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Abstract

Despite a long research history over the past 150 years, the geometry, kinematics, and dynamic evolution of the Himalayan
orogen remain poorly understood. This is mainly due to continued emphasis on the two-dimensionality of the Himalayan orogenic
architecture and extrapolation of geologic relationships from a few well-studied but small areas to the rest of the orogen. Confusion
and misconception are also widespread in the Himalayan literature in terms of the geographic, stratigraphic, and structural
divisions. To clarify these issues and to provide a new platform for those who are interested in studying the geologic development
of this spectacular mountain belt, I systematically review the essential observations relevant to the along-strike variation of the
Himalayan geologic framework and its role in Cenozoic Himalayan exhumation, metamorphism and foreland sedimentation. A
main focus of my synthesis is to elucidate the emplacement history of the high-grade Greater Himalayan Crystalline Complex
(GHC) that occupies the core of the orogen. Because the north-dipping Main Central Thrust (MCT) above and South Tibet
Detachment (STD) below bound the GHC in most parts of the Himalaya, it is critical to determine the relationship between them in
map and cross-section views. The exposed map pattern in the central Himalaya (i.e., Nepal) indicates that the MCT has a flat-ramp
geometry. The thrust flat in the south carries a 2—15-km-thick slab of the GHC over the Lesser Himalayan Sequence (LHS) and
creates a large hanging-wall fault-bend fold continuing > 100 km south of the MCT ramp zone. In the western Himalayan orogen at
the longitude ~77°E, the MCT exhibits a major lateral ramp (the Mandi ramp). West of this ramp, the MCT places the low-grade
Tethyan Himalayan Sequence (THS) over the low-grade LHS, whereas east of the ramp, the MCT places the high-grade GHC over
the low-grade LHS. This along-strike change in stratigraphic juxtaposition and metamorphic grade across the MCT indicates a
westward decrease in its slip magnitude, possibly a result of a westward decrease in total crustal shortening along the Himalayan
orogen. Everywhere exposed, the STD follows roughly the same stratigraphic horizon at the base of the THS, exhibiting a long
(>100 km) hanging-wall flat. This relationship suggests that the STD may have initiated along a preexisting lithologic contact or
the subhorizontal brittle—ductile transition zone in the middle crust. Although the STD has the THS in its hanging wall everywhere
in the Himalayan orogen, no THS footwall cutoffs have been identified. This has made slip estimates of the STD exceedingly

* Tel.: +1 310 825 8752; fax: +1 310 825 2779.
E-mail address: yin@ess.ucla.edu.

0012-8252/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.earscirev.2005.05.004


mailto:yin@ess.ucla.edu
http://dx.doi.org/10.1016/j.earscirev.2005.05.004

2 A. Yin / Earth-Science Reviews 76 (2006) 1-131

difficult. The southernmost trace of the STD either merges with the MCT (e.g., in Zanskar) or lies within 1-2 km of the MCT
frontal trace (e.g., in Bhutan), suggesting that the MCT may join the STD in their up-dip directions to the south. This geometry,
largely neglected by the existing models, has important implications for the deformation, exhumation, and sedimentation history

of the entire Himalayan orogen.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Himalayan orogen; Main Central Thrust; South Tibet Detachment; passive-roof fault; active-roof fault; erosional exhumation

1. Introduction

“Distinguishing between myth and science is sub-
tle, for both seek to understand the things around us.
The characteristic style of mythic thinking is to
place special emphasis on a selective conjecture,
based typically on the initial observation or recog-
nition of a phenomenon, which is thereafter given
privileged status over alternate interpretations.”
William. R. Dickinson

The Himalaya is a classic example of an orogen-
ic system created by continent—continent collision
(e.g., Dewey and Bird, 1970; Dewey and Burke,
1973). Its youthfulness and spectacular exposure
make the orogen ideal for studying diverse geologic
processes related to mountain building. Its potential
as a guide to decipher the feedback processes be-
tween lithospheric deformation and atmospheric cir-
culation has motivated intense research in recent
years on the history of the Himalayan—Tibetan oro-
gen, its role in global climate change, and its inter-
action with erosion (e.g., Harrison et al., 1992,
1998a; Molnar et al., 1993; Royden et al., 1997;
Ramstein et al., 1997; Tapponnier et al., 2001;
Beaumont et al.,, 2001; Yin et al., 2002). Many
workers have also used the Himalayan knowledge
to infer the evolution of other mountain belts: the
Altai system in central Asia (Yang et al., 1992; Qu
and Zhang, 1994), the Trans-Hudson orogen and
Canadian Cordillera in North America (e.g., Nabe-
lek et al., 2001; Norlander et al., 2002), the Cale-
donides in Greenland (e.g., McClelland and Gilotti,
2003), and the East African—Antarctic orogen in
Africa and Antarctica (e.g., Jacobs and Thomas,
2004). Despite the broad interests, it has become
increasingly daunting for both a beginner and an
experienced Himalayan geologist to comprehend the
intricate complexity of the Himalayan geology in its

entirety. This may be attributed to the following
factors:

(1) Himalayan research is long (over 150 yr, e.g.,
Hooker, 1854; Godwin-Austen, 1864; Mallet,
1875; La Touche, 1883; Pilgrim, 1906; Auden,
1935; Lahiri, 1941) and rich, making its litera-
ture nearly intractable. The problem is com-
pounded by the accelerated rate of publication
on more and more specialized subjects on Hi-
malayan geology in the past two decades.

(2) The terminology of the Himalayan geology is
often confusing. Its physiographic division is
commonly equated to structural and stratigraphic
divisions. Names of the same stratigraphic units
and structures vary from place to place across
international borders or even within the same
country.

(3) There has been a proliferation of kinematic,
thermal, and dynamic models for the develop-
ment of the Himalayan orogen in the past two
decades. Debate is intense and consensus
changes rapidly. This has made it especially
difficult to evaluate the validity of each model
or apply them to other mountain belts.

The classic reviews of the Himalayan geology by
Wadia (1953), Gansser (1964) and LeFort (1975) laid
the foundation for productive geologic research in the
next several decades to follow. However, their reviews
are largely out of date in light of new observations.
Although several recent reviews on the Himalayan
geology could potentially overcome the problem,
they cover only selected segments of the Himalayan
orogen. For example, reviews by LeFort (1996),
Hodges (2000), Johnson (2002), DeCelles et al.
(2002), and Avouac (2003) emphasize the central Hi-
malayan orogen, while syntheses by Searle et al.
(1992), Thakur (1992), Steck (2003), and DiPietro
and Pogue (2004) focus exclusively on the western
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Himalayan orogen. Similarly, geologic summaries by
Acharyya (1980), Singh and Chowdhary (1990), and
Kumar (1997) only cover the geology of the eastern
Himalayan orogen. The lack of an updated overview of
the entire Himalayan orogen makes it difficult to assess
how the Himalayan deformation has responded to the
well-understood plate boundary conditions and its im-
pact on the overall Indo-Asian collision zone and evo-
lution of great rivers in Asia (e.g., Patriat and Achache,
1984; Dewey et al., 1989; Le Pichon et al., 1992;
Brookfield, 1998; Hallet and Molnar, 2001; Clark et
al., 2004).

The present review intends to introduce the Hima-
layan geology in its entirety. In order to separate obser-
vations from interpretations, I approach the synthesis in
the following order. First, I define the basic terminol-
ogy commonly used in Himalayan literature and dis-
cuss their pitfalls in limiting our ability to understand
the complexity of the geology. Second, I provide a
systematic overview of the Himalayan structural
framework, metamorphic conditions, exhumation his-
tory, and foreland sedimentation. Third, prominent
tectonic hypotheses and quantitative physical models
for the evolution of the Himalayan orogen are outlined
and their predictions are evaluated in light of the avail-
able data. Finally, the current understanding of Hima-
layan geology is integrated into an internally consistent
tectonic model that accounts for both map and cross-
section views of the Himalayan architecture and the
exhumation and sedimentation histories.

2. Basic terminology

2.1. Himalayan range, Himalayan Orogen, and Hi-
malayan tectonic system

Before embarking on an exhaustive synthesis, it is
useful to have a clear distinction of the politically,
geographically, structurally, and stratigraphically de-
fined Himalaya. Geographically, the Himalayan
range lies between its eastern and western syntaxis as
represented by the Namche Barwa and Nanga Parbat
peaks (Fig. 1A). The northern boundary of the Hima-
layan range is the east-flowing Yalu Tsangpo
(Tsangpo—big river in Tibetan) and west-flowing
Indus River (Fig. 1A). The southern boundary of the
Himalayan range is the Main Frontal Thrust (MFT) that

marks the northern limit of the Indo-Gangetic depres-
sion (Fig. 1A). Immediately to the west of the Himala-
yan range are the Hindu Kush Mountains, to the east the
Indo-Burma Ranges (commonly known as the Rongk-
lang Range), and to the north the Karakorum Moun-
tains and the Gangdese Shan (also known as the
Transhimalaya in Heim and Gansser, 1939) (Fig. 1A).
The southern political boundary of Tibet (i.e., Xizang
in Chinese) follows approximately the crest of the
Himalayan range. The difference in political and geo-
graphic divisions has led to different naming of the
same structures in the Himalayan range (e.g., the North
Himalayan Normal Fault versus South Tibet Detach-
ment System; Burg et al., 1984a; Burchfiel etal., 1992).

The Himalayan orogen is defined by the Indus—
Tsangpo suture in the north, the left-slip Chaman
fault in the west, the right-slip Sagaing fault in the
east, and the Main Frontal Thrust (MFT) in the south
(Fig. 2A) (LeFort, 1975). Because the MFT links
transpressional systems in the Indo-Burma Ranges
(=Rongklang Range) in the east (e.g., Guzman-Spe-
ziale and Ni, 1996) and the Kirthar-Sulaiman thrust
salients in the west (e.g., Schelling, 1999) (Fig. 2A), the
Himalayan orogen defined above extends all the way
from the Himalayan range to the Arabian Sea and the
Bay of Bengal. I consider the Sillong Plateau bounded
by the active south-dipping Dauki thrust as part of the
broadly defined Himalayan orogen, because its bound-
ing structure is linked with the transpressional system
in the Indo-Burman Ranges (Fig. 2A).

The Himalayan tectonic system is a broader concept
than the Himalayan orogen. It consists of the Himala-
yan orogen, the active Himalayan foreland basin
(=Indo-Gangetic depression), and the Indus and Bengal
Fans (Fig. 2A). All of these features were produced by
the Cenozoic Indo-Asian collision.

The Indo-Gangetic depression is a broad up-side-
down “U-shaped” basin in map view (Fig. 1A). Its
basement dips at about 2-3° from the Peninsula High-
lands of the Indian craton towards the Himalayan oro-
gen, with the thickness of basin fill increasing
progressively to about 4-5 km against the Himalayan
front (Hayden, 1913; Rao, 1973; Lyon-Caen and Mol-
nar, 1985; Raiverman, 2000). The northern boundary
ofthe depression is sharply defined, whereas the south-
ern boundary is diffuse and highly irregular. The south-
ern boundary is referred to as the hinge zone in this
paper, which separates the Himalayan foreland basin in
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the north from the Peninsula Highlands of the Indian
craton in the south. Burbank (1992) notes that the east-
flowing Ganges drainage system is currently flowing
about 200 km away from the Himalayan mountain
front directly against the hinge zone defined here
(Fig. 1A). He attributes this pattern to erosion-domi-
nated Himalayan development in Plio-Pleistocene
times, which caused isostatic uplift of both the Hima-
layan range and southward progradation of large allu-
vial fans and pushed the river far away from the
mountain front. Based on successive southward onlap-
ping unconformities in the depression, Lyon-Caen and
Molnar (1985) suggest that a hinge line ~200 km from
the Himalayan thrust front has migrated steadily south-
ward at a rate of ~15 mm/yr (also see Avouac, 2003).
Raiverman (2000) later questions the model and argues
instead that the hinge zone may have migrated episod-
ically both to the north and south during the Cenozoic
development of the Himalayan orogen.

2.2. Himalayan divisions

In the Himalayan literature, the politically, geo-
graphically, structurally, and stratigraphically defined
Himalaya is often assumed to be interchangeable (e.g.,
LeFort, 1975, 1996). This tradition can be traced back
at least to the classic work of Heim and Gansser (1939),
who based on their experience in the Kumaun region of
NW India (Fig. 2A), divided the Himalaya into four
east-trending geographic belts that correspond exactly
to four geologic domains. These geographic and geo-
logic zones are assumed continuous along the entire
Himalayan orogen (Gansser, 1964; LeFort, 1975) and
include:

(1) sub-Himalaya (Tertiary strata);

(2) Lower Himalaya (nonfossiliferous low-grade
metamorphic rocks; it is also known as the
Lesser Himalaya, see LeFort, 1975);

(3) Higher Himalaya (crystalline complex consisting
of gneisses and aplitic granites; it is also known
as the Greater Himalaya, see LeFort, 1975); and

(4) Tethyan Himalaya (marine, fossiliferous strata).

Heim and Gansser’s (1939) division implies the fol-
lowing interchangeable relationships:

(1) structurally defined MBT footwall=lithologi-
cally defined sub-Himalaya=topographically
defined sub-Himalaya;

(2) structurally defined MBT hanging wall=litho-
logically defined Lower Himalaya=topographi-
cally defined Lower Himalaya;

(3) structurally defined MCT hanging wall=litho-
logically defined Higher Himalaya=topographi-
cally defined Higher Himalaya;

(4) structurally defined STD hanging wall=litholo-
gically defined Tethyan Himalaya=topographi-
cally defined Tethyan Himalaya north of the
Himalayan crest.

These relationships are broadly valid in the central
Himalaya in Nepal and the Kumaun region of eastern-
most NW India. However, the definition precludes the
possibility that individual lithologic units may extend
across major thrusts, such as the MCT and MBT,
outside the type locality where these divisions were
derived. The inability in the past decades to recognize
this limitation has led to circular reasoning in locating
major Himalayan structures and the lack of apprecia-
tion of along-strike variation of the Himalayan archi-
tecture (e.g., Argles et al., 2003; also see discussion on
this issue by DiPietro and Pogue, 2004).

The division of Heim and Gansser (1939) is in fact
contradictory to many geologic observations. For ex-
ample, the high-grade Higher Himalayan Crystallines
of Heim and Gansser (1939) are exposed in all three
geographical zones they defined: the Tethyan Hima-
laya, Higher Himalaya, and Lower Himalaya (e.g.,
Stocklin, 1980; Schirer et al., 1986; Frank et al.,
1995; Fuchs and Linner, 1995; de Sigoyer et al.,
2000, 2004; Lee et al., 2000; Murphy et al., 2002)
(Fig. 2). Conversely, the Tethyan and Higher Himala-
yan lithologic units of Heim and Gansser (1939) are
also present in the geographically defined Lower and
Higher Himalaya (e.g., Stocklin, 1980; Gansser,
1983). Furthermore, the Tethyan Himalayan Sequence
of Heim and Gansser (1939) is exposed in both the
MCT hanging wall and footwall in northern Pakistan
(e.g., Pogue et al., 1992, 1999). Attempts to avoid the
above confusion were made at local scales, for exam-
ple in Nepal (Upreti, 1999) and in northern Pakistan
(DiPietro and Pogue, 2004), but there has been no
systhematic effort in doing so for the entire Himalaya.

2.2.1. Geographic division
In order to decouple the Heim-Gansser Himalayan
divisions from one another, the following geographic
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Fig. 1. (A) Topographic map of the Himalayan orogen. Regions outlined by yellow lines are basement ridges beneath the Indo-Gangetic depression after Rao (1973) and Raiverman (2000). DLS, Delhi-Lahore-Sargodha basement high; DM, Delhi-Muzatfarnagar
ridge; FR, Faizabad ridge; MS, Manghyr—Saharsa ridge; RGR, Rajmahal-Garo Gap ridge; RGG, Rajmahal-Garo Gap. Rivers: B.R., Bhagirathi River; A.R., Alaknanda River; K.R., Kali River. Rifts: K, Kongur Shan extensional system; TM, Tso Morari rift; PG,
Pulan—Gurla Mandhata extensional system; T, Thakkhola graben; L, Longge rift; X, Xiakangjian rift; TY, Tangra Yum Co rift; YG, Yadong—Guru rift; CM, Coma rift. Line A is the location of stratigraphic sections of the Indo-Gangetic depression shown in Fig. 3.
Locations of stratigraphic sections based on drill hole data: KB, Kanga sub-basin, DB, Dehradun sub-basin, SB, Sarda sub-basin, GB, Ganak Basin, P, Purnea. The stratigraphic sections from Raiverman (2000) are shown in Fig. 3. (A) Stratigraphic sections beneath
the Indo-Gangetic plains from Burbank (1992). (B) Topographic profiles across the Himalayan orogen using data from GTOPO 30. Each profile is an average of data from a 4-km wide swath using a 400 m running bin. (C) Close up view of topographic expression
of western Himalayan orogen. The region is characterized by the presence of large basins with low aspect (i.e., width versus length) ratios. See panel (A) for location. (D) Close up view of topographic expression of central Himalayan orogen. The region is
characterized by the presence of large basins with large aspect (i.e., width versus length) ratios. See panel (A) for location. (E) Close up view of topographic expression of eastern Himalayan orogen. Note that no prominent intermontane basins are present in this
region. See panel (A) for location.
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Fig. 1 (continued).
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Fig. 1 (continued).

definitions of the Himalayan orogen are adopted. In
the north—south direction, the Himalayan orogen may
be divided into the North Himalaya and South Hima-
laya partitioned by its high crest line (Table 1). The
North Himalaya is approximately equivalent to the
geographically defined Tethyan Himalaya of Heim

and Gansser (1939) or the Tibetan Himalaya of
LeFort (1975). Following the tradition of Heim and
Gansser (1939) and Gansser (1964), the South Hima-
laya is divided into Higher, Lower, and sub-Himalaya
from north to south (Table 1). I define the southern
boundary of the Higher Himalaya at the base of the
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Table 1

Geographical, stratigraphic, and structural division of the Himalayan range and Himalayan orogen

Geographical/Topographic Division in this Paper

Litho- and Chrono-stratigraphy Structural Division

Map View: Tibetan Plateau

Indus River/Yalu Tsangpo

North Himalaya
Himalayan Crest
Higher Himalaya

Base of northernmost
steep slope

Lower Himalaya
Lowest intermontane valley

Sub-Himalaya

Upper Himalaya (> 3500 m)

Middle Himalaya (1500-3500 m)
Basal Himalaya (50-1500 m)

Along-strike
Division:

Western Himalayan orogen

(west of 81 °E, including Salt Range,
Kashmir, Zanskar, Spiti, Himachal
Pradesh, Garhwal, and Kumaun)

Central Himalayan orogen
(81 °E - 89 °E, including Nepal, Sikkim,
and south-central Tibet)

Eastern Himalayan orogen
(east of 89 °E, including Bhutan,
Arunachal Pradesh, and southeast Tibet)

1. Siwalik Group: Neogene fine- to
coarse-grained continental strata
(~20 - 2 Ma).

1. STD hanging wall

2. Lesser Himalayan Sequence (LHS):
Metasedimentary and metavolcanic
strata, augen gneiss (1870-800 Ma).

3. Greater Himalayan Crystalline
Complex (GHC): High-grade
metamorphic rocks (800-480 Ma).

4. Tethyan Himalayan Sequence
(THS): Late Precambrian to Eocene
(~ 650- 40 Ma) sedimentary sequence
locally interlayered wtih volcanic
flows.

5. MFT footwall

a. Late Prot.-D: pre-rift

b. C-J1: syn-rift

c. J2-K: passive-margin

d. Paleocene-Eocene: syn-collision

5. North Indian Sequence (NIS):
Phanerozoic cover sequence above
LHS (520 - 20 Ma).

northernmost steepest slope of the southern Himala-
yan range, whereas the boundary between the Lower
Himalaya and sub-Himalaya lies along the axis of the
lowest intermontane valley parallel to the range (Table
1) (Fig. 1B). Although these boundaries are relatively
easy to define on individual topographic profiles (Fig.
IB), in map view they can be discontinuous. This
problem is particularly striking for the boundary be-
tween the Lower and sub-Himalaya, because most
range-parallel intermontane valleys are discontinuous
in the Pakistan and NW India Himalaya, become
narrower in Nepal, and disappear completely east of
Sikkim (Fig. 1C-E).

Elevation of some parts of the Lower Himalaya is
in fact higher than some lower parts of the Higher
Himalaya (Duncan et al., 2003) (Fig. 1B). To avoid
confusion over the traditionally defined Higher,
Lower, and sub-Himalaya, I suggest that the Himala-
yan range may be divided vertically into the Basal
(<1500 m), Middle (1500-3500 m), and Upper Hima-
laya (>3500 m) (Table 1). Following this definition,
the Upper Himalaya is mostly absent in northern

Pakistan south of the Indus—Tsangpo suture (=Main
Mantle Thrust) as noted by DiPietro and Pogue (2004)
(Fig. 1B).

Along strike, the Himalayan orogen may be divided
into the western (66°-81°), central (81°-89°), and
eastern (89°—98°) segments (Table 1). The western
Himalayan orogen covers the following regions that
commonly appear in the literature: Salt Range in
northern Pakistan, Kashmir (also known as the
Jammu—Kashmir State of NW India), Zanskar, Spiti,
Chamba, Himachal Pradesh, Lahul, Garhwal, and
Kumaun (also spelled as Kumaon) (Fig. 2A). The
central Himalayan orogen occupies Nepal, Sikkim,
and south-central Tibet, whereas the eastern Himala-
yan orogen includes Bhutan, Arunachal Pradesh of NE
India, and southeastern Tibet (Fig. 2A).

A systematic along-strike change in the Himala-
yan topography is best expressed by the geometrical
variation of the modern intermontane basins in the
South Himalaya. For example, intermontane basins
with north—south widths >80-100 km are present in
northern Pakistan (e.g., Jalalabad and Peshawar
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basins) and Kashmir (Kashmir basin) (Figs. 2A and
1C). However, intermontane basins become more
elongated and narrower (<30—40 km in the north—
south width) in the central Himalayan orogen (Fig.
1D) and are completely absent in the eastern Hima-
laya (Fig. 1E). As discussed in Section 7.6, this
variation may be a direct result of an eastward in-
crease in the total crustal shortening along the Hima-
layan orogen (also see Yin et al., submitted for
publication).

