrust

Tons thrust

Krol thrustPhojal anticline

Figure 4 (on this and following page). (A) Geological map of the Himachal Himalaya (modifi ed from Webb et al., 2011a). Unit 
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nitic gneisses (Baragaon gneiss) lithologically 
correlative to the Munsiari Group occurs within 
the Main Central thrust zone. Protoliths of the 
GHC and lower THS (Haimanta Group) are 
dominated by Neoproterozoic–Cambrian silici-
clastics correlative to the Outer Lesser Hima-
layan Sequence and contain lesser volumes of 
early Paleozoic granite. Upper portions of the 
THS display a well-characterized Paleozoic–
Mesozoic sequence, with much of the Paleo-
zoic sequence missing to the south such that 
erosional remnants of Permian–Triassic rocks 
directly overlie the Haimanta Group (e.g., Frank 
et al., 1995; Vannay and Steck, 1995).

The GHC displays an inverted metamorphic 
fi eld gradient from garnet-staurolite–bearing 
rocks to migmatitic rocks near the top. The 
Lesser Himalayan Sequence and THS are 
largely anchizone to greenschist facies, with 
grade increasing in both units toward the GHC 
such that the regional temperature increase into 
the GHC across the bounding faults is gener-
ally <100 °C (e.g., Vannay and Grasemann, 
1998; Vannay et al., 1999; Caddick et al., 2007; 
Célérier et al., 2009a, 2009b; Chambers et al., 
2008, 2009; Leger et al., 2013).

Major fault zones and fault systems of the 
Main Central thrust footwall are southwest-
directed thrusts. From southwest to northeast, 
these are (1) the Main Frontal thrust, (2) the 
Sub-Himalayan thrust zone, (3) the Bilaspur-
Palampur thrust system, (4) the Krol-Mandi 
thrust system, (5) the Tons thrust, (6) the Beri-
nag thrust, (7) the Munsiari thrust, and (8) the 
Chaura thrust. Several large structural culmi-
nations are also exposed in the map area due to 
folding of major thrusts, i.e., the Narkanda half 
window, the Uttarkashi half window, and the 
Kullu window. The structural geometry of the 
eastern Kullu window is well correlated with 
the trace of the Sutlej River, as recorded by a 
river anticline (Oberlander, 1985; Montgomery 
and Stolar, 2006). In the west, the Kangra recess 
is the largest recess along the main Himala-
yan arc (e.g., Powers et al., 1998). The Main 
Central thrust and South Tibet detachment are 
both characterized by thick, dominantly ductile 
shear zones, 1–2 and 0.3–0.6 km thick, respec-
tively. Deformation within the Main Central 
thrust zone is uniformly  southwest-directed, 
whereas the South Tibet detachment records 
evidence of alternating northeast- and south-
west-directed shear (e.g., Jain et al., 1999). 
Every unit in the region records internal short-
ening: outcrop observations suggest that inter-
nal shortening is typically no less than ~10% 
and locally exceeds 50% (e.g., Vannay et al., 
2004; Webb et al., 2011a).

Kinematic models of ongoing deformation 
across the study area are based largely upon 
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TABLE 1. TECTONOSTRATIGRAPHY OF THE HIMACHAL HIMALAYA 

Unit name
(alternative name)

Lithologic description Thickness
(m)

Age constraints Nd, Sr isotopic 
constraints*

Himalayan Foreland** 
Upper Siwalik Fm† SM:enecotsielP–aM7noitisoped0032–0071~lgnoc,ss § N.D.

SM:aM7–11noitisoped0002–0031~lgnoc,hs,stlsronimhtiwssmFkilawiSelddiM § N.D.
SM:aM11–31noitisoped0031–007~hs,ssronimhtiwstlsmFkilawiSrewoL § N.D.

Upper Dharamsala Fm 
(Kasauli)

gray ss, minor sh (fl uvial and/or alluvial) ~1000–1300 deposition 16.5–13 Ma: MS, cf. detrital mica§ N.D.

Lower Dharamsala Fm 
(Dagshai)

ss, slts, sh, caliche (fl uvial and/or alluvial) to 1300 deposition 20–16.5 Ma: MS, cf. detrital mica§ N.D.

Subathu Fm ls, sh, minor fi ne-grained ss (shallow marine) to 200 latest Paleocene–Middle Eocene: fossils N.D.
Singtali Fm ls, minor quartz arenite (shallow marine) ~50, discontinuous Late Cretaceous–Paleocene: fossils†† N.D.

Lesser Himalayan Sequence: Outer Lesser Himalaya
norhcosisO-eR,setibolirt:nairbmaCrewoL005~stls,ssmFlaT ≤NPt*

0022–0051~stls,hsronimhtiwsl,ldpGlorK ca. 590–543 Ma: fossils, δ13C shift ≤NPt
Shimla Gp (Chandpur, 

Nagthat, Blaini)
sh (minor slate), slts, ss, with minor gw, tillite, 

congl
~3800–4100 younger than ca. 620 Ma: detrital U-Pb zrc; 

stratigraphically below Krol Gp
≤NPt

Basantpur Fm (Mandhali) interbedded ls, slts, sh (minor slate) >~300–640 839 ± 138 Ma: Re-Os isochron, Neoproterozic strom ≤NPt

Lesser Himalayan Sequence: Parautochthon
0003~>ss,trehc,hsronimhtiwsl,ld)ilahS(pGnaboeD ≥2 levels, lower: (latest Paleozoic?) Mesoproterozic, 

upper: Neoproterozic strom and other fossils
≥MPt*

Damtha Gp (Sundarnagar: 
Chakrata, lower member; 
Rautgara, upper member)

gw, slts, slate succeeded by qtzt, sl, basic sills 
and dikes

>~2900 ≥Paleoproterozic, stratigraphically below Deoban Gp N.D.