2.2.2. Stratigraphic division

Stratigraphically, the major lithologic units in the
Himalayan orogen consist of the Neogene Siwalik
Group, the Proterozoic Lesser Himalayan Sequence
(LHS), the Proterozoic—Ordovician Greater Himala-
yan Crystalline Complex (GHC), and the Proterozoic
to Eocene Tethyan Himalayan Sequence (THS) (Table
1) (e.g., LeFort, 1996). Among these units, the defini-
tion and lateral correlation of the Greater Himalayan
Crystalline Complex are most problematic. Heim and
Gansser (1939) originally define the unit as high-grade
metamorphic rocks structurally below the fossiliferous
Tethyan Himalayan Sequence. This definition was fol-
lowed by LeFort (1975) who replaced the GHC by the
term “Tibetan slab” and designate it as “highly meta-
morphic and tectonized basement of the Paleozoic and
Mesozoic Tethyan sediments” (p. 4, LeFort, 1975).
Because the basal parts of the THS in northern
Nepal and south-central Tibet also exhibit up to
amphibolite facies metamorphism (e.g., Schenider
and Masch, 1993), the Heim and Gansser (1939)
definition is untenable. In this paper, I regard both
the Greater Himalayan Crystalline Complex and
Tethyan Himalayan Sequence as chronostratigraphic
units regardless of their metamorphic grades. This
definition has been implicitly or explicitly adopted
by many workers (e.g., DeCelles et al., 2000; Steck,
2003; DiPietro and Pogue, 2004). Another problem
in the Himalayan stratigraphic division is the use of
lithostratigraphy as the basis for defining chronos-
tratigraphic units.

2.2.3. Structural division

The major tectonostratigraphic units in the Himala-
yan orogen are defined as the MFT hanging wall, MBT
hanging wall, MCT hanging wall, and STD hanging
wall (Table 1). Unlike Gansser (1964) and LeFort

(1975), the structural units defined here do not have
unique correlations with individual lithologic units
(e.g., DiPietro and Pogue, 2004). That is, identifying
and differentiating Himalayan lithologic units alone are
not sufficient to determine the location of major Hima-
layan thrusts (cf. Ahmad et al., 2000), because the
faults may cut up and down sections laterally and in
their transport directions across major lithological
boundaries.

2.2.4. Temporal division

The history of the Himalayan evolution has been
generally divided into two stages: the Eohimalayan
event that occurred during the middle Eocene to Oli-
gocene (45-25 Ma) and the Neohimalayan event that
occurred since the early Miocene (e.g., LeFort, 1996;
Hodges, 2000). This division was originated from the
recognition that several phases of metamorphism oc-
curred during the development of the Himalayan oro-
gen, with the older phases typically induced by crustal
thickening and expressed by prograde metamorphism
and later phases by unroofing and retrograde metamor-
phism (e.g., LeFort, 1975; Brunel and Kienast, 1986;
Hodges and Silverber, 1988; Searle et al., 1999a). The
essence of this division is the implicitly assumed syn-
chroneity of similar deformation and metamorphic
styles occurring along the entire length of the Hima-
layan orogen. As shown by DiPietro and Pogue
(2004), application of this interpretation to the evolu-
tion of the western Himalayan orogen is problematic,
where the typical “Neohimalayan” event associated
with unroofing and retrograde metamorphism is com-
pletely absent. Because of its limited application to the
evolution of the whole Himalaya, one should treat the
above temporal division as a hypothesis rather an
accepted fact.

2.3. Major Himalayan lithologic units

2.3.1. Tethyan Himalayan Sequence (THS) (1840 Ma—
40 Ma, Paleoproterozoic to Eocene)

The Tethyan Himalayan Sequence consists of
Proterozoic to Eocene siliciclastic and carbonate sed-
imentary rocks interbedded with Paleozoic and Me-
sozoic volcanic rocks (Baud et al., 1984; Garzanti et
al., 1986, 1987; Gaetani and Garzanti, 1991; Gar-
zanti, 1993, 1999; Brookfield, 1993; Steck et al.,
1993; Critelli and Garzanti, 1994; Liu and Einsele,
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Table 2
Selected stratigraphic sections of the Tethyan Himalayan Sequence

SE Zanskar

Northern Nepal

South-central Tibet

Chulung La FM. (Eocene ?)
(siltstone, 100 m)

Spanboth FM. (L. Cret.-Pa.)
(calcarenite, 120-140 m),

Kangi La FM. (L. Cret. ?)
(siltstone, shale, sandstone,
400-600 m)

Chikkim FM. (L. Cret. ?)
(limestone, 90-100 m)

Giumal Sandstone (L. Cret.-Pa./Eo.)
(sandstone, 200-300 m)

Spiti Shale (L. Jurassic-E. Cret.)
(shale, 30 to >150 m)

Laptal FM. (no information)

Kioto Limestone (E. Jurassic)
(dolostone, 400 m)

Quartzite Series/Alaror FM. (E. Triassic)
(sandstone, quartzarenite, 120 m)

Zozar FM. (L. Triassic)

(limestone, 20 m)

Hans FM. (M. Triassic)

(marls, limestone, 410 m)

Tamba Kurkur FM. (E.-M. Triassic)
(limestone, shale, 40-100 m)

Kuling FM. (L. Permian)
(quartz arenite, 30-55 m)

Panjal Traps (Permian)

(volcanics and volcaniclastics,

2500 m)

Ganmachidam FM. (Carb.- E. Permian)
(sandstone, siltstone, shale;

no thickness estimates)

Po FM. (Carboniferous)

(sandstone, limestone, 80-100 m)

Lipak FM. (E. Carb.)

(marly limestone, 50-70 m)

Muth Quartzite (Devonian)

(massive white quartzite, > 200 m)
Thaple FM. (Ordov.-Silu.)
(conglomerate, > 300 m)
--------------------- unconformity

Karsha FM. (M.-L. Camb.)
(dolostone and slate, ~200 m)

Phe FM. (late Protero.-Camb.?)
(shale, sandstone, ~ 1500 m)

Muding FM. (E. Cret.)
(marlstoone, > 40m)
“glauconitic horizon” (E. Cret.)
(arenite, 25 m)

Daong FM. (E. Cret.)

(shale and sandstone, 400 m)
Kagbeni FM. (E. Cret.)
(volcaniclastics, coal, 130 m)

Dangardzong Quartzarenite (L. Cret.)
(sandstone, shale, 45 m)

Spiti Shale (L. Jr.)

(black shale, 150 m)

Dangar FM. (M. Jr.)

(marlstone, 10 m)

Ferruginous Oolite FM. (M. Jr.)
(ironstone, arenite, 7 m)

Laptal FM. (M. Jr.)

(marl, arenite, 100-120 m)

Kioto Limestone (E.-M. Jr.)
(carbonate, 250-300 m)

Zhamure Sandstone (L. Tr.-E. Jr. ?)
(arenite, sandstone, 30 m)

Yak Kharka FM. (L. Tr. ?)
(siltstone, limestone, arenite, 150 m)
Tarpa FM. (M. Tr.)

(siltstone, sandstone, 400-500 m)

Mukut FM. (E. Tr.)

(marl, marly limestone, 200-270 m)
Tamba-Kurkur FM. (E. Tr.)
(pelagic limestone, 23-50 m)
Nar-Tsum Spilites (E. Permian)
(spilitized tholeiitic basalt, 0-85 m)
Puchenpra FM. (E. Permian)
(sandstone, arenite, 100-150 m)

Atali Quartzarenite (L. Carb.)
(sandstone, 100 m)

Braga FM. (L. Carb. ?)

(shale, sandstone, diamictite, 120 m)
Bangba FM. (L. Carb.)

(sandstone, shale, diamictite, 90 m)

Col Noir Shale (L. Carb.)

(shale, sandstone, 160 m)
“Syringothyris beds” (L. Carb.)
(arenite, shale, sandstone, 65 m)
Marsyandi FM. (E. Carb.)

(shale, sandstone, arenite, 400 m)

Ice Late/Tilcho Lake FM. (E. Carb.)
(carbonate, 320 m)

Tilicho Pass FM. (L. Dev.)
(quartzarenite, carbonate)

Muth FM. (M. - L. Dev.)

(carbonate, quartzarenite, mudstone)
Dark Band FM. (E. Silurian-Early Dev.)
(pelite, limestone, marl)

North Face Quartzite/Gyaru FM. (L. Ordo.)
(quartzite, mudstone)

Dhaulagiri Limestone/Nilgiri FM. (M. Ordo.)
(strongly recrystallized carbonate)
Annapurna Yellow FM. (Cambrian ?)
(Bt+Ms calc schist, psammite)

Sanctuary FM. (Cambrian ?)
(BT+Ms schist, sandstone)

Zongshan FM (L. Cret.)
(limestone, marl, sandstone, 270 m)

Jiubao FM. (L. Cret.)
(limestone, sandstone, 90-180 m)

Lengqingre FM. (L. Cret.)
(shale, marl, 210-230 m)

Chagiela FM. (E. Cret.)
(shale, limestone, 160-180 m)

Dongshan FM. (E. Cret.)
(black shale, 500-800 m)

Xiumo FM. (L. Jr.)
(limestone, sandstone, 1800 m)

Menbu FM. (L. Jr.)
(shale, >500 m)

Lalongla FM. (M. Jr.)

(limestone, quartzarenite, 740 m)
Niehnieh Hsionla FM. (M. Jr,)
(oolitic limestone, sandstone, 780 m)

Pupuga FM. (E. Jr.)
(siltstone, shale, sandstone, 880 m)

Zhamure FM. (L. Tr.)
(shale, sandstone, 140 m)

Derirong/Qulonggongba/Yazhi FM.
(L. Tr., sandstone)
(shale, limestone, 1000 m)

Kangshare FM. (L. Tr.)
(limestone, shale, 99 m)

Qudenggongba FM. (M. Tr.)
(carbonate, shale, 200-400 m)
Tulong FM. (E. Tr.)
(limestone, shale, 100-300 m)

Baga FM. (L. Permian)
(domostone, marl, 10 m)

Shengmi FM. (E. Permian)
(shale, limestone, sandstone, 400 m)

Jiling FM. (L. Carb.)
(Quartzarenite, diamictite, 700 m)

Naxing FM. (E. - M. Carb.)
(shale, marl, sandstone, 60 m)

Poqu Group (M.-L. Dev.)
(shale, quartzarenite, 320 m)

Liangquan FM. (E. Dev.)
(arenite, limestone)

Pulu Group (M. - L. Silurian)
(quartz arenite, limestone, 50 m)

Shigipo FM. (E. Silurian)
(shale, sandstone, limestone, 90 m)

Hongshantou FM. (L. Ordo.)
(shale, sandstone, 70 m)

Jiacun Group (E. - M. Ordo.)
(carbonate, 820 m)

Rugiecum Group (Cambrian ?)
(marble, banded limestone, 240 m)
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Fig. 2. (A) Regional geologic map of the Himalayan orogen. Main sources are from Liu (1988), Frank et al. (1995), Fuchs and Linner (1995); Yin and Harrison (2000), Ding et al. (2001), DiPietro and Pogue (2004) and my
own observations and interpretations. All map symbols are defined below the map. (B) Geologic cross-section of the Hazara region of northern Pakistan. Geology portrayed on the cross-section is mostly based on Greco and
Spencer (1993), Pogue et al. (1999), DiPietro et al. (1999), Treloar et al. (2003), and DiPietro and Pogue (2004). Major lithologic units: Ts, Tertiary sediments; THS, Tethyan Himalayan Sequence; LHS, Lesser Himalayan
Sequence; THS/GHC, unmetamorphosed (with respect to Cenozoic deformation) Tethyan and Greater Himalayan Sequences; GHC, Greater Himalayan Crystalline Complex. MBT, Main Boundary Thrust; MMT, Main
Mantle Thrust; MCT, Main Mantle Thrust. (C). Geologic cross-section across the Chamba—Zanskar Himalaya. See Fig. 7 for detailed geology and sources of references. DV, Dras volcanic complex; GCT, Great Counter
thrust; JT, Jammu thrust; MZBT, Main Znaskar backthrust; PJB, Panjal basalt; SP, Spongtang ophiolite; STD, South Tibet Detachment; ZSZ, Zanskar shear zone. (D). Geologic cross-section across southwest Tibet and
western Nepal modified from DeCelles et al. (2001) and Murphy and Yin (2003). LNCN, Lesser Himalayan Crystalline Nappe; SKT, South Kailas thrust; GCT, Great Counter thrust. (E). Geologic map across the
Kathmandu nappe of south-central Nepal modified from Johnson et al. (2001) with additional information from Arita (1983). gr(Or), Ordovician granite; gr(Pt), Paleo- to Meso-Proterozoic plutons. (F). Geologic cross-
section of easternmost Nepal and south-central Tibet, slightly modified from Hauck et al. (1998). MHT, Main Himalayan Thrust. (G) Geologic cross-section across southeast Tibet and Bhutan. Geology is based on Yin et al.
(1994, 1999), Gansser (1983), and Grujic et al. (2002). See Fig. 10 for symbols of major units and structures. GKT, Gyrong—Kangmar thrust. (F). Geologic cross-section of the Lohit Valley. Geology is based on Gururajan
and Choudhuri (2003).
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TETHYAN HIMALAYAN SEQUENCE
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Fig. 3. Selected stratigraphic sections of Tethyan Himalayan, Lesser Himalayan, and Cenozoic sequences. Salt Range section is from Gee (1989), Western Hinterland of northern Pakistan from Pogue et al. (1999), south-central Tibet from Liu and Einsele
(1994), and the rest is modified from Brookfield (1993). Cenozoic sections of the Indo-Gangetic depression are modified from Burbank (1992) (section (A) shown in Fig. 1A) and Raiverman (2000) (sections KB, DB, SB, GB, and P). Note that the age of
Proterozoic strata in Arunachal was considered as Mesoproterozoic by Brookfield (1993) but here is changed to Upper Proterozoic based newly available detrital zircon ages from the region (Yin et al., submitted for publication). Also, the age of metabasalt in
the Rampur Formation is from Miller et al. (2001). Stratigraphic sections of the Indo-Gangetic depression based on drill hole data: KB, Kanga sub-basin; DB, Dehradun sub-basin; SB, Sarda sub-basin; GB, Ganak Basin; and P, Purnea. The stratigraphic
sections from Raiverman (2000) and their locations are shown in Fig. 1 A. Numbers in the Cenozoic sections of the Indo-Gangetic depression are (1) late Paleocene to middle Eocene; (2) late Eocene to early Oligocene (this section is complete missing); (3)
late Oligocene to early Miocene; (4) early Miocene to middle Miocene; (5) late Miocene; (6) late Miocene to early Pleistocene; (7) middle Pleistocene; (8) late Pleistocene; (9) late Pleistocene to Holocene; and R, Late Cretaceous Rajmahal trap basalt. In
section (A), US, Pliocene—Holocene Upper Siwalik Group (=7, 8 and 9); MS, late Miocene—Pliocene Middle Siwalik Group (=5 and 6); LS, middle Miocene Lower Siwalik Group (4).



pp. 2022 A. Yin / Earth-Science Reviews 76 (2006) 1-131
Table 3
Hanging-wall and footwall stratigraphic cutoffs along the Main Central Thrust System from west to east
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1994, 1999) (Table 2) (Fig. 3). The THS can be
divided into four subsequences:

(1) Proterozoic to Devonian pre-rifi sequence char-
acterized by laterally persistent lithologic units
deposited in an epicratonal setting;

(2) Carboniferous—Lower Jurassic rift and post-rift
sequence that show dramatic northward changes
in thickness and lithofacies;

(3) Jurassic—Cretaceous passive continental margin
sequence; and

(4) uppermost Cretaceous—Eocene syn-collision se-
quence (Liu and Einsele, 1994; Garzanti, 1999)
(Table 2).

Liu and Einsele (1994) interpret the start of the syn-
rift sequence at the beginning of the Permian while
Garzanti (1999) places this boundary at the earliest
Carboniferous. Garzanti’s (1999) suggestion is based
on his study in north-central Nepal, which shows
that the thickness of the Carboniferous strata varies
from being completely absent to over 700 m thick over
a distance of ~40-50 km (Fig. 4). In Lahul of NW
India (Fig. 2A), Vannay and Steck (1995) show that
Ordovician—Carboniferous strata are absent in the
overturned north-verging Tandi syncline (Fig. 7).
They also show that the missing Paleozoic strata
reappear about 15 km to the north in the THS and
attribute it to late Paleozoic rifting. The Carbonife-
rous—Jurassic rifting event in the North Himalaya is
commonly related to separation of the Lhasa terrane
from northern India and the eventual opening of
Neo-Tethys (e.g., Burg et al., 1983; Sengor, 1984;
Brookfield, 1993; LeFort, 1996; also see Ricou,
1994 and Seng6r and Natal’in, 1996 for systematic
paleogeographic reconstructions of Neo-Tethys). The
stratigraphic boundary between the passive margin
sequence and the overlying syn-collision strata of the
THS is poorly defined. This is because the age for
the onset of Indo-Asian collision is not well con-
strained, with estimates ranging from ~65 Ma to ~43
Ma (Patriat and Achache, 1984; Rowley, 1996; Yin
and Harrison, 2000; Najman et al., 2001, 2002,
2003; Zhu et al., 2005; Ding et al., 2005). The
issue is complicated by possible latest Cretaceous
or even Eocene collision of an oceanic arc with
India prior to the final collision between India and
Asia (e.g., Reuber, 1986; Corfield et al., 1999, 2001;

Ziabrev et al., 2004; cf,, Rowley, 1996; Yin and
Harrison, 2000).

In the northwestern Indian Himalaya, the pre-rift
sequence can be further divided into the Proterozoic—
Middle Cambrian Haimanta Group and a Lower Or-
dovician—Devonian shelf sequence. The two units are
separated by a regional unconformity with the lower
unit extensively intruded by 550-470 Ma granites
(e.g., Baud et al., 1984; Brookfield, 1993; Frank et
al., 1995; Miller et al., 2000). The lower age bound
of the Haimanta Group is poorly known and is
considered by most to be Neoproterozoic in age
(Frank et al., 1995; see also Draganits, 2000 for
detailed review of this problem). However, Miller et
al. (2001) using Rb—Sr dating of a mylonitic orthog-
neiss unit (the Baragaon gneiss) show that the base-
ment of the THS has an age of ~1840 Ma in the
Kullu-Larji-Rampur window (Fig. 2A). Note that
most Indian geologists regard the Baragaon gneiss
as part of the LHS (e.g., Pandy and Virdi, 2003). The
age of the Baragaon gneiss is similar to that of the
Ulleri gneiss in Nepal, which is considered to be part
of the LHS and is located within the Ramgarh thrust
sheet (e.g., DeCelles et al., 2001). This lateral varia-
tion of assigning the potentially same lithologic units
to thrust sheets both above the MCT (i.e., the
Baragaon gneiss in NW India) and below the MCT
(i.e., the Ulleri gneiss in Nepal) implies that the MCT
cuts up-section laterally to the west and the Heim and
Gansser (1939) tectonostratigraphic division is un-
workable in the Himalaya.

A Proterozoic sequence below an Ordovician un-
conformity in the THS has been inferred in southern
Nepal within the Kathmandu Nappe and possibly in
Bhutan (Stocklin, 1980; Bhargava, 1995) (Fig. 2A).
This unconformity appears absent in northern Nepal
and south-central Tibet where the basal THS has
experienced greenschist to amphibolite facies meta-
morphism (e.g., Liu and Einsele, 1994; Schenider
and Masch, 1993; Garzanti et al., 1994; Garzanti,
1999) (Fig. 3). In both areas, Ordovician strata ap-
pear to lie conformably on top of metamorphosed
carbonate and sandstone that have been assigned
Cambrian and Proterozoic ages without any fossil
evidence or radiometric age constraints (e.g., Col-
chen et al., 1986; Upreti, 1999). The apparent ab-
sence of the Ordovician unconformity in northern
Nepal and south-central Tibet may be due to either
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intense Cenozoic deformation and metamorphism
(Brookfield, 1993; Garzanti et al., 1994; Searle and
Godin, 2003) or a change in lithofacies from coarse
conglomerates in NW India to finer clastic deposits
in northern Nepal (Gehrels et al., 2003).

The lithostratigraphy of the THS changes both
along and perpendicular to the Himalayan orogen.
Brookfield (1993) notes that sedimentation of the
THS in the Indian Himalaya is markedly different
east and west of the Nanga Parbat syntaxis prior to
the onset of the Indo-Asian collision. He attributes this
to two rifting events: one in the Jurassic along the
western margin of India and one in the Permian
along the northern margin of India. Recently, DiPietro
and Pogue (2004) trace major Himalayan stratigraphic
units (i.e., GHC, THS, and LHS) continuously across
the Nanga Parbat syntaxis based on the presence of
distinctive igneous and metamorphic units and show
that the GHC, THS, and LHS all belong to the same
stratigraphic sequence deposited on the northern mar-
gin of India.

The THS has also been divided into the northern
(= outer) and southern (= inner) zones (Brookfield,
1993; Liu and Einsele, 1994). The thickness and
lithofacies of the Proterozoic to Carboniferous strata
are similar in that both zones were deposited in a
shelf setting, but their Mesozoic strata differ dramat-
ically. The northern THS zone consists of a thick
slope sequence, whereas the southern THS zone is
dominated by shelf and shelf-edge sequences (Fig. 3)
(also see detailed comparison of the two zones by
Liu and Einsele, 1994). It is interesting to note that
Cambrian to Devonian strata in south-central Tibet
are missing in the northern zone but exist in the
southern zone. This could either result from Carbon-
iferous rifting or Cenozoic development of the North
Himalayan gneiss domes, as the latter form the
basement of the Carboniferous strata in the northern
THS zone (e.g., Liu, 1988; Lee et al., 2000).