Lesser Himalayan Sequence: Berinag thrust hanging-wall rocks
Berinag Gp (Rampur, 

Manikaran)
greenschist facies sericitic quartz-arenite, 

metabasalt (sills, dikes, fl ows), minor sl
>~1000 younger than ca. 1.85–1.8 Ga: detrital U-Pb zrc, U-Pb 

zrc from metabasalt
qtzt: ≥MPt 

metabasalt: 
≤NPt

Lesser Himalayan Sequence: Munsiari Group
Wangtu gneiss (Bandal) dominantly granitic augen gneiss >~2000 younger than ca. 1.85 Ga: Rb-Sr whole rock, U-Pb zrc ≥MPt
Jeori metasedimentary 

rocks
paragneiss, mica schist, minor metabasite, qtzt, 

granitic gneiss
unknown some layers <~1.9 Ga, other layers >~2068 Ma: detrital 

U-Pb zrc, igneous U-Pb zrc
≥MPt

.D.NetizanombP-hT,crzbP-U:aM6-8.acnahtregnuoysekidkciht-m-4~ot)noitailofssiengutgnaWstucssorc(etitamgepcisleF

Greater Himalayan 
Crystalline complex

paragneiss, schist, orthogneiss ~4500–8000 some layers younger than ca. 850 Ma: detrital zrc, 
495 Ma orthogneiss: Rb/Sr

≤NPt

fosderdnuhotpuetinargocueL
meters thick

younger than ca. 27–20 Ma: U-Pb monazite, uraninite, 
Th-Pb monazite

N.D.

Tethyan Himalayan Sequence: Sedimentary rocks
.D.Nslissof:suoecaterC053~sl,hskcalb,ssnoisseccusmikkihC-lamuiG
.D.Nslissof:cissaruJ–naimreP0291~>tztq,stls,hs,etanobracpGidnaT

Thaple-Muth-Lipak 
succession

.D.Nslissof:suorefinobraC–naicivodrO0561~lgnoc,etanobrac,etinera-ztrauq,tztq,stls,hs

:nairbmaCelddim-elddim–nairbmaCrewol-tsomreppu007~)ciatledcitsalcicilis(hs,ssmFoiharaP
fossils

N.D.

Haimanta Gp phyllite, schist, garnet schist, graphitic schist, 
psammitic schist, minor carbonate, minor 
metabasalt

>~6250 younger than ca. 550 Ma–early Cambrian: trilobites, 
crosscutting igneous ages, detrital U-Pb zrc

≤NPt

Tethyan Himalayan Sequence: Igneous rocks
Early Paleozoic granitoids granite, minor mafi c enclaves, minor aplite, 

locally gneissic
to at least ~2000 Cambrian–Ordovician: Rb-Sr whole rock, U-Pb zrc ≤NPt

ca. 830 Ma (Chaur–Black 
Mountain) granite

.D.NcrzbP-U:aM038.ac0003~otssiengcitinarg,etinarg

crzbP-U,kcorelohwrS-bR:aG58.1.ac0011~otssiengdiotinargcitinolymssiengcitinargnoagaraB ≥MPt

Indus suture zone
Nidar Ophiolite ultramafi cs, gabbros, pillow basalts ~2100–2700 140.5 ± 5.3 Ma: Sm-Nd (plagioclase-clinopyroxene) N.D.

.D.NenecoEylraEnwonknulgnoc,ss,stls,hsessalomsudnI
Note: Modifi ed from Webb et al. (2011a).
*Himalayan pre-Cenozoic rocks plot in two largely distinct groups in Nd and Sr isotopic space. These groups can be distinguished by age: Mesoproterozoic and older rocks 

yield εNd(500) <~–14 and a broad range of 87Sr/86Sr (500) values (this group is abbreviated as “≥MPt”), whereas Neoproterozoic and younger rocks yield εNd (500) > ~–14 and a 
narrow range of 87Sr/86Sr (500) values (“≤NPt”). (Corresponding data plots are shown in Supplemental File 2 of Webb et al., 2011a.)

†Additional abbreviations: Fm—Formation, Gp—Group, congl—conglomerate, ss—sandstone, slts—siltstone, sh—shale, gw—graywacke, ls—limestone, dl—dolomite, 
qtzt—quartzite, N.D.—not determined, MS—magnetostratigraphy, zrc—zircon, strom—stromatolites.

§The age estimates for the Miocene and younger Himalayan foreland rocks largely depend on magnetostratigraphic correlation. However, the youngest 40Ar/39Ar age of 
detrital white micas, which record the time at which the mica cooled below ~370 °C, provide a maximum age of deposition. Detrital mica ages of ca. 22 Ma at the base of the 
Lower Dharamsala, and ca. 16 Ma in the Upper Dharamsala, are only consistent with the proposed magnetostratigraphic ages if extraordinary cooling rates are invoked (see 
Yin, 2006). The youngest white mica ages obtained from Himalayan bedrock are older than 4 Ma (Célérier et al., 2009b), so using ~4 m.y. as a minimum lag time between the 
cooling age and depositional age suggests that the magnetostratigraphic ages for the Lower and Upper Dharamsala are at least ~2 m.y. too old. Adjusting the ages of these 
units may also affect interpreted ages of the Siwalik strata.

**According to the Powers et al. (1998) model, the Himalayan sole thrust occurs along the onlapping depositional contact of the Tertiary foreland basin over the Vindhyan 
Group. In this scheme, the Lower Dharamsala and Subathu pinch out along the onlapping depositional contact, and thus have 0 thickness at the pinch out. The exposed 
sections of these units have thicknesses tending toward the upper thickness values given.

††Valdiya (1980) noted that the “lower Singtali” may be equivalent to a late Paleozoic–early Mesozoic sedimentary sequence termed the Gondwana unit.
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structural transects and thermal and/or thermo-
chronological data across the northern Lesser 
Himalayan Sequence and the Main Central 
thrust hanging wall. Models alternately show 
(1) a dominant out-of-sequence thrust with syn-
chronous, structurally higher normal faulting 
(e.g., Thiede et al., 2004, 2005, 2009; Vannay 
et al., 2004) or (2) upper and/or middle crustal 
underplating (Srivastava and Mitra, 1994; 
Célérier et al., 2009b). Thermochronological 
investigations across the region confi rm the 
presence of the zone of rapid uplift and exhu-
mation (Fig. 4B; also see fi g. 7 of Thiede et al., 
2009) (e.g., Jain et al., 2000; Thiede et al., 2004, 
2005, 2009; Vannay et al., 2004; Schlup et al., 
2011), as documented elsewhere along the range 
(Fig. 1). Exhumation rates across this zone 
have been ~1–3 mm/yr for the past ~13 m.y., 
although the location of the northern margin has 
fl uctuated (Thiede et al., 2009). Immediately 
north and south of this zone, exhumation rates are 
<1 mm/yr over this period (Thiede et al., 2009).