2.3.2. Greater Himalayan Crystalline Complex
(GHC) (71800480 Ma, Paleoproterozoic to
Ordovician)

Although the GHC consists generally of high-
grade rocks, they become indistinguishable in
northern Pakistan from the THS, where it appears
as low-grade to unmetamorphosed sedimentary stra-
ta interlayered with ~500 Ma granites (e.g., Pogue et

al., 1999). The high-grade GHC rocks generally form
a continuous belt along the east-trending axis of the
Himalayan range, but they also occur as isolated
patches surrounded by low-grade Tethyan Himalayan
strata such as in the Zanskar and Tso Morari regions
of NW India, along the North Himalayan Antiform
(NHA), and in the Nanga Parbat massif of northern
Pakistan (Fig. 2A) (Honegger et al., 1982; Steck et al.,
1998; DiPietro and Pogue, 2004).

In Nepal, the GHC is bounded by the MCT below
and the STD above (Table 3). Its age is estimated to be
Neoproterozoic to Ordovician (Parrish and Hodges,
1996; DeCelles et al., 2000). The metamorphic grade
in the GHC first increases upward in its lower part and
then decreases from the middle to the upper part to-
wards the STD (e.g., Hubbard, 1989; LeFort, 1996). In
Himachal Pradesh along the Sutlej River in NW India,
inverted metamorphism appears to span the whole
GHC from MCT zone to the STD (Vannay and Grase-
mann, 1998). Deformed and undeformed early to mid-
dle Miocene leucogranites are widespread in the GHC,
but they are mostly concentrated in the very top part of
the GHC (e.g., Gansser, 1964, 1983; LeFort, 1975,
1996; Scaillet et al., 1990, 1995; Guillot et al., 1993,
1995; Parrish and Hodges, 1996; Searle et al., 1997,
1999a,b; Murphy and Harrison, 1999; Dézes et al.,
1999; Grujic et al., 2002).

In Zanskar of NW India, low-grade THS sur-
rounds the GHC. The Carboniferous and Triassic
strata of the THS are also metamorphosed to am-
phibolite facies (Honegger et al., 1982) and lie to-
gether with the GHC below the north-dipping
Zanskar shear zone (e.g., Herren, 1987). This obser-
vation suggests that the metamorphic grade alone
cannot be used as the sole criterion to differentiate
the THS from GHC.

The lack of a high-grade equivalent of the GHC in
northern Pakistan to that observed in the central Hima-
laya has been long noted (e.g., Yeats and Lawrence,
1984). Whittington et al. (1999), DiPietro and Isachsen
(2001), and Zeitler et al. (2001) demonstrate the pres-
ence of high-grade Lesser Himalayan rocks within
and adjacent to the Nanga Parbat syntaxis (Fig. 2A).
These rocks have experienced ductile deformation,
intrusion, and metamorphism at ~500, 1850, and
2174 Ma, respectively (DiPietro and Isachsen, 2001;
Zeitler et al., 2001). The intrusive age of ~1850 Ma
correlates with the ~1800 Ma Uleri gneiss of the LHS
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Fig. 4. Schematic diagram showing variation of syn-rift Carboni

in Nepal (e.g., DeCelles et al., 2001) and Baragaon
gneiss in the Kullu-Larji-Rampur window of NW
India (Miller et al., 2000).

2.3.3. Lesser Himalayan Sequence (LHS) (1870-520
Ma, Proterozoic—Cambrian)

The stratigraphic division of the Lower or Lesser
Himalayan Sequence by Heim and Gansser (1939)
and LeFort (1975) only includes the nonfossilifer-
ous low-grade metasedimentary rocks (Table 4).
These strata are overlain by Permian to Cretaceous
strata which are often referred to as the Gondwana
Sequence (Gansser, 1964) (Fig. 3). In contrast to
the THS, no Ordovician to Carboniferous strata are
present above the LHS along the whole Himalayan
orogen east of the Nanga Parbat syntaxis (Fig. 3).
In light of radiometric ages of interlayered gneisses,
detrital zircons, and metavolcanic rocks (Trevidi et
al., 1984; Miller et al., 2000; DeCelles et al., 2000;
Singh et al., 2002; Yin et al., submitted for publi-
cation), the LHS has an age range of 1870-850
Ma. Its main lithology includes metasedimentary
rocks, metavolcanic rocks, and augen gneiss (e.g.,
Frank et al., 1995; DeCelles et al., 1998a; Upreti,
1999). Upper Proterozoic strata are in conformable
contact with overlying Cambrian strata in NW India
and possibly in Nepal (Valdiya, 1980; Brunel et al.,
1984, 1985). But in Pakistan, Mesoproterozoic stra-

ferous deposits in north-central Nepal, simplified from Garzanti (1999).

ta of the LHS are overlain by either Cambrian or
Carboniferous sequences of the THS (DiPietro and
Pogue, 2004) (Fig. 5).

2.3.4. North Indian Sequence (NIS) (Proterozoic and
Phanerozoic)

From the above descriptions, the GHC, LHS, and
THS overlap in ages despite drastically different lithol-
ogy and metamorphic grade. The latter could result
from long-distance tectonic transport along Cenozoic
thrusts. Thus, it would be useful to have a consistent
chronostratigraphic division of all the Himalayan units.
Following Brookfield’s (1993) idea, I refer to the whole
Precambrian and Phanerozoic sedimentary sequence in
the Himalayan region as the North Indian Sequence.
Their possible three-dimensional distribution is sche-
matically shown in Fig. 5. It is within this complex
three-dimensional stratigraphic framework that the
main Himalayan units such as the THS, LHS, and
GHS were sampled.

2.3.5. Cenozoic Sequence in the MFT and MBT Hang-
ing Walls

This sequence consists of the Neogene Siwalik stra-
ta in the MBT footwall and Paleogene—early Miocene
strata in both the MBT hanging wall and footwall (Fig.
2) (Table 5) (e.g., Schelling and Arita, 1991; Burbank et
al., 1996; DeCelles et al., 1998a,b). The Tertiary strata
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Upreti (1999), Sakai et al. (1999), DeCelles et al. (2001)

Gansser (1983),

Kumar (1997)

Bhargava (1995)

below the MBT were traditionally assigned as the sub-
Himalayan geographic and stratigraphic zone (Gans-
ser, 1964). The Paleocene—Eocene strata of the Hima-
layan foreland were deposited in a marine setting while
the Miocene—Pliocene strata were deposited in a con-
tinental setting. A prominent unconformity exists
between upper Eocene—? lower Oligocene strata
below and lower Miocene strata above. This unconfor-
mity is present in the MFT and MBT hanging walls
(Burbank et al., 1996; DeCelles et al., 1998a), and in
the Indo-Gangetic depression (Raiverman, 2000).

Exceptions for the existence of this unconformity are
documented in the Bengal Basin, eastern Shillong pla-
teau and the Kirthar Range on the southeastern and
southwestern continental margins of Indian subconti-
nent, where deposition from Paleogene to Neogene is
continuous (Table 5).

2.3.6. Active Himalayan foreland basin

The Indo-Gangetic depression is an active foreland
basin receiving sediments from both the Himalayan
orogen and the Indian Peninsula Highlands of the
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Indian craton. The basin has been divided into four
sub-basins: the Indus Basin covering the drainage
area of the Indus River, the Ganga Basin covering
the drainage area of the Ganges River, the Brahma-
putra Basin covering the drainage area of the Brah-
maputra River, and the Bengal Basin covering the
joined Brahmaputra—Ganges River south of the Raj-
mahal-Garo gap (Fig. 1A). The basement of the
active Himalayan foreland basin is irregular, with
several subsurface ridges extending from the Penin-
sula Highlands northwards to the Himalayan front.
These structural highs generally trend at high angles
to the Himalayan range (Fig. 1A) and have structural
relief locally exceeding 2 km in an east-west direc-
tion parallel to the Himalayan thrust front (Raiver-
man, 2000) (Fig. 3). The most prominent subsurface
structural high is the Delhi-Muzaffarnagar ridge that
forms the drainage divide between the Indus and
Ganges Rivers (Fig. 1A). The basement highs be-
neath the Indo-Gangetic depression are being sub-
ducted beneath the Himalayan range along the
MFT; they may have controlled the map pattern of
the major Himalayan thrusts and the along-strike

variation and concentration of seismicity below the
Himalayan range (Johnson, 1994; Pandey et al.,
1999; Avouac, 2003).

Basement ridges beneath the Indo-Gangetic depres-
sion are either Precambrian in age (e.g., Rao, 1973) or
have been developed in the Cenozoic (Duroy et al.,
1989; Raiverman, 2000); the latter interpretation is
based on the observations that the ridges control Ce-
nozoic sedimentation and are locally associated with
seismicity. The structural highs such as the Sargodha
ridge immediately south of the Salt Range in Pakistan
have been interpreted as segments of a flexural bulge
(= forebulge) of the underthrusting Indian lithosphere
(Yeats and Lawrence, 1984; Duroy et al., 1989). Al-
though a forebulge may have been locally produced by
bending of the Indian lithosphere beneath the western-
most and south-central Indo-Gangetic depression as
indicted by gravity data (Duroy et al., 1989; Mishra
et al., 2004), its topographic expression may be much
smaller than the basement ridges (500-1000 m of
relief) trending at high angles to the Himalayan orogen.
Basin fills in the Indo-Gangetic depression are domi-
nantly Neogene sediments of the Siwalik Group and



A. Yin / Earth-Science Reviews 76 (2006) 1-131 29

rest unconformably on top of Paleocene to lower Eo-
cene strata, Precambrian granitic rocks of the Indian
craton, Proterozoic shallow marine sequences of the
Vindhyan Group, and Permian strata of the Gondwana
sequence (Raiverman, 2000) (Fig. 3).

2.4. Major Himalayan structures

In the following, I define the terminology and
general geographic distribution of major Himalayan
structures. The kinematic nature of these structures
will be discussed at length in later sections of the
article.

2.4.1. South Tibet Detachment (STD)

The South Tibet Detachment is best defined in
south-central Tibet where it juxtaposes unmetamor-
phosed or low-grade THS over high-grade GHC
(Burg et al., 1984a; Burchfiel et al., 1992). Whether
the same relationship persists along the entire Hi-
malayan orogen is not clear, particularly at its
western and eastern ends (e.g., Ding et al., 2001;
Argles and Edwards, 2002; DiPietro and Pogue,
2004).

2.4.2. Main Central Thrust (MCT)

The concept of the MCT comes from Heim and
Gansser (1939). Based on observations made along
the Kali and Alaknanda Rivers in the Garhwal and
Kumaun regions of NW India, they show that the
fault is broadly folded and juxtaposes high-grade
gneisses and schists over either steeply dipping lime-
stone (near Dharchula, 29°50'46"N/80°25'45"; Fig.
2A) or subhorizontal quartzite (near Berinag above
70 km west-southwest of Dharchula; Fig. 2A). The
efforts of extending this major Himalayan structure
along strike from NW India have led to its variable
definitions.

(1) As in Heim and Gansser (1939), the fault
may be identified as a lithologic contact sep-
arating the LHS below from the GHC above.

(2) The fault may be identified by an abrupt change
in metamorphic grade (LeFort, 1975; Pécher,
1989).

(3) The fault may be defined as the top surface or
the basal surface of a broad shear zone several
kilometers thick across the uppermost part of

the LHS and the lowermost part of the GHC
(Arita, 1983; Pécher, 1989; Searle et al., 2003).

For an ideal situation, the three criteria should all be
met (LeFort, 1996), but this has rarely been the case.

The problem of applying the above criteria to locate
the MCT in the Himalaya may be attributed to the
following factors. First, the exact lithologic composi-
tion and stratigraphy of the MCT hanging wall and
footwall are not completely understood. Although
stratigraphic juxtaposition relationships across the
MCT are well defined in some places, they may not
apply to others because the MCT hanging-wall and
footwall lithology and stratigraphy vary along strike; a
footwall rock at one location may become a hanging-
wall rock at the other. Enforcing the same stratigraphic
juxtaposition across the MCT along the entire Hima-
laya has not only created confusion but may have
disguised the true spatial variation of the Himalayan
geology. Second, metamorphic grades are often con-
tinuous across the MCT shear zone, making the as-
signment of a specific metamorphic isograd as the
location of the MCT subjective. Heim and Gansser
(1939) were well aware of this problem when they
worked along the Alaknanda River, where they found
that the metamorphic grade is continuous across the
broad MCT shear zone. Third, due to heating and post-
deformation static grain growth, structural fabrics re-
lated to shearing along the MCT may have been erased
completely. This would make the definition of the
MCT solely based on strain magnitude unattainable.
Fourth, the MCT shear zone across the LHS and GHC
is a result of finite strain deformation. That is, not all
shear surfaces in the shear zone were active all at once,
as indicated by the work of Harrison et al. (1997a).
Therefore, the location of the MCT surface accommo-
dating major convergence may vary with time within
the broad shear zone. With this complex factor in
mind, one needs to specify the timing of a structure
when naming the MCT in the field.

2.4.3. Main Boundary Thrust (MBT)

The MBT is defined as the thrust placing the LHS
over Tertiary sedimentary strata (Heim and Gansser,
1939). This definition is not without problems be-
cause whether the LHS is juxtaposed against Tertiary
strata depends on the exposure level of the fault. For
example, the Jammu thrust in the western Himalaya is
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considered to be a footwall structure of the MBT (Fig.
2A). However, it locally places LHS over Tertiary
strata (e.g., Fuchs and Linner, 1995; DiPietro and
Pogue, 2004). In addition, Cenozoic strata are also
present in the MBT hanging wall in places such as in
the Pakistan Himalaya foreland (DiPietro and Pogue,
2004). Consequently, the MBT defined by Heim and
Gansser (1939) in one place may not be the same fault
in another place. It is important to remember this point
when reconstructing along-strike variation of the Hi-
malayan history.

2.4.4. Main Frontal Thrust (MFT)

This fault is regarded as the thrust contact between
the Neogene Siwalik strata above and Quaternary
deposits of the Indo-Genetic depression below (e.g.,
Gansser, 1964, 1983; Yeats and Lillie, 1991; Lavé and
Avouac, 2000; Kumar et al., 2001). The fault is
commonly expressed as a zone of folds and blind
thrusts (Nakata, 1989; Yeats and Lillie, 1991).

2.4.5. Main Himalayan Thrust (MHT)

This concept was first proposed by Schelling and
Arita (1991) in their structural reconstruction of the
eastern Nepal Himalaya. They suggest that major
Himalayan thrusts (MFT, MBT, and MCT) in eastern
Nepal of the South Himalaya may sole into a low-
angle fault that they termed the Main Detachment
Fault (MDF). This concept was later expanded to
the North Himalaya based on observations from the
INDEPTH seismic reflection profiles (Zhao et al.,
1993; Nelson et al., 1996).

3. Structural geology of the Himalayan orogen

The major tectonic elements in the Himalayan
orogen from north to south include:

(1) the south-dipping Great Counter Thrust (GCT)
immediately south of the Indus—Tsangpo suture
zone (also known as Renbu—Zedong thrust or
Himalayan Backthrust in southern Tibet; Heim
and Gansser, 1939; Ratschbacher et al., 1994,
Yin et al., 1994, 1999);

(2) the North Himalayan Antiform (NHA) (Hauck
et al,, 1998), also known as the Tethyan or
North/Tethyan Himalayan gneiss domes com-

monly associated with Miocene leucogranites
(Burg et al.,, 1984b; Burg and Chen, 1984;
Schérer et al., 1986; Debon et al., 1986; LeFort
et al., 1987; Maluski et al., 1988; Chen et al.,
1990; Lee et al., 2000);

(3) the Tethyan Himalayan fold and thrust belt
(THFTB) in the North Himalaya (Heim and
Gansser, 1939; Gansser, 1964; Burg et al.,
1984b; Ratschbacher et al., 1992, 1994; Cor-
field and Seale, 2000; Wiesmayr and Grase-
mann, 2002; Murphy and Yin, 2003);

(4) the South Tibet Detachment System (STDS),
also known as the North Himalayan Normal
Fault (Burg et al., 1984a; Searle, 1986; Herren,
1987; Pécher, 1991; Burchfiel et al., 1992),

(5) South Tibet fault system (STFS) (Hurtado et al.,
2001; Hodges et al., 2001);

(6) the Main Central Thrust (MCT) (Gansser,
1964; LeFort, 1975; Acharyya, 1980; Arita,
1983; Brun et al., 1985; Brunel, 1986; Pécher,
1989);

(7) the Lesser Himalayan Thrust Zone (LHZ) (Val-
diya, 1978, 1979, 1980, 1981, 1988; Schelling
and Arita, 1991; Schelling, 1992; Srivastava
and Mitra, 1994; DeCelles et al., 1998a, 2001,
2002; Johnson, 2002);

(8) the Lesser Himalayan Crystalline Nappes
(LHCN), which are either segments of the
MCT hanging wall (Gansser, 1964; Stocklin,
1980; Johnson et al., 2001) or thrust sheets
carried by imbricates in the MCT footwall
(see Upreti and LeFort, 1999 for a review and
references therein);

(9) the Main Boundary Thrust (MBT) (Gansser,
1964; Meigs et al., 1995; Powers et al., 1998;
DeCelles et al., 2001);

(10) the Main Frontal Thrust (MFT) (Gansser, 1964;
Yeats and Lillie, 1991; Schelling and Arita,
1991; Lavé and Avouac, 2000); and

(11) north-trending Neogene rifts (Figs. 1A and 2A).

Note that the South Tibet Detachment System and the
South Tibet fault system are two different concepts:
the former refers to an early Miocene low-angle de-
tachment system whose development has contributed
to the Miocene construction of the Himalayan archi-
tecture whereas the latter refers to an Pleistocene—
Quaternary north-dipping high- and low-angle normal



Table 6

Along-strike variation (from west to east) of timing, magnitude, structural style, and metamorphic conditions across the Himalayan orogen

Tectonic Zones

‘Western Himalaya (< 81°E)

Central Himalaya (81-89°E)

Eastern Himalaya (> 89°E)

Great Counter Thrust

Age: *active between 20 and 13 Ma', but terminates
prior to 9 Ma”.
Magnitude of slip: >38 km’

Age: Active at ~ 18 Ma’, but initiation and
termination ages are unknown.
Magnitude of slip: unknown

Age: active between 19-9 Ma in Langxian' and

25-10 Ma in Zedong, respectively, in SW Tibet'*.
Magnitude of slip: > 12 km slip across thrust ramp”

Eclogite terranes along the
northern edge of Indian continent

Peak metamorphism: 7/P =670-725°C/24-30 kbars (N.
Pakistan)’*’, >750°C/39 kbars (NW India)®

Age of UHP metamorphism: 46—47 Ma (N. Pakistan)®”’,
55 Ma (NW India)’

Age of exhumation to middle crust: 4640 Ma (N.
Pakistan)*’, 47 Ma in the middle crust and by 30 Ma in
the upper crust (NW India)"

Structural setting: Normal fault above and thrust below
for N. Pakistan®, but poorly defined in NW India due to
later phases of deformation'"'>",

Peak metamorphism: 7/P =750°C/7-10 kbars
(Everst-Makalu region)’'

Age of metamorphism: > 24 Ma®!

Age of exhumation to middle crust:
unknown

Structural setting: in the top part of the MCT
zone between an orthogenesis unit below and
the GHC above™

No eclogite has been recognized in eastern Himalaya.

North Himalayan Antiform (=
North Himalayan Gneiss Domes)

Tso Morari dome:

Main deformation phases: D1 = SW-verging ductile
folding, D2 = NW-verging back-folding, D3 = brittle
normal faulting along northern edge'"'*"

Age of deformation: poorly unconstrained.

Kangmar dome:

Main deformation phases: D1 = upright and S-
verging isoclinal folding, D2 = formation of
mylonitic foliation®7*™.

Age of deformation: 15-11 Ma®.

Yalaxangbo dome:

Main phase of deformation: top-NW shear, possibly

related to STD™. )
Age of deformation: unknown®.

Tethyan Himalayan Fold-Thrust
Belt

Age: 56-46 Ma"”

**Shortening: 30%" -62%"

Style: Thin-skinned thrusting with detachment at a depth
of ~ 10 km".

Age: ~50 Ma®
Shortening: 110-140 km* *

3334

Style: Thin-skinned thrusting’

Age: unknown.
Shortening: unknown

Style: Triassic flysch strata are isoclinally folded;

bedding has been completely transposed by axial
cleavage'.

South Tibet Detachment

Age: active 21-19 Ma in Zanskar'™"® and 23-21 Ma in
Garhwal"
Slip: 35 km'’, > 25 km™; probably the upper bounds.

Age: active 2313 Ma®*¥73%%
Slip: > 34 km™

Age: active after 12 Ma, the age of pluton cut by
STD®, active at 22—13 Ma™*.
Slip: > 100 km (?), see text for discussion.

Greater Himalayan Crystallines

Peak P-T: M1 = 9.5-10.5 kbars/550-680°C"*>"% (~35-25
Ma in Zanskar®, 40 Ma in Garhwal™); M2 = 4.5-7
kbars/650-770°C C (22-16 Ma)'**",

Peak P-T: M1 = 6-10 kbars/600-700°C "~ =

(35-32 Ma’""*) M2 = 5-8 kbars/600-750°C*" **
68

Peak P-T: M2 = 10-13 kbars, 750-800°C >

Main Central Thrust

Age: active 21-19 Ma'® in Zanskar, 21-14 Ma and 5.9 Ma
in Garhwal Hima]ay;ﬁ‘-“
Slip: > 85-95 km*'**

5758,

Age: active 23-20 Ma™ %44 "reactivated at
5.3 Ma®#
Slip: > 100 km*, 175 km*

Age: active 18-13 Ma55
Slip: > 75 km based on Kuru Chu-Manas River
reentrant*®

Inverted Metamorphic Zone

Inverted P and T in Zanskar’"*; inverted T but no change
in P in but in westernmost Garhwal™®

Inverted P and T,

Inverted T but no measurable inverted P>

Lesser Himalayan Crystalline
Nappes

Age of emplacement: unknown for the Almora and
Shimla nappes.

Age of emplacement: motion terminates by
14 Ma, active 22—14 Ma* *'(Kathmandu
Nappe).

Not yet recognized

Lesser Himalayan Fold-Thrust
Belt

Age: Inferred M. to L. Eocene (~49-34 Ma)**
Shortening: 161 km™

Age: Ar-hb age of 41£6.7 Ma (?)", southern
belt terminated prior to 14 Ma (Ar cooling
ages)™.

Shortening: 287 km*

Age: 22-<14 Ma™.
Shortening: unknown.

Main Boundary Thrust

Age: initiated > 11 Ma in western NW India”, also
inferred to be older than M. Paleocene (> 58 Ma)*
Slip: >100 km***

Age: <5 Ma* or at 10-12 Ma™ as inferred
from sedimentation in Siwalik Group
Slip: > 100 km”.

Age: <5 Ma inferred from sediments in Siwalik
Group®, or at 10-12 Ma™
Slip: unknown

[43
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faults along the crest and the northern slope of the
Himalayan range (Burchfiel et al., 1992; Hodges et
al., 2001).

Below I describe the major Himalayan structures in
the following order:

(1) structural geometry and relationship with major
lithologic units;

(2) magnitude of deformation; and

(3) age of initiation and duration of deformation
(Table 6).

The magnitude of deformation across individual
faults or thrust belts is measured either by total
fault slip or strain. The description below focuses
only on the east-striking segment of the Himalayan
orogen and will not treat the transpressional systems
along the eastern and western shoulders of the Indian
sub-continent. This is because our present knowledge
on these regions is too limited to warrant an infor-
mative discussion. Although most structures are dis-
cussed separately within individual segments of the
Himalayan orogen, I make exceptions for the Great
Counter Thrust and North Himalayan Antiform to
emphasize their lateral continuity along the entire
orogen.

3.1. Central Himalaya

The geology of the central Himalaya is best illus-
trated in Nepal and politically defined south-central

Tibet of China between longitudes 81°E and 89°E
(Fig. 2A).

3.1.1. Main Central Thrust

In Nepal the Main Central Thrust is expressed as a
2- to 10-km-thick shear zone (LeFort, 1975; Arita,
1983; Brun et al., 1985; Brunel, 1986; Hubbard, 1989;
Macfarlane, 1992). The location of the Main Central
Thrust fault in this region has been variably defined.
Some workers place it at the top of the shear zone
immediately above the Proterozoic LS (e.g., LeFort,
1975, 1996; Pécher, 1989; Ahmad et al., 2000), while
others locate the fault at the base of or within the
MCT shear zone in the LHS (e.g., Arita, 1983; Searle
et al., 2003). Arita (1983) recognizes an abrupt change
in lithology and metamorphic grade in the MCT shear
zone below the MCT fault of LeFort (1975) and
Pécher (1989). He termed this fault the MCT-I (or
lower MCT) and the MCT of LeFort (1975) as the
MCT-II (or upper MCT; also see Paudel and Arita,
2002 for an updated view of this definition) (Table 3).

The MCT zone in Nepal exhibits a flat-ramp
geometry (Lyon-Caen and Molnar, 1985; Schelling
and Arita, 1991; Schelling, 1992; DeCelles et al.,
2001). The ramp region is commonly referred to as
the root zone, above which the foliation of the GHC
dips 30-60° to the north (Fig. 2D). Intense micro-
seismicity and low electrical conductivity are also
associated with the ramp, suggesting possible stress
concentration and the presence of fluids along the
fault ramp (e.g., Lemmonier et al., 1999; Pandey et

Notes to Table 6:
References for Table 6:

Yin et al. (1999), *Murphy et al. (2002), *Ratschbacher et al. (1994), *Quidelleur et al. (1997), *0’Brien et al. (2001), *Smith et al. (1994), "Foster
et al. (2002), *Mukherjee et al. (2003), *Tonarini et al. (1993), '°de Sigoyer et al. (2000), '"'?Steck et al. (1993, 1998), *Guillot et al. (1997),
“Harrison et al. (2000), '*Wiesmayr and Grasemann (2002), '°Corfield and Seale (2000), '"Dézes et al. (1999), '*Walker et al. (1999), °Searle et
al. (1999a), 2°Herren (1987), 2'Fuchs (1975), ?Frank et al. (1995), >*Vannay and Grasemann (2001), >*Srivastava and Mitra (1994), >*Metcalfe
(1993), **Catlos et al. (2002a), *’Meigs et al. (1995), **Treloar et al. (1991), >’Burbank et al. (1996). **Lombardo et al. (2000), *' Lombardo and
Rolfo (2000), **Lee et al. (2000), **Ratschbacher et al. (1994), **Murphy and Yin (2003), **Hodges et al. (1992), **Hodges et al. (1996),
3"Murphy and Harrison (1999), **Godin et al. (2001). **Searle et al. (2003), **Hubbard and Harrison (1989), *' Coleman (1998), **Harrison et al.
(1997b), #**Catlos et al. (2001, 2002b), **Brunel (1986), **Schelling and Arita (1991), “’Macfarlane (1993), *®Arita et al. (1997), “’DeCelles et
al. (2001), *°Huyghe et al. (2001), >'Johnson et al. (2001), *Zhang and Guo (submitted for publication), >*Edwards and Harrison (1997), **Grujic
et al. (2002), **Daniel et al. (2003), **Gansser (1983), *’Searle et al. (1999b), **Stephenson et al. (2000), **Vannay and Grasemann (1998),
“Vannay et al. (1999), *'Hubbard (1989), **LeFort (1996), “*Davidson et al. (1997), **Brunel and Kienast (1986), **Pécher and Le Fort (1986),
%SHubbard et al. (1991), *"Hodges et al. (1994), **Vannay and Hodges (1996), ®*Vance and Harris (1999), "Prince et al. (1999), "'Godin et al.
(1999a,b), "*Simpson et al. (2000). "*Burg et al. (1984b), "*Chen et al. (1990), "*Molnar (1988), "*Neogi et al. (1998).

? When a fault is indicated to have been active in a specific time window, say 20—13 Ma, it means that its age of initiation and termination is
unconstrained.

® Because no complete traverse is made across the entire Tethyan thrust belt in the region, the total amount of shortening across the belt is not
known.
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al., 1999; Avouac, 2003). The thrust flat of the MCT
zone in the south carries a synformal thrust sheet
composed of the GHC. The MCT thrust sheet above
the flat is commonly referred to as the Lesser Hi-
malayan Crystalline Nappes (LHCN) (e.g., Stocklin,
1980; Upreti and LeFort, 1999). Folding of the
LHCN may have been caused by either fault-bend
folding over a north-dipping ramp along the MBT
(Lyon-Caen and Molnar, 1985) or over a south-dip-
ping thrust ramp cutting across the Indian basement
in the middle crust (Burg et al., 1987). Folding of the
MCT and the LHCN has also been related to duplex
development in the MCT footwall (e.g., Schelling
and Arita, 1991; DeCelles et al., 1998a, 2001, 2002;
Robinson et al., 2003). Regardless of the deforma-
tion mechanism, folding of the MCT has produced
several prominent half windows and klippen in
Nepal (Schelling and Arita, 1991), NW India (Val-
diya, 1980), Sikkim, and Bhutan (Gansser, 1983).
Correlating the MCT root zone with the southern
limit of the MCT flat suggests that the fault slipped
for >100—140 km in Nepal (e.g., Brunel, 1986;
Schelling and Arita, 1991) (Table 6).

The origin of the steeply dipping MCT root zone is
not well understood. In the reconstruction of Schel-
ling and Arita (1991), the MCT root zone is consid-
ered to be an original ramp cutting upsection in its
southward transport direction. However, Robinson et
al. (2003) recently suggest that the steeply dipping
MCT root zone is not a ramp but a flat-against-flat
thrust; its present steep-dipping geometry may have
resulted from duplex development in the MCT foot-
wall. This interpretation is based on their observation
in western Nepal that hanging wall and footwall
foliations are parallel to the MCT. The main problem
of using geometrical relationship between foliation
and the MCT to determine the original MCT geom-
etry is that the foliation adjacent to the MCT is not
primary geologic features such as sedimentary layers
but secondary structures that were developed during
motion along the MCT. One test of whether the MCT
root zone is a primary ramp (Schelling and Arita,
1991) or a rotated flat (Robinson et al., 2003) is to
determine whether the MCT preserves stratigraphic
cutoffs in its hanging wall or footwall. Because foot-
wall strata across the MCT root zone are not exposed,
it remains difficult to differentiate the two hypotheses
in Nepal.

3.1.2. Age of the MCT

The MCT root zone has a protracted history. It was
active at about 20-23 Ma along its upper bounding
fault (the MCT of LeFort, 1975 or MCT-II of Arita,
1983). This was deduced from *°Ar/*°Ar hornblende
ages from amphibolite-grade rocks and U-Pb zircon
ages of a leucogranite that cuts the MCT zone (Hub-
bard and Harrison, 1989; Hodges et al., 1992, 1996;
Parrish and Hodges, 1996; Coleman, 1998; Godin et
al., 2001). The *°Ar/*° Ar hornblende ages suggest that
amphibolite-grade metamorphism associated with mo-
tion on the MCT occurred at 23-20 Ma (Table 6).

The age of deformation in the MCT root zone
becomes progressively younger southward, from ~20
Ma at the top to about 5-3 Ma at the base of the
MCT shear zone as indicated by Th—Pb ages of
monazite inclusions in syn-kinematic garnets (Harri-
son et al., 1997a, 1998b; Catlos et al., 2001, 2002a,b)
and “°Ar/ °Ar muscovite ages (Macfarlane, 1993).
The younger 5-3 Ma cooling and metamorphic ages
in the MCT root zone (Wadia, 1931) are in strong
contrast to the older muscovite cooling ages of 22—14
Ma in the Kathmandu Nappe along the thrust flat
portion of the MCT (Copeland et al., 1996; Arita et
al., 1997). The age progression within the MCT zone
and the age difference between the internal (northern)
and external (southern) segments of the MCT zone
could be a result of discontinuous downward migra-
tion of simple-shear deformation (Harrison et al.,
1998b), southward propagation of discrete thrusts in
a duplex system (Robinson et al., 2003), or out-of-
sequence thrusting (Rai et al., 1998; Johnson et al.,
2001). The MCT root zone was locally reactivated by
down-to-the-NE brittle normal faults (Takagi et al.,
2003; also Vannay et al., 2004). The extent, magni-
tude, and tectonic significance of this younger phase
of extensional deformation along the MCT zone re-
main unclear and needs further study.

The age of motion along the southern part of the
MCT in the geographically defined Lower Himalaya is
best constrained in the Kathmandu area of south-cen-
tral Nepal. Johnson and Rogers (1997) and Johnson et
al. (2001) showed that the basal thrust zone of the
Kathmandu Nappe was active between 22 and 17 Ma
based on U-Pb ages of deformed pegmatites and Rb—Sr
cooling ages of muscovite and biotite. Arita et al.
(1997) also investigate the emplacement history of
the Kathmandu Nappe by dating muscovites from the
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MCT hanging wall and footwall. Their results suggest
that the MCT shear zone was cooled below 350 °C
between 21 and 14 Ma and that the southernmost
portion of the MCT shear zone ceased motion since
14 Ma. A muscovite cooling age of ~21 Ma was
obtained from the northern segment of the Dadeldhura
thrust sheet in far western Nepal, which is equivalent to
the Kathmandu Nappe in south-central Nepal (DeCel-
les et al., 2001). The age of the MCT below the
Kathmandu nappe was also determined by U-Th ion-
microprobe dating of monazite inclusions in syn-kine-
matic garnets in the MCT zone by Catlos (2000). The
five samples she dated yield monazite ages ranging
semi-continuously from 13 to 41 Ma, indicating a
protracted history of motion on the MCT between 41
and 13 Ma. Noticeably lacking for the MCT zone in the
Kathmandu area are the younger monazite ages of 83
Ma that are prevalent in the MCT ramp zone further to
the north (Harrison et al., 1997a; Catlos, 2000; Catlos et
al., 2001). This observation again supports the inter-
pretation that the MCT ramp zone was reactivated in
the late Miocene and Pliocene between 8 and 3 Ma,
leaving its frontal fault segment to the south stranded
due to inactivation since 13—14 Ma (Harrison et al.,
1997a).

3.1.3. MCT Slip

Construction of balanced cross-sections in far east-
ern Nepal suggests that the MCT may have accom-
modated about 140-210 km of displacement
(Schelling and Arita, 1991; Schelling, 1992). A great-
er amount of slip (~500 km) was inferred from far
western Nepal (DeCelles et al., 2001).

3.1.4. Inverted metamorphism

The most well-known geologic feature associated
with the MCT zone throughout the Himalayan orogen
is the inverted metamorphism. It is characterized by
upward-increasing metamorphic grade across the
upper part of the LHS and the MCT zone and extends
into the lower part of the MCT hanging wall (e.g.,
Heim and Gansser, 1939; LeFort, 1975; Pécher, 1989;
Hubbard, 1989; Macfarlane, 1995; Vannay and Gra-
semann, 1998; Harrison et al.,, 1999). Above the
region of maximum pressures and temperatures at
the top of the inverted metamorphic zone, metamor-
phic grade generally decreases upward toward the
STD with a normal lithostatic pressure gradient in

the central Himalaya (e.g., Vannay and Hodges,
1996; Hodges et al., 1996; Searle et al., 2003). As
described below, isograds are highly condensed ver-
tically in the western Himalaya (Zanskar; Honegger et
al., 1982) and the North Himalayan gneiss domes
(e.g., Lee et al., 2000). This difference indicates
inhomogeneous strain distribution in the GHC. The
effect of inverted metamorphism across the MCT
zone is locally expressed by a systematic change in
deformation mechanism, from high-temperature dy-
namic recrystallization of both feldspar and quartz at
the top of the MCT zone to brittle deformation of
feldspars and crystal-plastic deformation of quartz at
the base of the MCT zone (Srivastava and Mitra,
1996).

3.1.5. Lesser Himalayan Crystalline Nappes

The Kathmandu Nappe is the most studied structure
in the LHCN system in the central Himalaya. It lies in
the geographically defined Lower Himalayan zone of
Gansser (1964) or the Lesser Himalayan zone of LeFort
(1975). It is bounded below by the Mahabharat thrust
that most likely represents the southern extension of the
MCT (Table 3) (Stocklin, 1980; Johnson et al., 2001).
As mentioned above, this segment of the MCT was
active probably between 41 and 13 Ma (Catlos, 2000).
One interesting aspect of the Kathmandu Nappe is the
presence of 3- to 4-km-thick, lower Paleozoic Tethyan
Himalayan strata (i.e., the Phulchauki Group of Stock-
lin, 1980; also see Upreti and LeFort, 1999 for an
updated review) (Tables 3 and 7). These fossiliferous
strata rest unconformably on top of the Proterozoic
Bhimphedi Group, a 10-km-thick section of high- to
low-grade metamorphic rocks consisting of garnet-ky-
anite schist and gneiss, augen gneiss, quartzite, marble,
metabasite, and early Miocene pegmatites (Stocklin,
1980; Johnson et al., 2001) (Table 7). Cambro-Ordo-
vician granites intrude both the lower Phulchauki
Group and underlying Bhimphedi Group (Schérer et
al., 1984; Debon et al., 1986; Gehrels et al., 2003).
These granites have been correlated with the Cambro-
Ordovician orthogneiss in the upper GHC in northern
Nepal (Upreti and LeFort, 1999). The metamorphic
grade in the Bhimphedi Group decreases upward, as
expressed by changes from kyanite-bearing gneiss pro-
gressively to garnet schist, biotite schist, and finally
phyllite and slate at the top (Stocklin, 1980; Johnson et
al., 2001).



36

Table 7

Hanging-wall stratigraphy of the STD and its laterally correlative sections from west to east in the Himalaya
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The contrast in metamorphic grade between the
lower Paleozoic sedimentary sequence above and
the high-grade metamorphic rocks of the Proterozoic
Bhimphedi Group in the Kathmandu Nappe is strik-
ing. At the base of the nappe, peak metamorphism
occurred under P-T conditions of 7= 500-600° + 50
°C and P= 8-11=£1.5 kbar in the early Miocene,
whereas at the top of the nappe the strata are essen-
tially unmetamorphosed (Johnson et al., 2001) (Table
6). The great contrast in metamorphic grade led John-
son et al. (2001) to speculate the presence of a STD-
like structure within the Kathmandu Nappe. Because
the contact between the Paleozoic Phulchauki and
Proterozoic Bhimphedi Groups is an unconformity
(Stocklin, 1980; Gehrels et al., 2003), the possible
STD equivalent structure in the Kathmandu Nappe
probably lies below this contact. A potential candidate
for the location of the STD is the contact between the
Proterozoic Chisapani Formation above and the Pro-
terozoic Kalitar Formation below (Table 7). The Kali-
tar, Bhainsedobhan, and Raduwa Formations consist
of kyanite schist and gneiss, augen gneiss, amphibo-
lite, and pegmatite. They are similar in lithology to the
GHC as noted by Stocklin (1980). The lithology of
the upper Bhimphedi Group is similar to the Haimanta
Group in northwestern India of the western Himalaya
and the Chekha Formation in Bhutan of the eastern
Himalaya, respectively; both lie above the STD but
below the Cambro-Ordovician unconformity (Thakur,
1998; Grujic et al., 2002).

3.1.6. South Tibet Detachment (STD)

The South Tibet Detachment juxtaposing the THS
above and the GHC below is best defined in the
central Himalaya of Nepal and south-central Tibet
(Burg et al., 1984a; Burchfiel et al., 1992; Hodges et
al., 1992; Brown and Nazarchuk, 1993; Lombardo et
al., 1993; Hodges et al., 1996; Searle, 1999; Godin
et al., 1999a,b, 2001; Searle and Godin, 2003). The
STD fault zone in these areas is a few kilometers
thick and consists of several subparallel faults or
ductile shear zones with a complex and alternating
history of top-north and top-south motion (Hodges et
al., 1996; Carosi et al., 1998, 1999; Searle et al.,
2003). In the northeastern Annapurna area, the
Annapurna Detachment as the western extension of
the STD from south-central Tibet lies below the
Cambrian (?) Annapurna Yellow Formation and pre-
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serves a zone of superposed top-north and top-south
shear fabrics (Godin et al., 1999b). Within the broad-
ly defined STD shear zone the top-north Deorali
detachment was active and coeval with the MCT at
22.5 Ma, the top-south Modi Khola shear zone was
active at 22.5-18.5 Ma, and finally the top-north
Machhupuchare detachment was active after 18.5
Ma (Hodges et al, 1996). Godin et al. (2001)
show that: (1) the Annapurna Detachment is cut by
a ~22.5-Ma undeformed dike dated by the U-Pb
zircon method and (2) the upper part of the GHC
exhibits progressive upward younging of *°Ar/*°Ar
muscovite ages from 15 to 12 Ma. These age data
suggest that the motion on the Annapurna Detach-
ment ceased by ~22.5 Ma and the deeply buried
rocks above and below were progressively exhumed
to middle crustal levels at 15-12 Ma. As discussed
below, alternation of shear sense on the STD and its
equivalent structures is a general phenomenon in the
western and eastern Himalayan orogen as well.

Orogen-parallel motion on the STD is also docu-
mented in the Nepal Himalaya (Coleman, 1996). How-
ever, the limited spatial extent of this type of structures
in the central Himalaya suggests that it is probably a
local feature created by relative motion between the
deforming STD hanging wall and footwall. Complex
kinematics across a fault juxtaposing deforming rocks
is well known; this type of faults is generally referred
to as stretching faults (Means, 1990). I speculate that
the STD is such a structure accommodating both dis-
crete slip on the fault and coeval deformation in its
hanging wall and footwall. Thus, local orogen-parallel
strike-slip motion on low-angle STD shear zone may
have no regional significance.

Low-grade or unmetamorphosed basal Tethyan Hi-
malayan strata are generally placed over the GHC
across the STD (e.g., LeFort, 1996). However, locally
higher-grade rocks of the THS are also juxtaposed
over lower-grade rocks of the GHC across the STD
(Schenider and Masch, 1993). Everywhere mapped in
Nepal and south-central Tibet, the STD places the
Cambrian (?) or Ordovician strata directly above the
fault, a relationship persistent for at least 500 km
along strike and for more than 34 km in the fault
transport direction (Burchfiel et al., 1992). Although
some low-angle top-north faults are present at higher
structural levels, the main STD fault always lies at the
base of the THS in Nepal (e.g., Searle and Godin,

2003). This implies that the exposed part of the STD
is mostly a hanging-wall flat. The possibility that the
STD may also be present in the Kathmandu Nappe
below the Cambro-Ordovician unconformity (Table 7)
would further require that the STD flat extend for
>100 km southward in its up-dip direction from its
northernmost exposure.

Ductile motion on the STD is constrained between
23 and 18 Ma (e.g., Hodges et al., 1992, 1996) (Table
6). A strand of the STD system in NW Nepal is
locally intruded by leucogranite dike of 18 Ma (Cole-
man, 1998; see also interpretation by Searle and
Godin, 2003). Dating the age of STD footwall leuco-
granites suggests that the fault was active during and
after 19-17 Ma in Rongbuk Valley directly north of
Mt. Everest (Murphy and Harrison, 1999). The
“OAr/*°Ar cooling ages of muscovite from the Anna-
purna region of NW Nepal indicate that motion along
the STD may be as young as 15-13 Ma (Godin et al.,
2001). Some workers even suggest that the STD in
Nepal remained active in the Quaternary mainly based
on extrapolation of outcrop patterns (Hurtado et al.,
2001), a notion challenged by Searle et al. (2003)
citing the lack of seismicity and geomorphologic ex-
pression of the STD in the Himalaya.

In south-central Tibet, the magnitude of slip along
the STD is inferred to be >34 km (Burchfiel et al.,
1992), based on the distance between the southern-
most STD klippe carrying Ordovician strata in the
STD hanging wall and the northernmost STD expo-
sure. This method of slip estimate requires the STD to
have both hanging-wall and footwall cutoffs across
the Ordovician strata. However, the matching STD
footwall cutoff has not yet been identified anywhere
in the central Himalaya. The absence of the STD
footwall cutoff may be explained by erosion in
Nepal. However, this interpretation is quite unlikely
considering together the geologic relationships ob-
served in the western and eastern Himalaya as dis-
cussed below. That is, the STD most likely is a
structure following preexisting lithologic contact and
is a flat-over-flat fault contact without significant
repetition and omission of stratigraphic sections.