BALANCED PALINSPASTIC 
RECONSTRUCTION

To assess the Cenozoic kinematic history, a 
balanced palinspastic reconstruction (Plate 1) 
of the deformed cross section (Fig. 4) pre-
sented in Webb et al. (2011a) was made. The 
section extends from the Indo-Gangetic Plain, 
across the Kullu window, and into the THS 
fold-thrust belt. Adjacent balanced cross sec-
tions across the Sub-Himalayan Sequence 
(Powers et al., 1998) and THS (Wiesmayr and 
Grasemann, 2002) were simplifi ed, but other-
wise incorporated without signifi cant altera-
tion. Similar balanced cross sections across the 
Lesser Himalayan Sequence by Srivastava and 
Mitra (1994) were largely disregarded because 
updated stratigraphic interpretations limit their 
utility. Specifi cally, Sriva stava and Mitra (1994) 
posited correlation of the Berinag  and Deoban  
Groups with the Outer Lesser Himalayan 
Sequence, but subsequent work demonstrated 
signifi cant age differences (e.g., Ahmad et al., 
2000; Richards  et al., 2005; McKenzie et al., 
2011; Webb et al., 2011a).

Restored time steps were constructed by pro-
gressively “undeforming” the deformed section 
using a combination of 2D Move software (from 
Midland Valley Exploration Ltd.) and standard 
vector graphics software (Adobe Illustrator). 
A kink-band approach was employed: layer-
parallel  simple shear was used to fi t restored 
fold limbs after unfolding. Primary goals were 
to minimize shortening and to model a pro-
gressive deformation pattern consistent with 
existing geometric and thermochronologic con-
straints (summarized in Webb et al., 2011a). 

Approximate periods of 5 restored time steps 
are pre–45 Ma, 23 Ma, 14 Ma, 5.4 Ma, and 
1.9 Ma (Plates 1B–1F, respectively). The time 
estimates of 5.4 Ma and 1.9 Ma for time steps 
E and F were determined by measuring short-
ening estimates for each section (~101 km and 
~35 km, respectively) and using the geodetic 
shortening rate across this segment of the Hima-
laya of 18.8 mm/yr (Jade et al., 2004) to calcu-
late an age. A similar  calculation  for the section 
of Plate 1D (~319 km shortening) produces an 
age of ca. 17 Ma, but a ca. 14 Ma age is assigned 
because of its slightly better fi t to the cooling 
history of the southern Main Central thrust 
hanging wall and the possible decrease in the 
shortening rate over time (cf. Molnar and Stock, 
2009). Ages assigned to time steps B and C are 
based not on shortening rate considerations, but 
rather on the thermochronologic data sets across 
restored units. The section preserves very few 
constraints on the shortening and overall kine-
matic evolution from the latest Eocene to the 
Early Miocene.

The reconstruction is fi rst order at best; it 
is line-length balanced in a region where out-
crop analyses of most units commonly show 
signifi cant internal shortening. Furthermore, 
plane strain is assumed, even though the section 
clearly underwent 3D deformation (e.g., river 
anticline development along the Sutlej River; 
Fig. 4A; see also Montgomery and Stolar, 2006). 
Nonetheless it satisfi es current knowledge of the 
fi rst-order structural geometry, stratigraphy, and 
pressure-temperature-time constraints, and it 
provides basic shortening estimates. Restored 
stages and associated deformation are discussed 
in the following.

Confi guration Prior to Shortening 
(> 45 Ma)

A schematic model of the pre-Cenozoic stra-
tigraphy of the study area is presented in Plate 
1A. This model was discussed in detail in Webb 
et al. (2011a). Our restored geometry (Plate 1B) 
is a close match to the schematic model (Plate 
1A), with minor changes that allow minimiza-
tion of shortening. Undeformed positions of the 
Outer Lesser Himalayan Sequence and Berinag 
Group are changed slightly; the former dips 
gently to the north, and the latter represents an 
isolated basin. The restored length of ~720 km 
yields a minimum estimate of Cenozoic short-
ening of 518 km (72%).

Dashed red lines shown across the restored 
geometry (Plate 1B) highlight fault traces that 
were active between ca. 45 Ma and ca. 23 Ma, 
i.e., prior to time step C. This device is used to 
clarify where faults develop in the period fol-
lowing each restored time step.

Restoration ca. 23 Ma

The only distinction between the fully restored 
geometry (Plate 1B) and the ca. 23 Ma time step 
(Plate 1C) is the northern THS fold-thrust belt 
(drawn after Wiesmayr and Grasemann , 2002). 
Approximately 11 km of shortening are accom-
modated within the preserved THS fold-thrust 
belt along the line of section. The paleogeogra-
phy and cooling history are suffi ciently uncertain 
that we do not show an inferred ground surface. 
Outcrop observations and Th-Pb geochronology 
of monazite included in garnet indicates that addi-
tional THS shortening occurred farther south dur-
ing the 45–23 Ma interval (Webb et al., 2011a), 
but very limited preservation of the southern THS 
precludes restoration. Approximately 200 km to 
the northwest of the line of section, along-strike 
equivalent THS rocks are involved in a fold-
thrust belt (e.g., Frank et al., 1995), so it is likely 
that a similar deformation belt was eroded here.

Restoration ca. 14 Ma

Deformation between the 23 Ma and 14 Ma 
time steps is dominated by the emplacement of 
the Main Central thrust sheet (Plate 1D). In this 
interval the GHC, THS, and Baragaon gneiss 
are thrust over the Outer Lesser Himalayan 
Sequence and Berinag Group. All of these rocks 
move to the southwest relative to the Main 
Central thrust footwall. During this deforma-
tion, tectonic wedging of the GHC also occurs: 
the overthrusting Main Central thrust hanging 
wall is broken into two parts, and the Baragaon 
gneiss and THS rocks move northward rela-
tive to the underthrusting GHC. This motion is 
accommodated by the South Tibet detachment, 
and followed by the development of the Phojal 
anticline. This fold warps the southwestern 
end of the South Tibet detachment but does 
not appear to deform the Main Central thrust, 
so it is interpreted as a detachment fold along 
the latter fault. With the exception of folding of 
the Phojal anticline, the GHC is treated as an 
undeformed layer. The restoration does not 
represent or quantify the signifi cant internal 
deforma tion of this unit (cf. Jain and Manicka-
vasagam, 1993; Corrie and Kohn, 2011).

The emplacement of the Main Central thrust 
sheet and tectonic wedging of the GHC require 
~181 km of shortening. Thermochronological 
data across the northern portion of the line of 
section are suffi cient to infer the position of the 
ground surface at this time. Units that remain 
deeply buried at this time include the Baragaon 
gneiss, the southern THS hanging wall, the lead-
ing edge of the GHC, the Munsiari Group (see 
Fig. 4B and references therein), and the Beri-
nag Group (as constrained to the southeast by 
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Célérier et al., 2009b). Some unaccounted mate-
rial must have overlain these units (see note 6 in 
Plate 1). Likely candidates are shortened, thick-
ened THS rocks and/or intermontane basin fi ll. 
Similarly, most of the potentially large Early–
Middle Miocene foreland basin is now removed 
via erosion.

Restoration ca. 5.4 Ma

From ca. 14 to 5.4 Ma, deformation propa-
gates downsection (Plate 1E). The fi rst under-
plated slices are the Berinag Group (along the 
Berinag thrust) and the Outer Lesser Hima-
layan Sequence (along the Tons thrust). In 
order to minimize shortening, the Berinag 
and Tons thrusts are interpreted as the same 
fault, connected here by continued slip along a 
small portion of the Main Central thrust. Mun-
siari Group thrust horses defi ned by the basal 
Chaura and Munsiari thrusts are shown as the 
next accreted slices. Note that the predeforma-
tion traces of the Berinag and Tons thrusts slice 
through the Berinag Group and Outer Lesser 
Himalayan Sequence, respectively (this is not 
geometrically required, but to exclude such cut-
ting strains geologic plausibility) (Plate 1D). 
Therefore, the thrust horse underlain by the 
Chaura thrust is interpreted to contain thin frag-
ments of the Outer Lesser Himalayan Sequence 
and the Berinag Group. Along the line of sec-
tion, these interpreted fragments remain buried. 
To the southwest slip is locally concentrated 
along a single thrust that cuts upsection across 
the Deoban and Damtha Groups. The hanging-
wall cutoff of these Deoban and Damtha rocks 
is interpreted to be completely erosionally 
removed by ca. 5.4 Ma.

Approximately 218 km of shortening is 
absorbed during emplacement of the Berinag, 
Chaura, and Tons thrust hanging walls and 
initial motion along the Munsiari thrust. The 
restored ground surface (based on thermo-
chronometric results summarized in Fig. 4B) 
indicates dramatic erosive removal of material 
at the leading edge of the fold-thrust belt and 
only minor erosive loss to the north. The bulk of 
the unaccounted material above known units is 
removed by this time (see note 6 in Plate 1). The 
model section also displays deposition of most 
of the preserved Sub-Himalayan Sequence by 
this time. With reference to models for emplace-
ment of the GHC (see Fig. 2), it is noteworthy 
that the GHC may not be exposed along the line 
of section at ca. 5.4 Ma.

Restoration ca. 1.9 Ma

In the model interval between ca. 5.4 and 
1.9 Ma, a leading imbricate fan, an upper crustal 

duplex, and a middle crustal antiformal stack 
develop (Plate 1F). These structural packages 
deform the Sub-Himalayan Sequence, Deoban 
and Damtha Groups, and Munsiari Groups, 
respectively. The lengths of thrust sheets 
decrease signifi cantly (although for the frontal  
accretion of the imbricate fan there are no older 
analogous structures preserved to provide  a 
basis for comparison). Out-of-sequence fault-
ing along the Munsiari thrust is shown to cut 
upsection across the Berinag and Main Cen-
tral thrusts.

The structural development from ca. 5.4 Ma 
to ca. 1.9 Ma involves ~66 km of shortening. 
The inferred ground surface ca. 1.9 Ma is largely 
similar to the modern exposure level, excepting 
locally high exhumation at the range front and 
above the antiformal stack. The modeled uplift 
history of the antiformal stack, with most cur-
rently exposed units coming from mid-crustal 
depths (~10–15 km) over the past ~5 m.y., is a 
good match with thermochronological results of 
ca. 1–2 Ma apatite fi ssion track and ca. 5 Ma 
40Ar/39Ar muscovite ages for these rocks along 
the Sutlej River (Jain et al., 2000; Thiede et al., 
2004, 2005, 2009; Vannay et al., 2004). Vannay  
et al. (2004) noted (1) late top-to-the-east shear 
bands in Main Central thrust zone along the 
Sutlej  River at the east end of the Kullu win-
dow; (2) a top-to-the-east, east-dipping cata-
clastic fault zone in the basal GHC along the 
Sutlej River; and (3) a sharp break in thermo-
chronological ages, across the Main Central 
thrust here, from the ca. 5 Ma 40Ar/39Ar musco-
vite ages in the Munsiari Group to ca. 15–18 Ma 
ages in the GHC. They interpret these results 
to indicate that a late normal fault cuts along 
the Main Central thrust and accommodates the 
Miocene–Holocene exhumation of the Munsiari 
Group along the Munsiari thrust. The present 
reconstruction offers an alternative interpreta-
tion: the shearing may result from minor layer-
parallel slip accommodating small space issues 
during the growth of a Munsiari anticlinal stack, 
for which the Main Central thrust may act as a 
roof thrust. The age gradient across the Main 
Central thrust would refl ect the deeper, hotter 
structural position of the Munsiari Group prior 
to ca. 5 Ma. That is, the Main Central thrust 
would be subhorizontal during the Miocene. 
After GHC cooling in the Early–Middle Mio-
cene, the approximate isotherm marking Ar clo-
sure in muscovite would coincide roughly with 
the Main Central thrust until after the Munsiari 
uplift had begun.