3.1.7. Tethyan Himalayan fold and thrust belt

The Tethyan Himalayan fold and thrust belt in the
central Himalaya was examined by Heim and Gansser
(1939), Gansser (1964), Burg and Chen (1984),
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Ratschbacher et al. (1994), Hauck et al. (1998), and
Murphy and Yin (2003). This thrust belt initiated in the
Eocene (~50 Ma), remained active at ~17 Ma, and
ceased motion at about 11-9 Ma (Ratschbacher et al.,
1994; Harrison et al., 2000). The contractional belt has
accommodated at least 110—-140 km of north—south
shortening (Ratschbacher et al., 1994; Murphy and
Yin, 2003). After adding shortening in the Lesser
Himalayan thrust belt and along the MCT (DeCelles
et al., 2001, 2002; Schelling and Arita, 1991; Schel-
ling, 1992), the total amount of crustal shortening
across the central Himalaya is at least 750 km in
western Nepal and southwest Tibet (Murphy and
Yin, 2003) and greater than 326 km in easternmost
Nepal and south-central Tibet (Hauck et al., 1998)
(Table 6).

3.1.8. Lesser Himalayan thrust belt

The Lesser Himalayan thrust belt between the
MCT and MBT has experienced multiple phases
of contraction (e.g., Schelling and Arita, 1991). A
complete understanding of its development is hin-
dered by the generally poor exposure of the thrust
belt in the central Himalaya and a complex interac-
tion between the nonfossiliferous LHS and Cenozoic
thrusts.

The relationship between the MCT zone and
Lesser Himalayan thrust belt has been intensely ex-
amined in Nepal. Schelling and Arita (1991), Schel-
ling (1992), DeCelles et al. (1998a,b, 2001), and
Robinson et al. (2003) consider the MCT as the roof
fault of a large thrust duplex. Mapping by DeCelles et
al. (2001) in far western Nepal shows that the Dadeld-
hura (= southern extension of the MCT) and Ramgarh
thrusts locally cut down section southward in their
transport direction (see foldout la of DeCelles et al.,
2001). The truncated footwall strata involve the lower
Miocene Dumri Formation, suggesting that the termi-
nal motion on the MCT and the parallel low-angle
faults such as the Ramgarh thrust postdates Dumri
deposition. Although motion on the MCT outlasted
Dumri deposition, the above crosscutting relationship
does not preclude initiation of the MCT to be coeval
or even earlier than Dumri deposition.

The truncational relationship between the MCT
and its underlying strata is indicative of out-of-se-
quence thrusting (e.g., Boyer and Elliott, 1982; Mor-
ley, 1988). It implies that contraction had already

occurred in the Lesser Himalayan thrust belt before
the MCT and Rangarh thrust sheets reached to the
thrust belt. Because the MCT flat in southern Nepal is
itself cut by younger footwall thrusts (Schelling and
Arita, 1991; Schelling, 1992; Paudel and Arita, 2002),
we can infer at least three phases of deformation in the
Lesser Himalayan thrust belt:

(1) pre-MCT thrusting;

(2) emplacement of the MCT and truncation of its
footwall structures; and

(3) younger thrusts developed initially in a duplex
below the MCT as the roof fault but they later
cut across the MCT (Fig. 6).

The age of deformation for the Lesser Himalayan
thrust belt below the MCT zone is not well con-
strained. A muscovite age of 35 Ma was obtained
by Catlos et al. (2001) in the uppermost part of the
LHS below the MCT zone. Macfarlane (1993) ana-
lyzes a hornblende from the Lesser Himalayan Se-
quence using the *°Ar/°Ar method and shows a
complex release spectrum with a minimum age of
41 £6.7 Ma. This Eocene—Oligocene cooling event
may have been related to an early phase of Cenozoic
thrusting in the Lesser Himalayan thrust belt. Because
the emplacement of the Kathmandu Nappe along the
MCT may have ceased motion after ~14 Ma (Arita et
al., 1997; Catlos, 2000; Johnson et al., 2001), the
duplex system below the MCT should also have be-
come inactive since that time due to lack of exhuma-
tion-related cooling. The age of initiation for the
Lesser Himalayan thrust belt has also been inferred
from a marked increase in the total detrital input at ca.
10-8 Ma in the Siwalik Group (Huyghe et al., 2001),
but this increase in detrital flux could alternatively be
a result of climate change.

3.1.9. Main Boundary Thrust

The age of the MBT in the central Himalaya is
considered to be either older than 11 Ma as inferred
from changes in subsidence rates (Meigs et al., 1995)
or <5 Ma based on the influx of coarse clastic sedi-
ments to the Himalayan foreland basin from the MBT
hanging wall (DeCelles et al., 1998b) (Table 6). The
total magnitude of slip across the fault is not well
constrained due to the lack of correlative stratigraphic
units across the fault. Some workers have speculated
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the fault to have slipped >100 km without clear
geologic evidence (Molnar, 1988; Powell and Cona-
ghan, 1973a).

3.1.10. Main Frontal Thrust

The MFT in Nepal places Siwalik sediments over
Quaternary Gangetic plain deposits (e.g., Nakata,
1989). Folds in the hanging wall were developed by
flexural-slip mechanism and their shapes and devel-
opmental history have been used to determine the slip
rate along the MFT (Lavé and Avouac, 2000). Using
balanced cross-sections and age determination of
folded terraces, Lavé and Avouac (2000) obtain a
Holocene slip rate of 21 £1.5 mm/yr on the MFT.
This rate is broadly compatible with the GPS results
across the Nepal Himalaya with rates of 18 & 2 mm/yr
and 15+ 5 mm/yr (Larson et al., 1999; Jouanne et al.,
1999) and is similar to the long-term rate of southward
advancing Himalayan front deduced by overlapping
unconformity beneath the Indo-Gangetic depression
in the Neogene (Lyon-Caen and Molnar, 1985). This
is the main reason that Avouac (2003) considers the
Himalayan orogen has been in steady state.

3.1.11. Neogene north-trending rifts

Several north-trending Neogene rifts are present in
the central Himalaya and southern Tibet (Fig. 1A)
(Armijo et al., 1986, 1989; Taylor et al., 2003).
Among these rifts, the Xiakangjian and Tangra Yum
Co rifts extend from the central Lhasa terrane across
the Indus—Tsangpo suture to the Himalayan range. In
contrast, the Thakkhola graben in the Himalaya ter-
minates northward at the easternmost branch of the
right-slip Karakorum fault system (e.g., Hodges,
2000; also see foldout 1 of Taylor et al., 2003). The
Thakkhola graben is believed to be active at ~14 Ma
based on the age of an extensional vein parallel to the
rift (Coleman and Hodges, 1995). However, its initi-
ation age has been refined to between 10 and 11 Ma
based on magnetostratigraphy of the oldest basin fill
in the graben (Garzione et al., 2000, 2003). Near the
southern termination of the graben, the rift-bounding
fault (i.e., the Dangardzong fault) offsets the basal

fault of the STD system (i.e., the Annapurna detach-
ment), but the fault itself appears to terminate at a
younger strand of the STD (= the Dhumpu detach-
ment) that is younger than ca. 17.2 ka (Hurtado et al.,
2001). Note that the direct structural relationship
between the rift-bounding faults of the Thakkhola
graben and possible young strands of the STD is not
observed in the field. Instead, their possible cross-
cutting relationship was extrapolated from limited
bedrock exposure (Hurtado et al., 2001). Thus, wheth-
er the STD is active and synchronous with active
east-west extension remains an open question and
requires further research.

3.2. Western Himalaya

3.2.1. Main Central Thrust zone

The geology of the Kumaun and Garhwal Himalaya
(77°E-81°E) in northwestern India can be correlated
with that in the western Nepal Himalaya (Valdiya,
1980, 1988, 1989; Hodges and Silverber, 1988;
Pécher, 1991; Metcalfe, 1993; Srivastava and Mitra,
1994; Sorkhabi et al., 1997, 1999) (Figs. 2A and 7). In
this region, the MCT of Heim and Gansser (1939) in its
root zone is named as the Munsiari thrust and a
thrust at a higher structural position as the Vaikrita
thrust by Valdiya (1980) (Table 3). The definition of
the Vaikrita thrust is similar to the MCT of LeFort
(1975) and the Munsiari thrust is similar to the
MCT-I of Arita (1983) in Nepal (Table 3). South-
ward, the Munsiari thrust forms a long thrust flat
that extends far south (>80 km) into the geograph-
ically defined Lower Himalaya and splits in its up-
dip direction into two fault splays: the Ramgarh
thrust below and the Almora thrust above (Valdiya,
1980) (Table 3). Both the Ramgarh and Almora
thrusts are folded into a broad synform, producing
several thrust klippen in the Lower Himalaya (Fig.
2A). The Ramgarh thrust extends to western Nepal
and keeps the same name, whereas the Almora thrust
becomes the Dadeldhura thrust in Nepal (DeCelles et
al., 1998a, 2001). Crystalline rocks immediately
above the Ramgarh thrust may have originated

Fig. 7. Geologic map of the Zanskar region, compiled from mainly from Herren (1987), Pognante et al. (1990), Spring and Crespo-Blanc
(1992), Searle et al. (1992), Frank et al. (1995), Fuchs and Linner (1995), Steck et al. (1998), Thakur (1998), Dézes (1999), Dézes et al. (1999),
Wyss et al. (1999), Corfield and Seale (2000), Stephenson et al. (2001), Zeitler et al. (2001), and Walker et al. (2001). KSW, Kishtwar window;
KRLW, Kullu-Larji-Rampur window. Cross-section (B) is shown in Fig. 2.
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from the LHS (Valdiya, 1980), whereas the Almora
crystalline thrust sheet has been correlated with the
GHC (Heim and Gansser, 1939).

The Munsiari thrust can be traced northwestward
from the India—Nepal border to the Kullu-Larji—
Rampur window south of Lahul and Spiti, where
the thrust merges with the MCT (= Vaikrita thrust;
Vannay and Grasemann, 2001) (Table 3) (Figs. 2A
and 7). The Munsiari thrust (= the Jakhri-Sungri
thrust in Fig. 7) reappears in the Kullu-Larji-Ram-
pur window below the MCT (Fig. 7) (Wiesmayr and
Grasemann, 2002), but it is not clear how it extends
farther to the northwest towards the Zanskar region.

The Wangtu orthogneiss is traditionally treated as
part of the GHC above the Kullu—Larji-Rampur MCT
window (e.g., Chatterji and Swami Nath, 1977;
Sharma, 1977; Singh and Jain, 1995). However, recent
studies by Vannay and Grasemann (1998) have lumped
this unit with the LHS. The contact between the
Wangtu gneiss and the Rampur Group of the LHS is
the Jakhri-Sungri thrust in the Kullu-Larji-Rampur
window (Pandy and Virdi, 2003), which is considered
to be the Munsiari thrust by Vannay and Grasemann
(2001).

From the footwall cutoff relationship, one can
infer that the MCT cuts upsection southward from
the Kullu—Larji-Rampur window to Simla (also
spelled as Shimla). Below the MCT window in
the north, the MCT lies above the Rampur Forma-
tion of the LHS, whereas in the south near Simla,
the MCT thrusts over the younger Simla Slate (e.g.,
Thakur and Rawat, 1992; Miller et al., 2001).
Because both units dip dominantly to the north,
they may be juxtaposed by a north-dipping thrust
in the MCT footwall (Fig. 7).

The Zanskar Himalaya lies west of Lahul (~75°-
77°E) and exposes the Kishtwar window of the
MCT (Fuchs, 1975; Herren, 1987; Patel et al.,
1993; Fuchs and Linner, 1995; Stephenson et al.,
2001) (Figs. 2A and 7). A zone of metasedimentary
rocks (slate, micaschist, and limestone) and augen
gneiss bounded by mylonitic shear zones above is
present below the MCT in the window. This section
is termed the Lower Crystalline Nappe and was
correlated to the Munsiari thrust sheet in the
Kullu-Larji-Rampur window (e.g., Frank et al,
1995 and references therein; Wiesmayr and Grase-
mann, 2002) (Table 3). DiPietro and Pogue (2004)

refer to the Lower Crystalline Nappe as the MCT
schuppenzone. Although lithologically correlative,
the timing of deformation for the Munsiari thrust
sheet and the Lower Crystalline Nappe is quite
different. The Munsiari thrust in the Garhwal Hima-
laya was active between 6 and 2 Ma (Catlos et al.,
2002a,b, 2004), while the lower part of the MCT
zone including the Lower Crystalline Nappe appar-
ently ceased deformation at or before 16 Ma (Ste-
phenson et al., 2001).

3.2.2. MCT lateral ramp and western extension

A major change in the MCT hanging-wall cutoff
occurs between Simla and Mandi (Fig. 7). West of
Mandi, the MCT places the low-grade to unmetamor-
phosed Haimanta Group of the THS over the low-
grade to unmetamorphosed Proterozoic LHS, whereas
east of Mandi, the high-grade GHC thrusts over the
low-grade to unmetamorphosed LHS (Thakur and
Rawat, 1992; Frank et al., 1995; Fuchs and Linner,
1995; Pogue et al., 1999) (Table 3). This relationship
suggests that the MCT cuts upsection laterally from
Mandi westwards correlating with the Panjal thrust
and forming a hanging wall ramp (e.g., Fuchs and
Linner, 1995) (Fig. 2) (Table 3). Alternatively, the
GHC may form a southward-tapering wedge between
the THS above and the LHS below; the Panjal thrust
simply represents the original flat-over-flat relation-
ship between the THS and LHS before the GHC had
been squeezed between the two units.

The Panjal fault can be traced continuously south
of the Nanga Parbat syntaxis and around the Hazara
syntaxis (Greco et al.,, 1989; Thakur and Rawat,
1992; DiPietro and Pogue, 2004). Immediately
west of the syntaxis, the MCT splits into three
fault branches: the Oghi shear zone, the Manschra
thrust, and the Khairabad thrust from north to south
(Calkin et al., 1975; Coward et al., 1988; Searle et
al., 1989; Greco et al., 1989; Pogue et al., 1992,
1999) (Fig. 2A). The Oghi shear zone may be cor-
related with the Batal thrust of Chaudhry and Gha-
zanfar (1990) in Kaghan Valley immediately west of
the Nanga Parbat metamorphic massif. Because the
age of deformation and metamorphism in the hang-
ing wall of the Batal thrust occurred in the Eocene
(e.g., Treloar et al., 2003 and references therein), it is
likely that the Batal thrust and therefore the Oghi
shear zone are Eocene structures, which are too old
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to be correlative with the Miocene Main Central
Thrust extending from the Zanskar—Chamba area in
the east (DiPietro and Pogue, 2004). Pogue et al.
(1999) note that the Proterozoic metasedimentary
units can be correlated across the Oghi and Man-
sehra shear zones and both faults appear to die out
westward west of the Nanga Parbat syntaxis, indi-
cating small magnitudes of slip along these faults.
These observations lead them to suggest that the
Khairabad fault is the main strand of the MCT
west of the Hazara syntaxis, an interpretation sup-
ported by the similar stratigraphic juxtaposition
across the Panjal thrust east of the Hazara syntaxis
(i.e., low-grade metasedimentary rocks over low-
grade metasedimentary rocks; see Table 3).

3.2.3. MCT slip

The minimum slip of ~95 km along the MCT is
determined by the distance between the Simla klippe
and the northern limit of the Kullu-Larji-Rampur
window (Vannay and Grasemann, 2001). Similarly,
a minimum slip of 90 km along the MCT is deter-
mined by the distance between the southernmost trace
of the MCT in Chamba and the northern limit of the
Kishtwar window in Zanskar (Frank et al., 1995) (Fig.
7) (Table 6).

3.2.4. Age of the MCT

The age of the MCT in the Garhwal Himalaya is
constrained to be 22—14 Ma by K—Ar cooling ages of
muscovite in the GHC (Metcalfe, 1993). Within the
MCT zone below the Vaikrita thrust (=MCT), thrust-
ing was active between 6 and 2 Ma as determined by
Th—Pb ion-microprobe dating of monazites (Catlos et
al., 2002a). This age is broadly consistent with the
youngest K—Ar muscovite cooling ages (5.7-5.9 Ma)
from the same localities (Metcalfe, 1993) (Table 6).

The age of the MCT around the Kishtwar window
was constrained to be active between 22 and 16 Ma
(J.D. Walker et al., 1999; Searle et al., 1999a; Ste-
phenson et al., 2001). In contrast to the 7-3 Ma young
ages of the MCT obtained from Nepal and Garhwal
Himalaya (Harrison et al., 1997a; Catlos et al., 2001;
2002a,b), there is no evidence of late Miocene—Plio-
cene reactivation of the MCT zone in the Zanskar
Himalaya, because the youngest *°Ar/*’ Ar muscovite
ages reported in the region is about 16 Ma (Stephen-
son et al., 2001).

The upper age bound for motion along the MCT
in the Zanskar region may be constrained by the
timing of doming and warping of the MCT that
lead to the exposure of the Kishtwar window. Fold-
ing of the MCT in the Kishtwar region appears to
have started since ~6 Ma and lasted until after 2 Ma,
as constrained by zircon and apatite fission track
ages (Kumar et al., 1995). This age range overlaps
with the age of thrust motion along the Munsiari
thrust in the Garhwal Himalaya (Catlos et al.,
2002a,b). Thus, folding of the MCT in Zanskar
could have been induced by same compressional
event that reactivates the lower MCT zone such as
the Munsiari thrust. Specifically, it is possible that
the Munsiari thrust lies below the Kishtwar window
as a blind fault.

3.2.5. South Tibet Detachment and other major exten-
sional faults

The South Tibet Detachment can be traced contin-
uously from western Nepal to NW India (Valdiya,
1989; Pécher, 1991; Burchfiel et al., 1992). In the
Garhwal Himalaya, the STD is locally known as the
Malari fault or the Trans-Himadri fault (Valdiya,
1980, 1989) (Table 7) (Fig. 2). Pécher and Scaillet
(1989) show that the stretching lineation in the GHC
of the Garhwal Himalaya changes systematically from
being nearly perpendicular to the Himalayan range at
the base to being subparallel to the range at the top of
the GHC. Pécher (1991) suggests that the STD has a
significant right-slip component of fault motion pos-
sibly related to eastward extrusion of the Tibetan
plateau during the Indo-Asian collision. As discussed
above, the STD may be a stretching fault accommo-
dating coeval deformation in its wall rocks. Thus,
local strike-slip kinematics on the fault may simply
indicate inhomogeneous strain in its hanging wall and
footwall rather than regional strike-slip component
along the fault.

Metcalfe (1993) considered the north-dipping Jhala
fault (Fig. 2A) in the upper reach of the Bhagirathi
River of the Garhwal Himalaya to be a segment of the
South Tibet Detachment. The fault juxtaposes similar
garnet-biotite schist above and below. K—Ar musco-
vite ages show essentially the same cooling ages (~21
Ma) across the fault (Metcalfe, 1993), suggesting that
the fault cannot be a significant tectonic feature since
the early Miocene. Sorkhabi et al. (1999) observed the
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Jhala fault to be a north-directed brittle thrust zone,
which was active after 15 Ma as constrained by apatite
fission track cooling ages. The earlier mapping by
Pécher and Scaillet (1989) and Pécher (1991) also
shows that the Jhala fault is a thrust. My own obser-
vation across the Jhala fault zone of Metcalfe (1993)
in 2003 confirms Sorkhabi et al.’s (1999) conclusion
that Jhala fault is a north-directed brittle thrust zone
superposed on a zone of dominantly north-verging
ductile folds in garnet-biotite gneiss and schist. In
light of these observations, the STD is likely located
farther north and at a higher structural level than the
Jhala thrust of Pécher and Scaillet (1989) and the
Jhala “normal” fault of Metcalfe (1993) as indicated
by Valdiya (1989) as the Malari fault (Fig. 2A).

In the Zanskar region, the STD equivalent is the
Zanskar shear zone (Searle, 1986; Herren, 1987).
Although both are prominent structures juxtaposing
the basal section of the Tethyan Himalayan strata over
the high-grade GHC, the Malari fault/STD in southern
Spiti and the Zanskar shear zone to the west do not
link with one another (Wyss et al., 1999; Dézes et al.,
1999; Robyr et al., 2002) (Figs. 2 and 7). The two
faults are separated by a NE-trending, 50-km wide
strip of the THS in Lahul (Vannay and Steck, 1995;
Fuchs and Linner, 1995; Fig. 7), where several late
stage normal faults have been mapped. The existence
of the normal faults is mainly inferred from younger-
over-older relationships without considering the pos-
sible effects of Cenozoic out-of-sequence thrusting
and strike-slip faulting. For example, the north-dip-
ping Sarchu fault (Fig. 7) juxtaposes Ordovician—Tri-
assic strata over Cambrian—Ordovician strata (Spring
and Crespo-Blanc, 1992), whereas the Dutung—Thak-
tote fault (Fig. 7) juxtaposes either Jurassic over Tri-
assic strata or younger Triassic units over older
Triassic units (Steck et al., 1998). Limited stratigraph-
ic throws suggest that these faults only have 1-3 km
of slip at most, insufficient to transfer extension on the
STD in Garhwal to the Zanskar shear zone, because
the latter may have moved >30 km at its apparent
eastern termination (Dézes et al., 1999).

3.2.6. Folding of the Zanskar shear zone over the
Kishtwar window

Although it has been portrayed in many regional
tectonic maps that the STD and GHC extend contin-
uously along the axis of the Himalayan orogen from

the eastern syntaxis to the western syntaxis (e.g.,
Gansser, 1964; Windley, 1983; Sorkhabi and Macfar-
lane, 1999; Searle et al,, 1999a,b, 2003; Hodges,
2000), geologic investigations of the western Hima-
laya in the past three decades have shown that the
GHC in the Garhwal Himalaya is separated from the
high-grade metamorphic rocks in Zanskar by the THS
in Lahul (Fig. 7) (Powell and Conaghan, 1973a; Van-
nay and Steck, 1995; Fuchs and Linner, 1995). The
THS strip consists of the Upper Proterozoic—Middle
Cambrian Haimanta Group and its equivalent the Phe
Formation (Srikantia, 1977, 1981), both of which are
intruded extensively by 550-470 Ma granites (Frank
et al., 1995; Miller et al., 2001). In Zanskar, the Phe
Formation is overlain conformably by the Middle
Cambrian Karsha Formation (Hughes and Jell,
1999). This unit in turn lies unconformably below
the conglomeratic Lower Ordovician Thaple Forma-
tion (Baud et al.,, 1984) (Table 2). In the Chamba
region to the south, Permian strata lie directly over
the Haimanta Group in the cores of the Chamba and
Tandi synclines without Ordovician to Carboniferous
strata that are present to the north in Spiti and Zanskar
(Vannay and Steck, 1995; Frank et al., 1995). The
disappearance of Ordovician to Carboniferous strata
of the THS in the Chamba and Lahul regions has been
related to upper Paleozoic rifting during the opening
of the Neo-Tethys ocean; the Chamba region repre-
sents a rift shoulder whereas the Spiti and Zanskar
regions represent a rift zone (Vannay and Steck,
1995).