The Munsiari Group is modeled as an anti-
clinal stack of six thrust horses. This stack 
requires no fewer than four horses. Modeling 
with fewer horses results in less shortening of 
the Munsiari Group. Decreased shortening pre-

sents diffi culties for initiation of Munsiari Group 
uplift ca. 7–10 Ma (e.g., Caddick et al., 2007); 
this is because with much less shortening and a 
minimum shortening rate of ~18.8 mm/yr [i.e., 
the modern global positioning system (GPS) 
determined shortening rate from Jade et al., 
2004), the Munsiari uplift would be required to 
have initiated more recently.

Late Deformation to Deformed 
Cross Section

Deformation from ca. 1.9 Ma to the present 
involves continued frontal accretion and under-
plating (Fig. 4B and Plate  1G). Development 
of the Deoban-Damtha duplex involves cutting 
upsection along a shallow ramp. This satisfi es 
requirements of (1) a thin slice of Deoban pres-
ent along the Bilaspur thrust (Fig. 4) and (2) the 
dip of the active sole thrust as constrained by 
balancing, seismic refl ection, and boreholes 
across the Dehra Dun and Kangra recesses 
(Fig. 4) (Powers  et al., 1998).

Approximately 35 km of shortening are 
accommodated from ca. 1.9 Ma to the pres-
ent. Restoration of the Bilaspur thrust involves 
space issues related to the emplacement of the 
aforementioned thin layer of Deoban rocks 
within the Sub-Himalayan thrust zone. These 
were resolved with a kinematic evolution 
involving out-of-sequence thrusting, as shown 
in Figure 5. The overall geometry of the Sub-
Himalayan thrust zone in the Bilaspur thrust 
hanging wall is poorly understood; a duplex 
model may be an alternative. Out-of-sequence 
faulting is also shown along the Munsiari 
thrust, with as much as 8 km of slip from ca. 
4–5 Ma to the present.

DISCUSSION

The balanced palinspastic reconstruction 
highlights different phases of Himalayan tec-
tonic development, showing (1) a small fraction 
of Eocene shortening of the THS, (2) Early–
Middle Miocene emplacement of the Main 
Central thrust sheet with tectonic wedging of 
the GHC, (3) Middle–Late Miocene under-
plating of ~50–150-km-long thrust sheets, 
and (4) Pliocene–Holocene frontal accretion 
and formation of 2 duplexes dominated by 
~10–25-km-long horses. In general, structural 
preservation decreases with increasing age. 
Likewise, shortening estimates for various peri-
ods are increasingly poorly constrained with 
increasing age. The total preserved shortening is 
518 km and 72%. The nonuniqueness of recon-
struction efforts, implications for tectonic mod-
els, and the shortening budget are discussed in 
the following.
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Nonuniqueness of Balanced Palinspastic 
Reconstruction

Line-length balanced palinspastic reconstruc-
tion offers a nonunique model of the defor-
mation process. The synoptic view is reasonably  
well constrained, but any one portion of the 
reconstructed geology may not be well repre-
sented. For example, along the restored section 
the Deoban and Damtha Groups are shown 
within a simple hinterland-dipping duplex con-
sisting of eight discrete horses. However, fi eld 
observations of 1–300-m-scale brittle contrac-
tional structures across much of this unit (e.g., 
Srikantia and Sharma, 1976; Webb et al., 2011a) 
suggest that a mushwad duplex interpretation 
(e.g., Thomas, 2001; Cook and Thomas, 2010) 
is equally valid. Furthermore, the same geom-
etries can be restored by different kinematics. 

For example, the northern limit of the Tons thrust 
may terminate along the Main Central thrust (as 
shown in Fig. 4B; also see fi g. 16 of Webb et al., 
2011a). The reconstruction (Plate 1) suggests 
that this relationship develops by underplating of 
the Tons thrust hanging wall to the Main Cen-
tral thrust hanging wall, but it could result from 
out-of-sequence faulting along the Main Central 
thrust after Tons thrust motion. The line-length 
balancing approach minimizes shortening by 
ignoring intraunit deformation. The impact of 
this neglect on Himalayan sections is debated: 
recent work suggests that it could be insignifi cant 
across much of the Lesser Himalayan Sequence 
(cf. Yin et al., 2010 and Long et al., 2011b).

Emplacement of the Greater Himalayan 
Crystalline Complex

Three models are widely discussed to explain 
the emplacement of the GHC (Fig. 2). The 
deformed cross section limits reconstruction 
options to only the tectonic wedging model, 
because the leading edge of the GHC is only 
recently eroded along the line of section. Wedge 
extrusion and channel fl ow-focused denudation 
models both feature emplacement of the GHC 
at the surface during the Early–Middle Mio-
cene. The ca. 23–15 Ma GHC surface exposure 
inherent in this prediction requires continu-
ous exposure of the GHC along the entire arc 
of the orogen, except where broken by Late 
Miocene–Holocene deformation (e.g., south of 
Gurla Mandhata in western Nepal; Murphy and 
Copeland, 2005). Detailed fi eld mapping docu-
ments THS stratigraphy separating GHC expo-
sures at southern Zanskar (~33°N, 77°E) and 
at the uppermost Beas River Valley (~32°20′N, 
77°10′E) (Fig. 4A) (e.g., Frank et al., 1995; 
Fuchs and Linner, 1995; Vannay and Steck, 
1995), precluding GHC continuity.

The palinspastic reconstruction demonstrates 
the geometric feasibility of GHC emplacement 
via tectonic wedging by illustrating the southern 
parts of this process. Top-to-the-northeast slip 
along the South Tibet detachment requires only 
tens of kilometers of motion, consistent with the 
matching protoliths and moderate metamorphic 
grade transition across the structure. This top-
to-the-northeast motion would be expressed at 
the surface by the coeval Great Counter thrust 
to the northeast (e.g., Yin, 2006). Therefore, the 
South Tibet detachment may not signifi cantly 
alter the kinematic and thermal pattern imposed 
by southwest-directed thrusting along the Main 
Central thrust, but rather accomplish relatively 
modest contraction of the hanging wall (Yin, 
2006; Webb et al., 2007).