The above relationship raises the question of why
the Malari fault/STD and the Zanskar shear zone
terminate so abruptly at their western and eastern
end, respectively, towards Lahul (Fig. 7). To address
this question, we need to examine the relationship
between MCT and STD and how the THS is dis-
tributed in the western Himalaya. Although it has
been long known that the MCT is folded in the
Himalayan orogen (Heim and Gansser, 1939) and
its motion was synchronous with the STD (e.g.,
Burchfiel and Royden, 1985; Hodges et al., 1992),
there has been no inference that the low-angle STD
could also have been folded in geometrical concor-
dance with the MCT. Folding of the MCT in the
western Himalaya is best expressed by the formation
of the Kishtwar and Kullu—Larji—-Rampur windows.
Naturally, these two areas would be ideal places to
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examine whether the low-angle STD is folded over
the MCT because the GHC is surrounded by the
THS in the areas (Fig. 7).

In the Zanskar Himalaya, the high-grade Zanskar
crystallines are bounded in the north by the north-
dipping, top-northeast Zanskar shear zone (Searle,
1986; Herren, 1987; Deézes et al., 1999; Walker et
al., 2001) (Fig. 7). The Zanskar crystallines consist
most of the GHC but also have minor THS protolith
that has been metamorphosed to the amphibolite grade
(Honegger et al., 1982). Directly above the Zaskar
shear zone is the Proterozoic to Lower Cambrian Phe
Formation, equivalent to the Haimanta Group south of
the Zanskar crystallines in Chamba (Garzanti et al.,
1986; Hughes and Droser, 1992; Frank et al., 1995;
Thakur, 1998) (Table 7) (Fig. 3). Patel et al. (1993)
show that early motion on the Zanskar shear zone was
dominated by top-SW shear, which also occurred
throughout the underlying GHC and overlying THS.
This event was later superposed by top-NE sense of
shear. They also point out the lack of extensional
basins in the hanging wall of the Zanskar shear zone
and attribute it to distributed shear rather than discrete
extensional detachment faulting. Patel et al. (1993)
disagree with Herren’s (1987) interpretation that the
Zanskar shear zone truncates the footwall isograds.
Instead, they believe that the isograds are continuous
laterally and parallel to the shear zone but only con-
densed vertically by post-metamorphism deformation.

In the east and south, the high-grade crystalline
rocks in the Zanskar region are bounded by a south-
dipping, top-northeast shear zone that has been locally
mapped as the Miyar thrust (Pognante et al., 1990),
Kilar shear zone (Stephenson et al., 2001), Warwan
backthrust (Searle et al., 1999b; Walker et al., 2001),
and Chenab normal fault (Thakur, 1998), respectively.
Collectively they are referred to as the Chenab normal
fault zone (Thakur, 1998) (Fig. 7). This south-dipping
fault expressed by a thick ductile shear zone up to
several kilometers juxtaposes the lower members of
the Haimanta Group in the hanging wall over the
high-grade GHC in the footwall (Frank et al., 1995).
Despite the fact that these faults put lower-grade rocks
over higher-grade rocks, they have been consistently
interpreted as top-north thrusts (e.g., Pognante et al.,
1990; Searle et al., 1999b).

The top part of the south-dipping Miyar thrust zone
also contains top-south shear fabrics (J.D. Walker et

al., 1999). This is interpreted as a result of reactivation
of late top-south shear along the south-dipping Khan-
jar normal shear zone (Steck et al., 1999). Similarly,
Thakur (1998) also notices that a segment of the
Chenab fault west of the Kilar shear zone preserves
top-south S-C mylonitic fabric. These observations
suggest that the broadly defined Chenab fault zone
has a complex kinematic history, with an early phase
of top-north motion followed by top-south motion
(also see Robyr et al., 2002).

The critical link between the Zanskar shear zone
in the north and the Chenab normal fault zone in the
south was established by Dezes (1999). His mapping
along the Gianbul valley at the eastern termination of
the Zanskar shear zone shows that the shear zone
together with the footwall kyanite, staurolite, and
garnet isograds are warped together with the overly-
ing Zanskar shear zone around an east-trending fold
axis (see Fig. 5.8 on pp. 71 in Dezes, 1999) (Fig. 8).
The doubly plunging antiform defines the broad
Gianbul gneiss dome in the GHC that is bounded
by the Zanskar shear zone in the north and east and
the Miyar thrust of Pognante et al. (1990) in the
south (pp. 53, Dézes, 1999). Based on this relation-
ship, Dezes (1999) suggests that the north-dipping
Zanskar shear zone is folded over the Zanskar
crystallines (= GHC) and links with the south-
dipping Miyar thrust (Fig. 8). Dézes’s (1999) map-
ping also shows that the ductile Zanskar shear zone
is cut by a late high-angle normal fault with a
relatively small amount of throw (~2-3 km). This
late normal fault could be a branch of the late
Miocene—Quaternary northwest-trending extensional
system in the western Himalayan orogen, because
it shares a similar strike to the major rifts such as the
northwest-trending Tso Morari normal fault system
(Fig. 7).

The western margin of the Zanskar GHC window is
bounded by the Warwan backthrust. This fault was
mapped within <2 km from the western termination
of the Zanskar shear zone, both placing the Haimanta
Group over the high-grade GHC (Fig. 7) (Searle et al.,
1999b; Walker et al., 2001). Because the Warwan fault
truncates late Oligocene—early Miocene metamorphic
isograds in the footwall, it is interpreted to be a separate
structure postdating the Zanskar shear zone (Searle et
al., 1992, 1999b). However, the same isograds cut by
the Warwan thrust are also truncated by the Zanskar
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Fig. 8. Geologic map of the eastern termination of the Zanskar shear zone, simplified from Dezes (1999).

shear zone (Herren, 1987; Dézes et al., 1999; Walker et
al., 2001) (Fig. 7). The above observations permit the
Zanskar shear to be coeval with and link directly to the
Warwan thrust. The similar stratigraphic positions
along which the two faults lie, the abrupt fault termina-
tions at their western ends, and the close proximity of
the two major faults all suggest that the Warwan fault
and the Zanskar shear zone are parts of the same folded
low-angle fault. This single-fault interpretation implies
that the connected Zanskar shear zone, Warwan Thrust,
and Chenab normal fault zone completely encircles the
Zanskar crystallines as first suggested by Thakur

(1992, 1998). I refer to this united fault zone as the
Zanskar—Chenab shear zone (Fig. 2C).

The single-fault interpretation is consistent with the
fact that the Permian—Triassic Panjal Trap basalt is
exposed on all sides of the Zanskar crystalline window
(Fig. 7) (Papritz and Rey, 1989; Frank et al., 1995).
Additionally, a united domal Zanskar—Chenab fault
zone is consistent with the warped pattern of metamor-
phic isograds in the GHC and the folding pattern of the
MCT (Honegger et al., 1982; Searle and Rex, 1989;
Staubli, 1989; Kiindig, 1989; Pognante et al., 1990;
Deézes et al., 1999; Searle et al., 1999b; C.B. Walker et
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al., 2001; Robyr et al., 2002) (Fig. 7). Correlating the
Zanskar shear zone with the Chenab fault requires that:

(1) the MCT and Zanskar shear zone be concor-
dantly folded;

(2) the Zanskar shear zone and the Malari fault/
STD be a blind fault east and west of the
Zanskar crystallines window; and

(3) the Zanskar shear zone/STD and MCT merge
southward to form a leading edge branch line
(e.g., Boyer and Elliott, 1982), bounding a
thin (<10 km) but long (>70 km) north—
south direction slice of the GHC in between
(Figs. 2C and 7).

The composite nature of the Zanskar and Chenab
shear zones with both top-north and top-south shear
fabrics is similar to the observations made in the
Annapurna and Mt. Everest areas of the central Hima-
laya, where top-north and top-south shear zones are
located next to one another or superposed over one
another (Hodges et al., 1996; Godin et al., 1999a;
Searle, 1999). The stratigraphic positions of the hang-
ing-wall cutoff require that the Zanskar—Chenab fault
cut down section slightly to the south (Table 7). This
relationship may have resulted from an early phase of
deformation that had tilted the THS before the initia-
tion of the Zanskar shear zone. In other words, the
Zanskar shear zone is an out-of-sequence fault.

The revival of the isoclinal folding model of Heim
and Gansser (1939) in the past two decades (e.g., Searle
and Rex, 1989) is mainly based on the observation that
the traces of metamorphic isograds in the MCT hanging
wall are enclosed in map view as observed in Zanskar.
However, the isograd pattern could also be produced by
broad warping the Zanskar crystallines without over-
turning the originally subhorizontal isograds. So far,
there have been no focused studies to document the dip
angle and dip direction of major metamorphic isograds
above and below the MCT. However, the detailed
geologic mapping of Dézes (1999) at the eastern end
of the Zanskar shear zone appears to suggest that the
isograd surfaces are warped and dip in the same direc-
tion of their bounding low-angle shear zones. This
mapping would support upward warping rather than
isoclinal folding of originally subhorizontal isograds.
Clearly, more research needs to be devoted on this
subject.

3.2.7. Folding of the STD over the Kullu—Larji—Ram-
pur window

Directly north of the Kullu—Larji-Rampur window,
the contact between the Phe Formation and the GHC
was mapped as the western extension of the STD/
Malari fault from Garhwal (Wyss et al., 1999; also see
Valdiya, 1989). In this area, the STD is a 2- to 5-km-
thick shear zone that has experienced four phases of
deformation:

(1) south-verging folding;

(2) top-north shear;

(3) south-verging folding; and

(4) north-verging folding (Jain et al., 1999; Steck et
al., 1999; Wyss et al., 1999; Wyss, 2000).

The exact location of the STD west of Spiti has not
been mapped (see Fig. 1 of Vannay and Grasemann,
2001).

The GHC around the Kullu-Larji-Rampur win-
dow is surrounded by the Haimanta Group on the
north, west and south sides, forming an east-facing
half window (Fig. 7). If the STD follows the Hai-
manta/GHC contact, as seen for the Zanskar shear
zone around the Kishtwar window, the STD must
also be folded over the Kullu—Larji-Rampur win-
dow. That is, the east-trending STD turns south and
joins the MCT between Mandi and Simla (Fig. 7).
This interpretation is slightly different from that of
Thakur (1998) who terminates the STD farther to
the north at the northwestern corner of the Kullu—
Larji-Rampur window. To test whether the STD is
present south of the Kullu—Larji—-Rampur window,
Yin et al. (2003) carried out a field investigation
along a traverse between Narkanda in the south and
Sutlej River in the north (Figs. 7 and 9). The contact
between the Haimanta Group above and the GHC
below is a low-angle brittle fault juxtaposing highly
folded phyllite of the THS Haimanta Group over a
mylonitized orthogneiss unit of the GHC at Kum-
harsain (also spelled as Kumarsen) (Fig. 9). The
gneiss unit is part of the Baragaon gneiss that has
been dated by Bhanot et al. (1978) and Miller et al.
(2001) as ~1830-1840 Ma. Drag folds in the fault
zone indicate top-south motion. The mylonitic shear
zone directly below the fault records a complex
deformational history. Its upper part (>200 m
thick) is marked by top-south S-C fabric. The
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Fig. 9. Geologic map of the Kumharsain shear zone.
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upper part (>50 m thick) exhibits dominantly top-
south fabrics, but locally preserves relicts of top-
north shear fabrics that are in turn deformed by
south-verging folds. The lowermost part (>100 m)
of the shear zone contains top-south S-C fabric that
is deformed by later north-verging kink folds. The
stratigraphic juxtaposition and cross-cutting relation-
ships are quite similar to those observed along the
STD north of the Kullu—Larji-Rampur window,
where top-south shear is also preserved in the STD
zone (Wyss et al., 1999). Thus, the Kumbharsain
shear zone and the STD zone of Wyss et al
(1999), both placing the Haimanta/Phe strata over
the high-grade GHC on the north and south sides of
the Kullu-Larji-Rampur window, may be correlative
and are parts of the same folded low-angle fault

(Fig. 7).

3.2.8. Age of the STD

In the Garhwal Himalaya *°Ar/ °Ar and K-Ar
cooling ages and the age of a cross-cutting leucogra-
nite suggest the STD to have been active between 23
and 21 Ma (Searle et al., 1999b). To the west in
Zanskar, motion on the Zanskar shear zone was active
between 22 and 19 Ma (Dézes et al., 1999; J.D.
Walker et al., 1999; Robyr et al., 2002). Apatite
fission track ages obtained from the footwall of the
Zanskar shear zone suggest that it ceased motion by
11-9 Ma (Kumar et al., 1995) (Table 6). There are no
constraints on the initiation age of the STD in the
Western Himalaya.

3.2.9. Slip on STD

The minimum slip across the central segment of
the Zanskar shear zone was estimated by Herren
(1987) to be >25 km based on the assumption that
vertical condensation of the footwall metamorphic
field gradient is solely caused by simple-shear defor-
mation. Again, assuming simple-shear deformation,
Deézes et al. (1999) estimate 35+ 9 km of slip on
the Zanskar shear zone at its eastern end. As pointed
out by Grujic et al. (1996) and many others (e.g.,
Grasemann et al., 1999; Vannay and Grasemann,
2001; Searle et al., 2003; Law et al., 2004), general
shear combining both simple and pure shear strain
may be more characteristic of deformation in the STD
shear zone. This implies that vertical condensation of
metamorphic isograds near the STD could be caused

mainly by pure-shear deformation (i.e., vertical flat-
tening) without significant simple-shear translation
along the shear zone. Consideration of pure-shear
contribution would make the slip estimates of Herren
(1987) and Deézes et al. (1999) only as the upper
bounds.

3.2.10. Cutoffs across the Zanskar shear zone

In all tectonic reconstructions of the Zanskar
shear zone, the fault is assumed to cut up section
to the south (e.g., Gapais et al., 1992; Dezes et al.,
1999; C.B. Walker et al., 2001). The cutoff struc-
ture or breakaway fault implied by this interpreta-
tion must dip north and truncate the Tethyan
Himalaya strata in its footwall. However, existing
map relationships in the Zanskar—Chamba region
present no candidates for such a structure (Fig.
7). One possible solution is that the Miyar thrust
is younger than the Zanskar shear zone and its
northward motion has buried the breakaway struc-
ture in its footwall (Fig. 10a). However, this inter-
pretation would require the Miyar thrust to have a
substantial northward displacement and extend lat-
erally to the east into the Tethyan Himalayan strata
with significant stratigraphic offset. The continuity
of the Haimanta strata around the eastern rim of the
Zanskar crystalline window (Frank et al., 1995) and
the folded nature of the Zanskar shear zone at its
eastern termination (Dézes, 1999) (Fig. 8) do not
favor this possibility. Alternatively, the MCT is
younger than the Zanskar shear zone and cuts off
the breakaway system of the Zanskar shear zone
(Fig. 10b). This scenario is also unlikely, because
this would require the STD together with the THS
to be present in the footwall of the MCT, which
has not been observed. Thus, the simplest solution
to this problem is that the Zanskar shear zone is
folded and forms a large window placing the THS
above and the high-grade Zanskar -crystallines
below (Fig. 7).

3.2.11. Nanga Parbat syntaxis

The Nanga Parbat syntaxis (also known as the
Nanga Parbat-Haramosh Massif) forms a tectonic
window exposing high-grade metamorphic rocks of
foliated tonalitic biotite gneiss, meta-pelite, and mar-
ble (e.g., Zeitler et al., 2001). The metamorphic
massif is bounded in the north, east and west by
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Fig. 10. Possible relationship between the Warwan backthrust and the Zanskar shear zone. (a) The Warwan thrust postdates the Zanskar shear
zone and overrides the footwall cutoff of the Tethyan Himalayan strata. (b) The MCT cuts and offsets the united Chenab—Zanskar shear zone.

the warped Main Mantle Thrust (MMT), which is
the western extension of the Indus—Tsangpo suture
zone. The western and eastern margins of the Nanga
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Parbat massif are marked by late Cenozoic north-
striking ductile and brittle shear zones, together
forming a large pop-up structure (Seeber and
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Pécher, 1998; Schneider et al., 1999a; Butler et al.,
2000) (Fig. 7). The southern boundary of the Nanga
Parbat massif is not well defined and appears to be
bounded by a north-dipping thrust (i.e., the Diamir
shear zone of Zeitler et al., 2001 or the Batal thrust
of DiPietro and Pogue, 2004). U-Pb zircon dating
indicates that the metamorphic rocks have protolith
ages of ~2600 Ma, ~1850 Ma, and ~500 Ma and
the massif experienced both Proterozoic and Ceno-
zoic ductile deformation and high-grade metamor-
phism (Zeitler et al., 1989; Zeitler and Chamberlain,
1991; Schneider et al., 1999a,b,c, 2001; Treloar et
al., 2000). Although the high-grade metamorphic
rocks of the Nanga Parbat massif were traditionally
considered part of the GHC (e.g., Fuchs and Linner,
1995), Nd-Sm and Sr isotopic analyses and U-Pb
zircon dating has led some workers to interpret the
Nanga Parbat massif as a high-grade expression of
the LHS (Whittington et al., 1999; Zeitler et al.,
2001; Argles et al., 2003).

The Zanskar shear zone terminates at the north-
western corner of the Zanskar crystallines window
(Searle et al., 1992) (Fig. 7). Farther to the west,
before reaching to the Nanga Parbat metamorphic
massif, the THS is continuous across the Kashmir
Himalaya without exposing the high-grade GHC
(Wadia, 1931, 1934; Fuchs and Linner, 1995; Argles
and Edwards, 2002; DiPietro and Pogue, 2004).
Several workers consider that the STD reappears in
the Nanga Parbat massif or farther to the west along
the MMT (Treloar and Rex, 1990; Hubbard et al.,
1995; Burg et al., 1996; Argles and Edwards, 2002;
Treloar et al., 2003). Because the Zanskar shear zone/
STD is not present in Kashmir, this fault could either
die out beneath the Kashmir basin (DiPietro and
Pogue, 2004) or becomes a blind structure that ree-
merges in the syntaxis (Argles and Edwards, 2002).
The latter interpretation requires that the STD form a
tectonic window in the Nanga Parbat massif because
the metamorphic terrane is completely surrounded by
the low-grade THS in the south and Cretaceous—lower
Tertiary arc rocks in the north, east, and west (Figs. 2A
and 7) (DiPietro and Pogue, 2004). This interpretation
in turn would require that the frontal trace of the STD
be exposed south of the Nanga Parbat massif, a pre-
diction not supported by known field relationships in
the region (Fig. 2A; also see Fig. 1 of DiPietro and
Pogue, 2004).

The north-dipping Kohistan fault (= MMT) juxta-
poses the Kohistan arc over the northern Indian mar-
gin and has been interpreted as a normal fault by
Treloar et al. (2000). In contrast, DiPietro et al.
(2000) and DiPietro and Pogue (2004) show that the
fault was mainly a thrust active between the early
Eocene and early Miocene. They also note that the
juxtaposition relationship across the Kohistan fault is
similar to the Gangdese thrust of Yin et al. (1994) in
south Tibet. This relationship is in turn similar to the
Lohit thrust east of the Namche Barwa syntaxis where
the thrust places Cretaceous—early Tertiary arc rocks
over Indian continental affinity (Gururajan and
Choudhuri, 2003).

3.2.12. Tethyan Himalayan fold and thrust belt

The amount of shortening across the Himalayan
fold and thrust belt in Pakistan is estimated to be
58-62% in the Zanskar region north of the Kisht-
war window (Corfield and Seale, 2000; Wiesmayr
and Grasemann, 2002), but only about 30% in the
Spiti region north of the Kullu-Larji-Rampur win-
dow (Wiesmayr and Grasemann, 2002). The age of
the Tethyan Himalayan thrust belt is determined to
be 45-56 Ma by *°Ar/°Ar dating of illites grown
along cleavage domains (Wiesmayr and Grasemann,
2002) (Table 6). An interesting conclusion reached
by Wiesmayr and Grasemann (2002) and Neumayer
et al. (2004) is that the decollement of the Tethyan
Himalayan thrust belt (i.e., the Sangla Detachment)
can be projected onto the STD, implying that the
latter may have been reactivated from an older
thrust decollement. In Pakistan, Coward and Butler
(1985) show that the amount of shortening between
the MBT (Murree thrust) and the Nathia Gali thrust
on the southeast side of the Hazara syntaxis (Fig.
2A and B) is about 150 km. Recent work by
DiPietro and Pogue (2004) suggests that the total
amount of shortening across the entire Himalayan
orogen west of the Nanga Parbat and the Hazara
syntaxes is on the order of ~200 km.

3.2.13. Lesser Himalayan thrust belt

Nowhere in the Himalaya is the research on the
Lesser Himalayan thrust belt more influential than
that from the Garhwal and Kumaun regions of NW
India. Expanding on the classic stratigraphic work of
Auden (1934, 1937) and structural work of Heim and
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Gansser (1939), Valdiya (1978, 1979) was perhaps
the first geologist to systematically analyze the com-
plex interplay between stratigraphy of the LHS and
thrust kinematics in the Lower Himalaya of NW
India. His classic treatise (Valdiya, 1980) has laid
the foundation for our current understanding of the
Lower Himalayan geology (Table 4) and subsequent
constructions of balanced cross-sections in the
Kumaun and Nepal Himalaya (Srivastava and Mitra,
1994; DecCelles et al., 2001). Valdiya (1980) recog-
nizes several younger-over-older faults in the Lesser
Himalayan thrust belt, which he interprets as out-of-
sequence thrusts. This structural complexity was not
considered in otherwise an excellent structural recon-
struction of the Kumaun Himalaya by Srivastava and
Mitra (1994). Assuming only forward thrust propaga-
tion, Srivastava and Mitra (1994) obtain a total crustal
shortening of ~161 km across the Lesser Himalayan
thrust belt. Adding the displacement along the MCT,
they further suggest that a total shortening of 687-754
km has occurred between the Himalayan foreland and
the Indus—Tsangpo suture.

Because the width of the Lesser Himalayan thrust
belt between the MCT and the MBT is only a few
kilometers west of Mandi (Fig. 7), its detailed struc-
tural style and the magnitude of shortening are not
very well constrained south of the Kishtwar window.
However, the presence of a MCT klippe in Simla ~90
km south of the Kullu-Larji-Rampur window sug-
gests that the Lesser Himalayan structures and strati-
graphic units are mostly underthrust below the MCT
south of the Kishtwar window. It is possible that the
MCT is the roof fault of the Lesser Himalayan duplex
system beneath the Kishtwar window as envisioned
by Gapais et al. (1992).

3.2.14. MBT, MFT, and sub-Himalayan thrust belt

In northwestern India, the width of the sub-Hima-
layan belt between the MBT and MFT varies from 30
to 80 km, due to the presence of large reentrants of the
MBT (Figs. 2A and 7) (Johnson, 1994; Fuchs and
Linner, 1995; Powers et al., 1998). Based on the map
pattern of the MBT and its duration of activity, Treloar
et al. (1991), Meigs et al. (1995), and Burbank et al.
(1996) suggest the MBT to have a slip magnitude of
>100 km.

The Cenozoic foreland basin strata are highly de-
formed by thrusting and folding, making correlation of

Tertiary stratigraphic sections difficult from one thrust
panel to the other (e.g., White et al., 2001). The total
amount of shortening across the sub-Himalayan belt in
NW India is ~23 km (Powers et al., 1998).

The MFT is well exposed in the western Himalaya
due to a drier climate than the central and eastern
Himalayan orogen (e.g., Thakur, 2004). The fault has
an average slip rate of ~8—10 mm/yr over the past
1500 years (Kumar et al., 2001). Although with large
uncertainties (+3—7 mm/yr), it appears that the slip
rate across the MFT in the western Himalaya is sig-
nificantly lower than that in the central Himalaya of
Nepal, which is ~21 mm/yr as determined by Lavé
and Avouac (2000).

3.2.15. Neogene north-trending rifts

Two prominent NNW-trending rifts are present in
the western Himalaya: the Pulan rift in SW Tibet (Fig.
1A) and the Tso Morari rift in NW India (Fig. 7), both
are restricted to the Himalayan orogen. These rifts
strike at an angle of about 30—40° from the N45°W
trend of the western Himalayan orogen. The Pulan
(also spelled as Purang) rift of Ratschbacher et al.
(1994) is part of the Gurla Mandhta detachment sys-
tem of Murphy et al. (2002). The Pulan—Gurla Man-
dhata extensional system is linked with the right-slip
Karakorum fault and has accommodated ~35-60 km
of east-west extension (Murphy et al., 2002). This
extensional system was already in operation between
9 Ma and 6 Ma and remained active since (Murphy et
al., 2002).

In comparison to the Pulan—Gurla Mandhata exten-
sional system, we know relatively little about the age
of motion and the magnitude of extension along faults
bounding the Tso Morari rift. Existing geologic maps
indicate that the NNW-trending Tso Morari rift system
terminates at a northeast-dipping high-angle fault (the
Ribil normal fault) along the Indus—Tsangpo suture
zone (Fig. 7) (also see geologic maps of Steck et al.,
1998 and Steck, 2003). Steck et al. (1998) interpret the
Ribil fault as a normal fault. However, this interpreta-
tion would create kinematic incompatibility for normal
faulting across both the Tso Morari rift and Ribil fault.
As an alternative, I suggest that the Ribil fault is a
branch of the right-slip Karakorum fault system and
has served as a linking strike-slip structure to terminate
east—west extension across the Tso Morari extensional
system (Fig. 7).
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3.3. Eastern Himalaya

Major Himalayan lithologic units can be traced
continuously from the central Himalaya to the east-
ern Himalaya (Acharyya and Ray, 1977; Acharyya,
1980, 1994; Gansser, 1983; Burchfiel et al., 1992;
Edwards et al., 1996, 1999; Edwards and Harrison,

88°E

[ 90°E 92°E

1997; Wu et al., 1998; Grujic et al.,, 2002). An
interesting aspect of the eastern Himalayan orogen
is the preservation of several large STD klippen on
top of the GHC (Gansser, 1983; Grujic et al., 2002)
(Fig. 11). The southernmost trace of these klippen is
located only ~1.5 km north of the trace of the MCT
(Gansser, 1983) (Fig. 11).

Kangma
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28°N \.\S
D,

Sikkim

cross section shown in Fig. 2g
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Lumpla /E

window

88°E
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Fig. 11. Geologic map of southeastern Tibet and Bhutan. Sources from Gansser (1983), Liu (1988), Burchfiel et al. (1992), Yin et al. (1994,
1999), Edwards et al. (1996, 1999), Wu et al. (1998), and Grujic et al. (2002). GT, Gangdese thrust; GCT, Greater Counter thrust; GKT,
Gyirong—Kangmar thrust; STD, South Tibet Detachment; MCT, Main Central Thrust; MBT, Main Boundary Thrust; BMK, Black Mountain
klippe; TC, Tang Chu klippe; UK, Ura klippe; SK, Sakteng klippe, KZT, Kakhtang—Zimithang thrust; LS, Linshi klippe; gr(GH), Miocene
leucogranites; GHC, GHC; K, Cretaceous strata; Pz-Mz, Paleozoic—Mesozoic Tethyan Himalayan Sequence; LHS, Lesser Himalayan Sequence.
Ts, Tertiary Siwalik Group. Q, Quaternary deposits. Note that both the Black Mountains and Sakteng klippen are mapped within less than 1.5
km from the trace of the MCT. Geologic cross-section (F) is shown in Fig. 2.
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3.3.1. Main Central Thrust

The MCT can be traced from far eastern Nepal,
through Sikkim, Bhutan, Indian State of Arunachal,
and finally to the eastern Himalayan syntaxis (Gans-
ser, 1964, 1983; Mohan et al., 1989; Singh and
Chowdhary, 1990; Kumar, 1997; Ding et al., 2001;
Gururajan and Choudhuri, 2003) (Figs. 2 and 8). In
Sikkim, the MCT forms large reentrants and exposes
the LHS in a series of south-facing half windows
(Acharyya and Ray, 1977; Acharyya, 1980) (Fig.
2A). In Bhutan, the MCT is a broad shear zone
extending several hundreds of meters downward into
the LHS (Table 4) and >10 km upward into the GHC
(Gansser, 1983). In contrast, the MCT is a sharp
contact in Arunachal farther to the east, placing kya-
nite and garnet schist over phyllite, quartzarenite, and
metavolcanic rocks and is broadly folded (Singh and
Chowdhary, 1990; Yin et al., submitted for publica-
tion) (Fig. 12). On both sides of the eastern syntaxis,
the MCT juxtaposes staurolite-kyanite schist and
gneiss of the GHC over quartzite, phyllite, carbonate,
and metavolcanics of the LHS (Singh and Chowdhary,
1990; Gururajan and Choudhuri, 2003). This is in
contrast to the MCT in the western Himalayan syn-
taxis where the fault juxtaposes low-grade Proterozoic
phyllite of the THS over low-grade to essentially
unmetamorphosed Proterozoic—Cambrian strata of
the LHS (Pogue et al., 1999) (Table 3). This difference
suggests that the MCT hanging wall in the eastern
Himalayan syntaxis has been exhumed much more
deeply than that in the western Himalaya.

Grujic et al. (1996) show that in Bhutan a top-
south shear fabric with a significant pure-shear com-
ponent exists across the entire GHC. The top-south
shear fabric was later overprinted by top-north shear
in the top part of the GHC immediately below the
STD (Grujic et al., 2002). The GHC consisting of
metasediments and extensive Miocene leucogranite
intrusions experienced rapid decompression from a
lower crustal condition (~11-13 kbar) to a middle

crustal condition (~5 kbar) under high temperatures
(Swapp and Hollister, 1991; Davidson et al., 1997)
(Table 6). Petrologic analysis indicates that the peak
pressure remains constant across the MCT zone at
about 11-13 kbar while the peak temperature
decreases across the shear zone, from ~660 °C at
the base to 780 °C at the top of the shear zone
(Daniel et al., 2003). This observation indicates that
the isograds cannot be overturned by isoclinal folds
because pressure profile is not inverted. Similar
observations were also made across the MCT zone
in the Kullu-Larji-Rampur window area by Vannay
et al. (1999) and Vannay and Grasemann (2001) and
were used as evidence to support the general shear
model. But this observation is also consistent with
the hot-iron model of LeFort (1975).

3.3.2. Slip on MCT

Using the thrust reentrants in Sikkim and Bhutan
(Gansser, 1983; Grujic et al., 2002) (Fig. 11), the
MCT has a minimum slip of 75 km. In Arunachal,
Yin et al. (submitted for publication) show that slip on
the MCT may exceed 195 km.

3.3.3. Age of MCT

In Sikkim, petrological analysis has established that
rocks ~1 km above the MCT experienced an early
phase of prograde metamorphism under a pressure
condition of 10-12 kbar followed by decompression
to reach a condition of 8 kbar and 750 °C (Harris et al.,
2004). Sm—Nd growth ages of garnet cores and rims
indicate pre-decompression garnet growth at 23 + 3 Ma
and near-peak temperatures at 16 + 2 Ma (Harris et al.,
2004). These ages suggest that the MCT was active at
~23 Ma during prograde metamorphism.

The MCT in Bhutan cuts 16-Ma-old leucogranite,
whereas the north-dipping Kakhtang thrust in the
MCT hanging wall cuts a leucogranite of 14—15 Ma
(Grujic et al., 2002). Based on this age relationship,
Grujic et al. (2002) infer that the Kakhtang thrust is

Fig. 12. Tectonic map of the eastern Himalaya. Imbricate thrusts in Lesser Himalaya based on Yin et al. (submitted for publication), STD klippe
from Grujic et al. (2002), eastern syntaxis geology from Ding et al. (2001), and the MCT trace from Singh and Chowdhary, 1990. Geology of
southeast Tibet from Yin and Harrison (2000). Cross-section is modified from Yin et al. (submitted for publication). Symbols in the geologic
cross-sections represent the following: gn and gn (LH), Lesser Himalayan orthogneiss; gnl (GH), gneiss unit in the lower part of the MCT
hanging wall; gn2 (GH), gneiss unit dominantly orthogneiss in the upper part of the MCT hanging wall; TH, Tethyan Himalayan strata; s, ss,
and sl (LH), shale and quartzarenite units in Lesser Himalayan Sequence; P, Permian strata; Tsb, Tkm, and Tdf are Tertiary units; Qal,
Quaternary deposits; STD, South Tibet Detachment fault; ZT, Zimithang thrust; MCT, Main Central Thrust; MBT, Main Boundary Thrust; TPT,

Tipi thrust; BT, Bhalukpung thrust MFT, Main Frontal Thrust.
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younger than the STD and its motion reactivated the
MCT. However, the lack of direct crosscutting rela-
tionship between the Kakhtang thrust and the STD
casts considerable doubts on this interpretation. In
fact, it is possible that the Kakhtang thrust was coeval
with or even older than motion on the STD.

U-Pb dating of monazite and xenotime indicates
that the MCT in Bhutan was already active at 22 Ma
and continued its motion during and after ~14 Ma
(Daniel et al., 2003). Similar Th-Pb monazite ages
between 22 and 14 Ma were also obtained for the
MCT zone in Sikkim (Catlos et al., 2002b). In the
Arunachal Himalaya, Yin et al. (submitted for publi-
cation) show that the MCT was active at and after ~10
Ma based on ion-microprobe dating of monazite
inclusions in garnets from the MCT zone.

3.3.4. South Tibet Detachment

The STD directly east of the Yadong Cross Struc-
ture at the longitude of 89°-90°E in southeastern
Tibet juxtaposes Ordovician and Carboniferous strata
over the GHC (Burchfiel et al., 1992) (Fig. 2A). In
Bhutan, the STD lies below the Upper Proterozoic
Chekha Formation (Grujic et al.,, 2002) (Table 7),
which is composed of garnet-staurolite schist at its
base and phyllite at the top with a rapid upward
decrease in metamorphic grade. The Chekha Forma-
tion is overlain by latest Proterozoic—Cambrian strata
(Bhargava, 1995); their ages were determined by
trace fossils and trilobites (Bhargava, 1995; Hughes
et al., 2002). The different stratigraphic positions for
the STD in southern Tibet (Ordovician strata over
GHC, Burchfiel et al., 1992) and in southern Bhutan
(late Proterozoic strata over GHC) indicate that the
STD slightly cuts down section southward. This
observation is at odds with the typical geometry of
an extensional detachment fault but can be explained
by superposing a younger extensional event over an
older contractional event, such as the case documen-
ted in southeastern Tibet along the STD (Burchfiel et
al., 1992).

The STD has been traced to the western limb of
the Namche Barwa syntaxis where the fault changes
its east-west strike along the Bhutan—China and
India—China border to a north—south strike and dips
to the west (Wang et al., 2001; Ding et al., 2001).
The change in the STD strike may result from
warping of the eastern syntaxis. On the east side of

the syntaxis, geologic investigation along the Lohit
Valley across the eastern limb of the Namche Barwa
syntaxis indicates the absence of both the STD and
THS (Gururajan and Choudhuri, 2003). Along the
Lohit Valley, the GHC is bounded by the MCT
below and the Lohit thrust above. The Lohit thrust
juxtaposes the GHC directly below the Indus—
Tsangpo suture and Cretaceous—Tertiary plutons
equivalent to the Gangdese batholith in southern
Tibet (Gururajan and Choudhuri, 2003). The above
observation reinforces the notion that the eastern
Himalaya is more deeply exhumed than that in the
western Himalaya.

3.3.5. Slip on STD

The presence of large STD klippen in Bhutan is
similar to the Mt. Everest region (Burchfiel et al.,
1992). However, a key difference in Bhutan is that
the STD klippen extend >100 km southward towards
the trace of the MCT from its northernmost exposure.
Using a similar argument made by Burchfiel et al.
(1992), one would conclude that the STD has a min-
imum slip of >100 km in Bhutan. However, this
method of slip estimate requires that the STD cut
upsection southward and that the hanging-wall cutoff
can be matched by a footwall cutoff. Projecting the
STD klippen onto a north—south cross-section suggests
that the STD is approximately a hanging-wall flat
extending for ~100 km in its transport direction
(Figs. 2G and 11). Given the proximity of the STD
and MCT traces (<1.5 km), there is simply not enough
space for the existence of a footwall ramp that could
match a possible hanging-wall cutoff across the THS,
which is about 7-15 km thick in southern Tibet
(Brookfield, 1993; Liu and Einsele, 1994) (Fig. 3).
This problem prevents us from making accurate esti-
mates of slip on the STD.

3.3.6. Age of STD

The age of the STD along the Tibet—Bhutan border
is determined to be active after 12 Ma (Edwards and
Harrison, 1997). As the STD in the area is also cut by
the Yadong rift that initiated at ~8 Ma (Harrison et al.,
1995) (Fig. 11), the fault must have ceased motion
before this time. Wu et al. (1998) also report a U-Pb
monazite age of ~12 Ma from a sheared granite below
the STD that constrain the STD to have been active
after this time.
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3.3.7. Tethyan Himalayan fold and thrust belt

The Tethyan Himalayan fold and thrust belt in
the eastern Himalaya is drastically different from
that in the central and western Himalaya in that (1)
the contractional structures are dominated by iso-
clinal folds and slaty cleavage (Yin et al., 1994,
1999) and (2) widespread ultramafic bodies are
present in thrust zones (Pan et al, 2004) (Fig.
2A). Isoclinal folds in the northern belt dominate
and have transposed the original bedding of mostly
Triassic flysch strata into regional slaty cleavage
(Yin et al., 1999). In the south, contractional struc-
tures are dominated by tight folds and brittle thrusts
involving Jurassic and Cretaceous strata (Liu, 1988;
Xizang BGMR, 1993; Pan et al., 2004). Although
small ultramafic blocks could be parts of an ophio-
lite complex that was obducted onto the northern
Indian margin during or prior to the Indo-Asian
collision (e.g., the Spongtang ophiolite in the
Ladakh Himalaya, see Reuber, 1986), their occur-
rence along thrust zones suggests that they were
structurally below the GCT and have been brought
up later by thrusting. This interpretation would
imply that the GCT has moved >120 km over
the Indus—Tsangpo accretionary complex in the
eastern Himalaya (Fig. 12).

3.3.8. Lesser Himalayan thrust belt

This belt is located in southern Bhutan and the
Arunachal region of NE India (Fig. 2A). Over the
past decades, major efforts have been devoted to
delineating lithostratigraphic units of the region
(Thakur and Jain, 1974; Jain et al., 1974; Verma
and Tandon, 1976; Singh and Chowdhary, 1990;
Acharyya, 1994; Kumar, 1997). However, timing,
magnitude of deformation and the kinematic evolu-
tion of the Cenozoic thrust systems in the region are
quite poorly constrained. Recent studies in the Aru-
nachal Himalaya by Yin et al. (submitted for publi-
cation) show that the MCT and its footwall structures
have accommodated >585 km of crustal shortening
(Fig. 12). This estimate is greater than shortening of
~240-500 km accommodated by the equivalent
structures in Nepal (Schelling and Arita, 1991;
DeCelles et al., 2001). When considering that the
GCT may have slipped >120 km, the total mount of
shortening across the eastern Himalayan orogen is
>700 km.

3.3.9. MBT and MFT

The most striking relationship in the eastern
Himalaya is that the traces of the MCT, MBT, and
MFT are much closer together than those in the
central and western Himalaya (Fig. 2A). The cause
of this field relationship is not clear, but could be a
reflection of an eastward increase in the total mag-
nitude of shortening along the Himalayan strike. The
MBT in Sikkim and Arunachal is folded together
with the overlying MCT (Acharyya and Ray, 1977;
Acharyya, 1980). This is in contrast to the MBT in
Nepal and NW India that has been shown to have a
simple planar or flat-ramp geometry (Schelling and
Arita, 1991; Fuchs and Linner, 1995; DeCelles et al.,
2001). Folding of both the MCT and MBT in the
eastern Himalaya indicates a major change in struc-
tural style and may have resulted from duplex de-
velopment between the MBT above and the MFT
below. This would imply that the amount of short-
ening in the MBT footwall is greater in the eastern
Himalaya than in the central Himalaya. Little is
known about the development of the Main Frontal
Thrust in the eastern Himalaya.

3.3.10. Neogene north-trending rifts

Several Neogene north-trending rifts are present in
the eastern Himalaya (Fig. 1A). These rifts are nearly
perpendicular to the trend of the eastern Himalayan
orogen in the west but at an angle of about 60—-70° in
the east towards the eastern Himalayan syntaxis. The
best-studied rift in the eastern Himalaya is the Yadong
rift north of Sikkim. This rift is the southernmost
extension of the 400-km long Yadong—Guru rift
extending from the Himalayan orogen to the interior
of the Tibetan plateau (Armijo et al., 1986, 1989;
Burchfiel et al., 1991). The central segment of the
rift system initiated at ~8 Ma as constrained by
“OAr/*°Ar thermochronology and has accommodated
>20 km of east—west extension (Harrison et al., 1995).
The southern extension of the Cona rift cuts the MCT
(Yin et al., submitted for publication) (Fig. 12).

3.4. Great Counter Thrust and North Himalayan
Antiform

3.4.1. Great counter thrust (GCT)
Heim and Gansser (1939) first recognized and
named the south-dipping Great Counter Thrust
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(GCT) (Fig. 2) along the Indus—Tsangpo suture zone
in the Mt. Kailas area of southwest Tibet. This fault
system has since been documented along the north-
ern edge of the entire Himalayan orogen between its
eastern and western syntaxis. It has been variably
named as the Main Zanskar backthrust in northwest-
ern India (e.g., Corfield and Seale, 2000 and refer-
ences therein), the South Kailas thrust in southwest
Tibet (Yin et al., 1999; Murphy and Yin, 2003), the
Himalayan backthrust in south-central Tibet (e.g.,
Ratschbacher et al., 1994 and references therein),
and the Renbu—Zedong thrust in south-central and
southeast Tibet (Yin et al., 1994, 1999; Harrison et
al., 2000). The Great Counter Thrust has been dated
along three traverses in southwest Tibet (Mt. Kai-
las), south-central Tibet (Renbu), and southeast
Tibet (Lang Xian). They constrain the fault to
have been active between 25 and 9 Ma, with its
initiation age unconstrained (Ratschbacher et al.,
1994; Quidelleur et al., 1997; Yin et al., 1999;
Harrison et al., 2000). Typically, the GCT carries
the THS northward over mélange rocks of the
Indus—Tsangpo suture zone or Miocene sedimentary
rocks resting on the Cretaceous—lower Tertiary
Gangdese or Transhimalayan batholith (Heim and
Gansser, 1939; Fuchs and Linner, 1995; Yin et al.,
1999) (Fig. 2A). The total magnitude of slip on the
GCT is not well constrained because rocks above
and below the fault are completely different. How-
ever, from a balanced cross-section in southwestern
Tibet, the fault has a minimum of ~38-km slip
(Murphy and Yin, 2003). This fault slip may be
as much as 60 km in southeast Tibet. The latter
conclusion is derived from the observation that
Tertiary leucogranites in the Yala Xiangbo gneiss
dome contain zircon ages matching those of the
Cretaceous—Tertiary Gangdese Batholith, which
implies that the Gangdese arc was thrust beneath
the GCT as far south as about 60 km from its
northernmost exposure (Aikman et al., 2004) (Fig.
12). As discussed above, the presence of ultramafic
bodies in the North Himalaya may indicate the GCT
to have moved for >120 km northward with respect
to the Lhasa block. The large magnitude of slip on
the GCT and its southward dip require the thrust to
have interacted with the synchronous STD and
MCT beneath the Himalayan range. This problem
will be discussed later in the article.