The proposed relative motion of the GHC 
and surrounding units is directly analogous to 

the Eocene–Oligocene tunneling stage of chan-
nel fl ow models, although deformation timing 
is distinct in the different models (e.g., Fig. 2B; 
Beaumont et al., 2001; Webb et al., 2011b). A 
further distinction concerns viscosity: channel-
fl ow tunneling models are interpreted to require 
exceptionally low viscosity across the GHC 
relative to surrounding units, which could be 
achieved by melt weakening (e.g., Beaumont 
et al., 2001, 2004). However, analogous tec-
tonic wedging kinematics are recognized across 
upper crustal portions of the Canadian Cordi-
llera (e.g., Jones, 1982; Price, 1986), where no 
strong viscosity contrast between units exists. 
Therefore, while this class of models allows 
large viscosity contrasts, the identifi cation of 
the same bounding kinematics in largely homo-
geneous upper crustal rocks indicates that such 
viscosity contrasts are not a necessary condition 
for the overall kinematic evolution.

The palinspastic reconstruction indicates 
that the leading edge of the GHC may remain 
buried  until ca. 5 Ma, which is later than all prior 
models  (see review by Yin, 2006). Existing work 
focusing on the detrital record preserved in the 
Himalayan foreland rocks suggests initial GHC 
exhumation times ranging from ca. 40 to ca. 
11 Ma (e.g., Najman et al., 2000; Yin, 2006). 
However, a signifi cant challenge for interpreta-
tion of the detrital record is the close correspon-
dence of THS and GHC provenance signals (e.g., 
Myrow et al., 2003; Ravikant et al., 2011). The 
~5-km-thick Haimanta Group units of the THS 
and the GHC have the same sedimentary proto-
liths, Cambrian–Ordovician granitoid intrusives, 
and volumetrically minor leucogranite bodies 
(e.g., Miller et al., 2001; Webb et al., 2011a). 
Therefore, Nd and Sr signals used to infer ca. 
40–17 Ma GHC exposure cannot distinguish 
THS and GHC sources (cf. France-Lanord et al., 
1993; Najman et al., 2000). Other proposed 
GHC signals, e.g., 37–28 Ma detrital mona-
zite, 50–20 Ma detrital mica, almandine gar-
net, and staurolite in the 18–11 Ma Dharamsala 
Formation (White et al., 2001, 2002), are well 
documented in the THS (Chambers et al., 2009; 
Webb et al., 2011a). However, the high-grade 
metamorphic minerals kyanite and sillimanite 
can be used to discriminate sedimentary prod-
ucts of these units, because both are abundant 
in the GHC and almost completely absent in the 
THS (e.g., Vannay and Grasemann, 1998). In the 
central and western Himalayan foreland, kyanite 
and sillimanite fi rst appear ca. 11 Ma (DeCelles 
et al., 1998; White et al., 2002). This age is sig-
nifi cantly older than the ca. 5 Ma exposure pre-
dicted by the palinspastic reconstruction. Three 
possibilities maintain viability of the palinspastic 
reconstruction. (1) Kyanite and sillimanite may 
be sourced from ultrahigh pressure (UHP) ter-
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ii. At ~1.9 Ma
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iv.
future Bilaspur thrust
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Figure 5. Structural evolution of the Bilaspur 
thrust along section line A–A′. First phase 
(i) geometry is during the development of 
the Sub-Himalayan thrust zone, with the 
undisplayed deformed hanging wall to 
the northeast. Southwestward thrust propa-
gation along the same décollement at the top 
of the Proterozoic Deoban rocks continues 
until ca. 1.9 Ma (ii). After ca. 1.9 Ma (iii), 
the basal fault of the forward-propagating 
system migrates downsection to the middle 
of the Proterozoic Deoban rocks. A segment 
of the Bilaspur thrust reactivates an earlier 
thrust as an out-of sequence thrust, then 
cuts southwestward and ramps up along an 
in-sequence segment (iv). Abbreviations as 
in Figure 4.
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ranes exposed in the northern Himalaya (Yin, 
2006). However, only two such terranes are 
known, at Kaghan Valley in Pakistan and at Tso 
Morari in Ladakh (e.g., Guillot et al., 2007). 
These each have limited exposure across only 
~3000 km2. The structural geometry at Kaghan 
is not well understood (Treloar et al., 2003), but 
the Tso Morari UHP rocks occupy the core of a 
regional dome, and thus are unlikely to have had 
more extensive exposure in the past (e.g., Steck 
et al., 1998; Epard and Steck, 2008). (2) Along-
strike structural variation may allow earlier GHC 
exposure along adjacent sections. (3) GHC expo-
sure ca. 11 Ma may have occurred along north-
ern gneiss domes extending along the arc, such 
as Leo Pargil, Gurla Mandhata, and Ama Drime. 
Apatite fi ssion track ages along the southern 
GHC exposure between the main strands of the 
Main Central thrust and South Tibet detachment 
are almost exclusively younger than 5 Ma (see 
reviews by Yin, 2006; Thiede et al., 2009). In 
contrast, ages from upper structural levels of 
the Leo Pargil GHC are 8–10 Ma (Thiede et al., 
2006). This raises the intriguing possibility that 
the GHC is fi rst exposed not along its southern 
front, but rather by east-west extension across 
the hinterland.

Ongoing Mountain Building

The restoration indicates that the dominant 
mode of fold-thrust belt growth since ca. 14 Ma 
is underplating of Lesser Himalayan Sequence 
slices. The fi rst slice is a thin (~1 km thick) 
slice of Indian crustal basement (Baragaon 
granitic gneisses). The next accreted horses 
are the Berinag and Tons thrust hanging walls, 
and as these are translated, the main sole thrust 
cuts downsection, slicing off numerous base-
ment slices (the Munsiari Group). For the past 
~3–5 m.y., deformation appears to have been 
dominated by a paired duplex development; i.e., 
an anticlinal stack of crystalline basement slices 
developed synchronously with a hinterland dip-
ping duplex of Deoban and Damtha sedimen-
tary layers. Frontal accretion of foreland basin 
rocks occurs, but almost all of this material is 
eroded away.

This work has signifi cant implications for 
the debate over out-of-sequence and under-
plating models for ongoing orogenesis. Most 
regional studies interpret Kullu window forma-
tion over the past ~10–15 m.y. to be a result 
of out-of-sequence faulting along the Munsiari 
thrust (e.g., Thiede et al., 2004, 2005, 2009; 
Vannay et al., 2004). The restoration includes 
as much as 8 km of out-of-sequence slip along 
the Munsiari thrust, but it shows that the Kullu 
window could mainly result from duplexing, in 
basic agreement with the underplating model 

(Fig. 3; Robinson et al., 2003; Bollinger et al., 
2004, 2006). A critical interpretative distinc-
tion is the treatment of the Munsiari thrust 
hanging wall: in out-of-sequence models this 
is shown as a single block south of the Main 
Central thrust, whereas in the preliminary 
reconstruction the Chaura thrust splits this into 
two thrust sheets with distinct late Cenozoic 
movement histories.

The overall paired duplex development mod-
eled for the past ~3–5 m.y. has many similarities 
to the analog modeling of Konstantinovskaia 
and Malavieille (2005, 2011) (e.g., see fi g. 2C 
of Malavieille, 2010). Prior balancing efforts 
have recognized two duplexes (McQuarrie et al., 
2008; Yin et al., 2010), but only the analog mod-
eling has previously indicated the possibility of 
synchronous duplex development. This kine-
matic evolution implies that strength heteroge-
neities and erosion may control the deformation 
style since the Miocene, as in the analog mod-
els. Obvious candidates for both parameters are 
present, i.e., the intrabasement décollement and 
basement-cover décollement represent strength 
heterogeneities, and the Sutlej River follows the 
line of section above the antiformal stack, pro-
viding localized high stream power. The general 
position of ongoing antiformal stack develop-
ment corresponds with the zone of rapid uplift 
documented through low-temperature thermo-
chronology across northwestern India (cf. 
Thiede et al., 2009).

Parallel cross sections across the Himachal 
Himalaya would display signifi cant along-
strike variability in the history of mountain 
building over the past ~10 m.y. Along the line 
of section the Sutlej River localizes enhanced 
erosion, warping the paths of major structures 
(e.g., Oberlander, 1985; Thiede et al., 2004; 
Vannay et al., 2004; Montgomery and Stolar, 
2006). In addition, the Kangra recess along 
the front of the Himalaya to the northwest 
of Shimla preserves a distinct set of struc-
tures and rocks (Fig. 4); here the slip along 
the Bilaspur thrust is diminished or is trans-
ferred to faults farther to the north, such that 
a large portion of the foreland fold-thrust belt 
is preserved. The Tons thrust and its hanging 
wall are entirely eroded away. Exposures of 
the Lesser Himalayan Sequence rocks thin 
to <5 km; in a few locations, THS rocks are 
thrust directly over Siwalik foreland sedimen-
tary rocks. A similar structural pattern could 
be created from forward modeling of the ca. 
5.4 Ma section (Plate 1E) with slip focused 
mainly above the  Deoban-Damtha succes-
sion and the Himalayan foreland rocks. Alter-
natively, this pattern may result from along-
strike thinning of the Deoban and Damtha 
rocks (Prasad et al., 2011).

Comparison of New Work to Other 
Balanced Palinspastic Reconstructions 
Across the Himalaya

There are three other recent balanced palin-
spastic reconstructions of Cenozoic Himalayan 
shortening: Long et al. (2012) restored defor-
mation across western Bhutan, Robinson and 
McQuarrie (2012) provided a restoration across 
western Nepal, and Tobgay et al. (2012) included 
a restoration across eastern Bhutan. In contrast to 
my work, all of these reconstructions show fron-
tal accretion as the dominant process  of Hima-
layan mountain building since the emplacement 
of the Main Central thrust sheet. This process 
does not explain the development of the zone 
of rapid uplift documented across the central 
band of the Himalaya (e.g., Seeber and Gornitz, 
1983); therefore, Long et al. (2012) proposed 
out-of-sequence faulting across this zone.

A central result of all three recent reconstruc-
tions is that the Himalaya has developed with 
dramatic changes in shortening rate since the 
Early and Middle Miocene. Early stages fea-
ture rapid shortening rates of as much as ~4–7 
cm/yr. At the upper limit, these rates exceed the 
India-Asia convergence rate determined from 
plate circuit reconstructions during the relevant 
periods (i.e., during the Early and/or Middle 
Miocene) (cf. van Hinsbergen et al., 2011b). 
Late stages (from Middle Miocene to just prior 
to the Holocene) have slow shortening rates, as 
slow as 3–4 mm/yr, far slower than known Holo-
cene and GPS geodetic slip rates of ~2 cm/yr 
(e.g., Lave and Avouac, 2000; Jade et al., 2004). 
These results contrast signifi cantly with the 
interpretation presented herein, i.e., that slip 
rates in the Early and Middle Miocene were only 
slightly faster than Holocene and GPS rates, and 
decreased monotonically to the current rates.

This difference between my study and the 
existing reconstructions occurs because pro-
gressive and ongoing accretion of material at 
multiple crustal depths simultaneously is fea-
tured herein, whereas the other studies show 
dominant forward propagation of thrusting. 
Therefore in the other studies, material is added 
to the orogenic wedge exclusively at the front. 
Over the past few million years, these studies 
show almost no accretion of material other than 
Sub-Himalayan foreland rocks. Large volumes 
of the deep orogenic wedge immediately above 
the sole thrust are fi lled by thrust sheets accreted 
at different times in the different modeling 
approaches. Herein I show Pliocene to Holo-
cene accretion to fi ll this space, whereas the 
other studies fi ll this space with Miocene thrust 
sheets. Because the other studies must therefore 
create the bulk of the range in the Miocene, 
it is not surprising that the Early and Middle 
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Miocene slip rates are relatively high and the 
subse quent rates relatively low. The relative 
plausibility of the two different approaches may 
be judged by consistency to known constraints. 
For example, the inability of the other studies 
to account for acceleration from ~3–10 mm/yr 
Pliocene–Pleistocene slip rates to ~20 mm/yr 
Holocene slip rates suggests that this study may 
better describe the overall accretion mode.

Western Himalayan Shortening Budget 
and Implications for the Greater India 
Basin Hypothesis

Total minimum shortening across the western 
Himalaya, from the suture to the undeformed 
foreland, can be estimated by adding the new 
result to prior determinations of shortening from 
the South Tibet detachment to the suture zone. 
Specifi cally, the new result (~518 km total short-
ening), estimated THS shortening (80–100 km; 
Searle, 1986; Steck et al., 1993; Corfi eld and 
Searle 2000), and an estimate of shorten-
ing associated with the exhumation of GHC-
correla tive UHP rocks at Tso Morari (~115–165 
km; cf. Guillot et al., 2007) are summed, and the 
newly determined ~11 km of THS shortening 
are subtracted (because this shortening dupli-
cates the THS shortening assessed previously; 
i.e., the same shortening cannot be counted 
twice). The resulting total shortening across the 
western Himalaya is ~703–773 km. This is far 
less than the ~1350 km of shortening predicted 
by plate circuit reconstructions (van Hinsbergen 
et al., 2011a). Was the missing shortening not 
recorded, perhaps supporting the Greater India 
Basin hypothesis, or is it poorly assessed? Here, 
three considerations of the missing shortening 
are discussed, followed by an assessment of 
implications for the hypothesis.

First, total shortening over the past ~14 m.y. 
is well preserved. For this time interval, short-
ening rates across the balanced palinspastic 
reconstruction, which are supported by thermo-
chronological data, can be matched with a ~23 
mm/yr shortening rate. This is approximately 
consistent with the ~19 mm/yr rate suggested 
by GPS studies and convergence rates deduced 
by analyzing (1) foreland basin propagation 
and overthrusting rates (e.g., Avouac, 2007) and 
(2) plate circuit reconstructions (e.g., Molnar 
and Stock, 2009). The reconstruction shows 
~319 km of shortening during this period.

Second, a large portion of Himalayan short-
ening deformation is probably eroded away. For 
example, along the line of section A–A′ almost 
no material added to the orogen via frontal 
accretion before the Pliocene is preserved today 
(a possible exception is THS material in the far 
northeast) (Plate 1). This makes little differ-

ence in assessing total shortening for the past 
~14 m.y., because ongoing contraction during 
this period was accommodated by frontal accre-
tion of foreland basin sedimentary layers and by 
underplating of pre-Cenozoic rocks. The under-
plated rocks are largely preserved. However, if 
frontal accretion dominated mountain-building 
processes for some periods of Himalayan devel-
opment, then the corresponding shortening 
record could have been entirely removed by 
erosion.

Third, there may be preserved shortening that 
remains unmeasured. A likely candidate is the 
southern THS. Existing balanced cross sections 
across the THS span from the Indus-Yarlung 
suture to the main strand of the South Tibet 
detachment (highlighted in Fig. 1). Shortening 
estimates are 80–112 km in the western and cen-
tral Himalaya (Searle, 1986; Searle et al., 1997; 
Steck et al., 1993; Corfi eld and Searle, 2000; 
Murphy and Yin, 2003), and Ratschbacher et al. 
(1994) reported 258 km in the eastern Himalaya. 
Percent shortening is consistent at ~50%–60% 
(see compilation by Long et al., 2011a); there-
fore, the eastern total shortening may be largest 
because the greatest width of measured THS is 
preserved there. Deformed upper and/or middle 
crustal THS exposures locally appear much 
farther south than these THS balancing efforts, 
e.g., in Kashmir, Chamba, in the cores of south-
ern Main Central thrust klippes in Nepal, and in 
South Tibet detachment klippes in Bhutan (Figs. 
1 and 4) (e.g., Gansser, 1983; Gehrels et al., 2003; 
DiPietro and Pogue, 2004). Structural settings of 
some southern THS exposures are debated, but 
various workers have argued that some or all 
are contiguous with the THS to the north (e.g., 
Thakur and Rawat, 1992; Frank et al., 1995; 
Fuchs and Linner, 1995; Grujic et al., 2002; Yin, 
2006; Webb et al., 2007, 2011a, 2011b; Kellett 
et al., 2009). The southern exposures increase the 
length of THS sections such that if consistent per-
cent shortening from north to south is assumed, 
then minimum preserved THS shortening could 
exceed 500 km in the eastern Himalaya, and 300–
400 km in the western Himalaya.

This third consideration suggests that the 
total shortening preserved across the west-
ern Himalaya ranges from ~900 to 1100 km. 
Because these estimates primarily result from 
minimum shortening estimates, they are likely 
directly comparable to the ~1350 km of short-
ening predicted by the plate circuit reconstruc-
tion (van Hinsbergen et al., 2011a). Therefore, 
the need for a Greater India Basin hypothesis 
may not exist across the western Himalaya. 
This hypothesis also faces another signifi cant 
hurdle, i.e., the continuity of Paleozoic strata 
from the suture zone to the foreland. In the 
westernmost portions of the orogen, such strata 

form the hanging wall and footwall of the Main 
Central thrust and do not appear to contain a 
signifi cant metamorphic zone that might hide 
a cryptic suture within these correlative rocks 
(Fig. 1) (Pogue et al., 1999; DiPietro and 
Pogue, 2004).

CONCLUSIONS

A balanced palinspastic reconstruction across 
the Himachal Himalaya of northwestern India 
reveals ~518 km (72%) shortening in the Ceno-
zoic. This reconstruction confi rms geometric 
viability of GHC emplacement via tectonic 
wedging. Furthermore, it suggests that GHC 
exposure along the main outcrop belt between 
the South Tibet detachment and Main Central 
thrust occurred ca. 5 Ma. Initial GHC exposure 
ca. 11 Ma probably occurred in the hinterland 
within east-west extensional core complexes. 
Preserved records of ongoing mountain build-
ing since the Middle Miocene are dominated by 
~300 km of shortening accomplished by under-
plating. Deformation during the past ~3–5 m.y. 
features synchronous development of a leading 
imbricate fan, an upper crustal duplex, and a 
middle crustal antiformal stack. Total assessed 
minimum shortening across the western Hima-
laya is ~703–773 km, as calculated by summing 
our results, prior balancing across the northern 
THS, and basic assessment of exhumation of 
ultrahigh pressure rocks along the suture zone. 
However, large portions of the southern THS 
remain unmeasured, such that total preserved 
shortening across the western Himalaya prob-
ably ranges from minimums of ~900–1100 km. 
As minimums, these estimates may be directly 
comparable to estimates of ~1350 km derived 
from plate circuit reconstructions and assess-
ment of postcollisional Asian plate shortening 
(van Hinsbergen et al., 2011a). The rough corre-
spondence of geologic and plate circuit shorten-
ing estimates obviates the need for the Greater 
India Basin hypothesis.
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