Table 8

Exhumation-rate history of the Himalayan orogen

(Ma)

Eastern Himalayan

syntaxis

Bhutan
GHC

Kngmar  Sikkim
Dome (mm/yr)

Nepal

Chamba Garrhwal
GH

THS

Zanskar

Tso Morari

Kaghan Valley Nanga Parbat

GHC/MCT
zone

C

Crystallines

UHP terrane
(mm/yr)

(mm/yr)

syntaxis

UHP terrane
(mm/yr)

(mm/yr)

(mm/yr)

(mm/yr)

(mm/yr)

(mm/yr)

(mm/yr)

(mm/yr)
0.67+£0.13  40.0+20.0

0.67+0.13 0.37%£0.13

0.93-2.1

0.97+0.13
0.97+£0.13
No data
No data
No data

8.5+6.5 No data
85+£6.5 2+ Imm/yr

No data
No data
No data

1.10£0.06 0.33+£0.1

0.08 +0.03
0.08 £0.03
0.08 £0.03

7.00 +4.50
0.67+0.13
0.67+0.13
0.30+£0.20
0.30£0.20

0.33+£0.2

10-0
20-10 0.33+£0.2

0.93-2.1

0.42+013
0.42+013
0.42+013

0.37 £0.13mm/yr
No data
No data

No data
No data
No data

0.334+0.1
No data
No data
No data

0.53+0.13
0.53+0.13
No data
No data

30-20 0.33+£0.2

No data
No data
No data

40-30 0.33+0.2

1.10+0.20
0.40+0.20

40£30

50-40
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3.4.2. North Himalayan antiform (NHA)

The NHA is a prominent east-trending structural
high associated with gneiss domes lying between the
Great Counter Thrust in the north and the STD in the
south (Hauck et al., 1998). The antiform was mainly
developed in the middle Miocene (e.g., Maluski et al.,
1988; Lee et al., 2000) and its deformation has been
superposed on the older Eocene-Oligocene Tethyan
Himalayan fold belt (Fig. 2A). In contrast to the
Cordilleran-type extensional metamorphic core com-
plexes (e.g., Spencer, 1984; Lister and Davis, 1989;
Wernicke, 1992; Friedmann and Burbank, 1995), the
North Himalayan gneiss domes are lacking hanging
wall extensional faults, supradetachment basins, and
breakaway systems (i.e., footwall cutoffs) (see discus-
sion by Yin, 2004).

Among gneiss domes, the Kangmar, Tso Morari
and Gurla Mandhata metamorphic complexes have
been studied the most (Figs. 2 and 7). These gneiss
terranes expose Indian continental rocks and are in
fault contact with the overlying THS (e.g., Steck et
al., 1998). The Kangmar dome records peak metamor-
phic conditions of P=6-9 kbar and 7=500-650 °C
(Burg et al., 1984a, 1987; Chen et al., 1990; Lee et al.,
2000). The isograds in the domes are vertically con-
densed, suggesting large-magnitude pure-shear exten-
sion (Lee et al., 2000). The Kangmar gneiss dome is
capped either by a top-north detachment or a ductile
shear zone with coeval top-north and top-south shear
on the north and south limbs of the dome (Chen et al.,
1990; Lee et al., 2000). Carboniferous and Permian
strata in turn drape over the shear zone and the gneiss
(Burg et al., 1984b, 1987; Chen et al., 1990; Lee et al.,
2000). It is not clear whether the upper Proterozoic to
Devonian strata, which are commonly exposed in the
southern THS zone immediately above the STD (e.g.,
Liu and Einsele, 1994), are cut out by an extensional
fault capping the gneiss dome or were never deposited.

The Tso Morari gneiss complex in NW India (Figs.
2 and 7) experienced Eocene UHP metamorphism and
exhumation, but contractional deformation at greens-
chist-facies conditions lasted until early Miocene time
(de Sigoyer et al., 2000). The northern margin of the
Tso Morari gneiss terrane has been affected by exten-
sional faulting since the late Miocene (Steck et al.,
1998; Schlup et al., 2003), but the structural setting
and kinematic history of the Tso Morari UHP gneiss
terrane remain poorly understood.

In the Gurla Mandhata area of southwest Tibet
(Fig. 2), metamorphic rocks below the top-west
Gurla Mandhata detachment fault and the underlying
ductile shear zone contain deformed and undeformed
Miocene leucogranites with Th-Pb monazite ages
clustered at 24-17 Ma and 11-7 Ma (Murphy et
al., 2002). Th-Pb dating of monazite inclusions in
garnets suggests that prograde metamorphism due to
crustal thickening occurred between 16 and 10 Ma
prior to motion along the Gurla Mandhata detach-
ment fault (Murphy et al., 2002). These monazite
ages in conjunction with muscovite cooling ages of
10—-6 Ma indicate that detachment faulting and east—
west extension in southwest Tibet did not begin until
after ~10 Ma (Murphy et al., 2002). The middle
Miocene crustal thickening event between 16 and
10 Ma in the Gurla Mandhata region is broadly
coeval with inferred thrusting below the Kangmar
dome (Lee et al., 2000), supporting a regional extent
of the NHA over a distance of >700 km along strike
(Hauck et al., 1998).

4. Exhumation and foreland sedimentation in the
Himalayan Tectonic System

A complete understanding of the evolution of the
Himalayan orogen requires the knowledge of its ex-
humation history and exhumation mechanisms (that
is, whether the Himalayan rocks were removed verti-
cally by erosion, faulting, or a combination of both).
This information may be obtained from (1) the cool-
ing history of the mountain range (T—t paths) as
determined by *°Ar/°Ar and fission track thermo-
chronometry, (2) the timing and conditions of meta-
morphism (P-7-t paths) as determined by a
combination of geochronology and thermobarometry,
and (3) sedimentary history of the Himalayan foreland
basin. The presence of excess argon in GHC biotite
has been notorious (e.g., Maluski et al., 1988; Mac-
farlane, 1993; Stiiwe and Foster, 2001). This is indi-
cated by the biotite commonly having “°Ar/*°Ar ages
older than muscovite from the same samples despite
the fact that biotite has a lower closure temperature
(McDougall and Harrison, 1999). In the following
synthesis “°Ar/*’Ar biotite ages older than muscovite
ages from the same samples or from nearby locations
are excluded.
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4.1. Western Himalaya

4.1.1. Exhumation of the Northern region

In the northern region of the western Himalayan,
orogen, eclogite-bearing UHP gneisses have been dis-
covered in upper Kaghan valley of northern Pakistan
and the Tso Morari area of NW India (Pognante and
Spencer, 1991; Guillot et al., 1997; Fontan et al., 2000;
Lombardo et al., 2000; de Sigoyer et al., 2000;
O’Brien et al., 2001; Kohn and Parkinson, 2002;
Mukherjee et al., 2003; Treloar et al., 2003). These
rocks typically occur below the north-dipping Main
Mantle Thrust/Indus—Tsangpo suture (Steck et al.,
1998; de Sigoyer et al.,, 2000), with the protolith
belonging to Indian Precambrian basement in Tso
Morari (Kohn and Parkinson, 2002) and Indian base-
ment cover sequence in northern Pakistan (e.g., Tre-
loar et al., 2003; DiPietro and Pogue, 2004).

The UHP terrane in the upper Kaghan valley is
juxtaposed by the north-dipping Batal thrust in the
south over low-grade metamorphic rocks (Fig. 2A). In
the north the UHP terrane of northern Pakistan is
bounded by the Main Mantle Thrust (= the Indus—
Tsangpo suture) that may have experienced Miocene
top-north normal slip (Treloar et al., 2003; cf. DiPietro
and Pogue, 2004). Lombardo and Rolfo (2000) note
that eclogites in the Pakistan Himalaya record peak
metamorphic temperatures of 580-600 °C and pres-
sures >23-24 kbar, followed by isothermal decom-
pression to epidote-amphibolite conditions. The peak
UHP metamorphism in northern Pakistan (i.e., the
upper Kaghan wvalley) occurred at ~47-46 Ma
(Smith et al., 1994; Foster et al., 2002), while exhu-
mation of UHP rocks to greenschist-facies conditions
was accomplished rapidly between 46 and 40 Ma
(Tonarini et al., 1993; Treloar et al., 2003). Assuming
that the greenschist-facies metamorphism occurred at
a pressure condition of ~4 kbar, an average crustal
density of 2.85 g/cm?, and the duration of exhumation
of the UHP rocks between 1 and 6 m.y., the exhuma-
tion rate for the Kaghan valley UHP terrane is about
40 £30 mm/yr (Table 8). The exhumation rate after
40-46 Ma must be exceedingly slow in the Kaghan
valley area, averaging about 0.33 + 0.2 mm/yr.

In the Tso Morari area of NW India, the UHP
metamorphism is dated at ~55 Ma and exhumation
of the eclogite to the middle crust was finished by ~47
Ma (de Sigoyer et al., 2000; also see Leech et al.,
2005) (Fig. 13). By ~28-30 Ma, the northwestern part
of the Tso Morari eclogite terrane reached the upper
crust based on “°Ar/*°Ar muscovite and biotite ages
that record greenschist-facies metamorphism (de
Sigoyer et al., 2000). However, in the central part of
the Tso Morari gneiss terrane eclogite blocks and their
host metamorphic rocks of the Indian continental
basement were exhumed rapidly to upper crust by
44-38 Ma, as indicated by zircon and apatite fission
track ages (Schlup et al., 2003). *°Ar/*°Ar phengite
and biotite ages of 54-51 Ma from the Tso Morari
gneiss terrane suggest that eclogite and its host gneiss
had cooled below 400-300 °C by the early Eocene (de
Sigoyer et al., 2000; Schlup et al., 2003). Assuming a
constant geothermal gradient of 30 °C/km, a depth of
>75 km for UHP metamorphism because of the pres-
ence of coesite in the Tso Morari gneiss terrane (Kohn
and Parkinson, 2002; Mukherjee et al., 2003), a du-
ration of 1-4 m.y. for UHP rocks to exhume from its
maximum depth to middle crust, the vertical exhuma-
tion rate is about 40 = 20 mm/yr (Table 8). Combining
the “°Ar/*°Ar biotite age data with the zircon and
apatite fission track age data further suggests that
the Tso Morari terrane between 54-51 Ma and 44—
38 Ma was exhumed at a rate of ~1.1 £ 0.4 mm/yr
(Table 8). The average erosion rate after 44-38 Ma
over the Tso Morari region is very low as most of the
rocks already passed the closure temperatures of 120
to 65 °C for zircon and apatite in the fission track
thermochronometry. This would yield a cooling rate
of 1.4-3.2 °C/m.y. and an exhumation rate of 0.05—
0.11 mm/yr. Because the Tso Morari terrane was
exposed to the surface at 44-38 Ma, the region
could have been a significant source of high-grade
metamorphic minerals for the Himalayan foreland
basin. We will return to this point when we discuss
Himalayan foreland sedimentation.

The exhumation mechanism for the Kaghan valley
and Tso Morari UHP rocks remains unclear. Although
normal faulting along the Indus—Tsangpo suture zone

Fig. 13. Cooling history of the Garhwal and Ladakh Himalaya. LH, Lesser Himalayan zone; LHCN, Lesser Himalayan Crystalline Nappe;
MCT]L, the lower MCT fault; MCTII, the upper MCT fault; GHC, Greater Himalayan Crystalline Complex; STD, South Tibet Detachment; TH,
Tethyan Himalayan zone; NHA, North Himalayan Antiform; GCT, Great Counter Thrust.
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may be the cause for its rapid rise, the geologic
evidence for this process remains sparse (Treloar et
al., 2003; cf., DiPietro and Pogue, 2004). Although
erosion could be an important alternative mechanism
for exhuming the Himalayan UHP rocks, as has been
documented elsewhere such as the Dabie Shan UHP
terrane of east-central China (e.g., Nie et al., 1994),
the highly localized nature of the UHP terrane
appears to favor normal faulting as the main mecha-
nism of its exhumation.

4.1.2. Exhumation of the Greater Himalayan
Crystallines

Three main phases of metamorphism in the GHC
have been documented by many Himalayan studies
(e.g., Brunel and Kienast, 1986; Searle et al., 1989;
Hodges and Silverber, 1988) (Table 6). The early
phase, commonly termed the Eohimalayan event,
records prograde metamorphism and is considered to
have occurred in the middle Eocene to Oligocene (45—
25 Ma) under P-T conditions of 8—11 kbar and 600—
700 °C (Searle et al., 1992; Hodges et al., 1994,
Vannay and Hodges, 1996; Godin et al., 1999a; Simp-
son et al., 2000; Foster et al., 2000). In contrast, the
second phase, commonly termed the Neohimalayan
event, records retrograde metamorphism and occurred
mainly in the early and middle Miocene (22—14 Ma)
under P-T conditions of 6-8 kbar and 500-750 °C
(e.g., Searle et al., 1992; J.D. Walker et al., 1999;
Hodges, 2000; Godin et al., 2001). The second phase
of metamorphism has been commonly associated with
early Miocene development of the MCT and STD
(LeFort, 1996; Hodges, 2000). However, one should
keep in mind that the initiation ages of the MCT and
STD remain unknown. In addition, reactivation of the
MCT zone during 7-2 Ma associated with both tec-
tonic burial (prograde metamorphism) and rapid ero-
sion (retrograde metamorphism) cannot be tied with
the simple temporal scheme outlined above (Harrison
et al., 1997a; Catlos et al., 2001).

In the western syntaxis along the eastern margin
of the Nanga Parbat metamorphic massif, U-Pb
dating of monazites and Sm—Nd garnet-whole rock
isochrons indicate that the region had experienced
prograde metamorphism between 46 and 36 Ma
(Foster et al., 2000, 2002). The region has a long
Cenozoic exhumation history starting before 40 Ma
(Cerveny et al., 1988, 1989a,b; also see recent

summary by Zeitler et al, 2001). The *“°Ar/°Ar
biotite ages decrease systematically from >40 Ma
around the margin to 5-0 Ma in the core of the
syntaxis, indicating differential exhumation, heat ad-
vection, or a combination of both during the devel-
opment of the Nanga Parbat syntaxis (Zeitler et al.,
2001). That is, the average cooling rate in the core
of the syntaxis is 100-300 °C/m.y., while the rate
along the margin is <10 °C/m.y. Assuming 350 °C
as the closure temperature of biotite, duration of
exhumation between 1 and 5 m.y., and a constant
thermal gradient of 30 °C/km, the exhumation rate
in the core of the syntaxis is 7.0+4.5 mm /yr
(Table 8). Although the western Himalayan syntaxis
may have experienced rapid exhumation in its core
since latest Miocene time as implied by cooling
rates of up to 300 °C/m.y. (Zeitler, 1985; Treloar
et al., 1989; Smith et al., 1992; George et al., 1995;
Winslow et al., 1995, 1996; Schneider et al.,
1999a), the average cooling rates in the early and
middle Miocene are much slower, at a rate of ~20
°C/m.y. (Zeitler et al., 1989; Treloar et al., 2000).
This translates to an exhumation rate of 0.67 mm/yr
assuming a constant geothermal gradient of 30 °C/
km (Table 8). If we use the *°Ar/*’Ar biotite cool-
ing ages 50-40 Ma around the edge of the Nanga
Parbat syntaxis as a proxy for its early cooling and
erosional history, we obtain an exhumation rate of
0.30 £0.20 mm/yr around the rim of the western
Himalayan syntaxis.

Farther to the east in Zanskar from the western
Himalayan syntaxis, the early phase of prograde
metamorphism was determined to range from 30
Ma to 25 Ma by a combination of *’Ar/*’Ar thermo-
chronology (Searle et al., 1992) and Sm—Nd dating of
garnets (Vance and Harris, 1999). In the Garhwal
Himalaya, the top portion of the GHC immediately
above the Jhala thrust experienced prograde metamor-
phism between 44 and 36 Ma, whereas within the
MCT zone and at the base of the GHC prograde
metamorphism occurred between 44 and 25 Ma as
determined by U-Pb dating of monazite inclusions in
garnets (Foster et al., 2000).

The GHC and MCT zone in the Garhwal Himalaya
cooled below 350 °C between 21 and 5 Ma, with
muscovite K—Ar cooling ages becoming younger
from the top part of the GHC to the base of the MCT
zone (Metcalfe, 1993) (Fig. 13). When considering the
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apatite fission track cooling ages (Sorkhabi et al., 1996,
1999; Jain et al., 2000), the cooling rate in the middle
and upper parts of the GHC in the Garhwal Himalaya is
~18 £ 4 °C/m.y. (Fig. 13), which implies a denudation
rate of ~0.67 £ 0.13 mm/yr assuming a constant ther-
mal gradient of 30 °/km during 21-5 Ma (Table 8). This
is probably an upper bound for the estimated exhuma-
tion rate because coeval erosion would increase the
thermal gradient (e.g., Harrison et al., 1998b). The
apatite and zircon fission track data also suggest that
the middle part of the GHC in Garhwal did not reach the
surface until after 3—1 Ma (Fig. 13).

The Oligocene—Pliocene exhumation history (29—
4 Ma) of the Zanskar region is recorded by
“OAr°Ar and fission track cooling ages (Fig. 14).
The top and base of the GHC cooled at a rate of
~16+4 °C/m.y. For a geothermal gradient of 30
°C/km, these cooling rates translate to denudation
rates of 0.53 £0.13 mm/yr. From the apatite fission
track data (Kumar et al., 1995) (Fig. 14), the top of
the GHC immediately below the Zanskar shear zone
did not reach near-surface levels until 9—4 Ma. The
fission track data from the Zanskar region also
suggest that:

(1) its cooling rate increases from ~16 =4 °C/m.y.
to ~32 £2 °C/m.y. during 2-4 Ma;

(2) the Zanskar shear zone was inactive at and after
~9 Ma; and

(3) folding of the MCT did not start until after 6
Ma as indicated by the spatial distribution of
the younger cooling ages of 6 to 2 Ma to-
wards the center of the Kishtwar window
(Fig. 14).

The higher cooling rate implies a higher exhumation
rate of 1.10 = 0.06 mm/yr. No data are available in the
Zanskar region for constraining exhumation rates
prior to 30 Ma.

4.1.3. Exhumation of the Tethyan Himalayan Sequence

Zircon and apatite fission track cooling ages were
obtained by Lal et al. (1999) from the early Paleo-
zoic Mandi granite that intrudes the Proterozoic—
Middle Cambrian Haimanta Group in the basal
THS (Fig. 7) (e.g., Jager et al., 1971; Mehta,
1977; Miller et al., 2001). This granite is located
immediately above the MCT and records a cooling

rate of 10 + 3 °C/m.y. between 11-8 Ma and 5-2 Ma
(Fig. 14). This cooling rate is considerably lower
than the average cooling rate of the GHC in the
Zanskar and Garhwal Himalaya to the north and
east. It translates to an exhumation rate of 3.3 £0.1
mm/yr assuming a constant geothermal gradient at
30 °C/km between 11 and 2 Ma.

4.1.4. Sedimentation in Himalayan foreland basin

A key question in Himalayan tectonics is when the
GHC was first exposed at the surface and started
shedding high-grade metamorphic clasts into the fore-
land basin. Systematic investigation of Cenozoic Hi-
malayan foreland basin strata has been hampered by
poor age control on Neogene Himalayan non-marine
deposits (e.g., Burbank et al., 1996; Najman et al.,
1997; DeCelles et al., 1998a,b; Raiverman, 2000). An
exceptional case can be made in the Pakistan Hima-
laya where foreland basin strata contain abundant
vertebrate fossils and well-dated tuff beds (e.g., Bur-
bank et al., 1996).

In NW India, Cenozoic Himalayan strata consist of
the upper Paleocene—middle Eocene Subathu Forma-
tion of marine sedimentary rocks overlain unconform-
ably by non-marine deposits of the Dagshai Formation
and the Lower Dharmsala Group. These units are
located in separate thrust sheets in the MBT footwall
(Najman et al., 1993, 1997; Powers et al., 1998; White
et al., 2002) (Table 5). The Lower Dharmsala Group
was considered to be either of early Miocene age based
on the presence of microflora fossils (Dogra et al.,
1985) or of Oligocene—early Miocene age based on
fish fossils (Tiwari et al., 1991). “°’Ar/*°Ar ages of
detrital muscovite from the Dagshai Formation and
the base of the Lower Dharmsala Group suggest de-
position younger than ~22 Ma (Najman et al., 1997;
White et al., 2002). Overlying the Dagshai Formation
and the Lower Dharmsala Group are the Kasauli For-
mation and the Upper Dharmsala Group. *°Ar/*°Ar
ages of detrital muscovite indicate that the Kasauli
Formation is younger than ~22 Ma while the base of
the Upper Dharmsala Group is younger than 16 Ma
(Najman et al., 1997; White et al., 2002). The upper
part of the Upper Dharmsala Group contains late Mio-
cene rodents of the Middle Siwalik affinity (Tiwari et
al., 1991), while its detrital muscovite **’Ar/*°Ar ages
suggests deposition younger than ~26-22 Ma (White
et al., 2002). White et al. (2001) propose that the
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Dharmsala Group was deposited between 20 and 12
Ma based on correlation to a magnetostratigraphic
section. Their correlation implies a lag time between
the muscovite cooling ages and depositional ages at
the base (~20 Ma) and top (~17 Ma) of the Lower
Dharmsala Group to be 1 and 3 m.y. Assuming 350 °C
for the closure temperature of muscovite (McDougall
and Harrison, 1999), this interpreted age of the Lower
Dharmsala Group would require cooling rates of 175
°C/m.y. and 116 °C/m.y. for muscovite at their source
areas between 20 and 17 Ma. These exceedingly high
cooling rates are not observed anywhere in the western
Himalaya during this time interval, during which the
average cooling rates of the GHC are only 18 °C/m.y.
to 5 °C/m.y. (Figs. 13 and 14). This discrepancy
indicates that the age assignment of the Lower Dharm-
sala Group by White et al. (2001) may be too old, and
the age of its base may be younger by least 5 m.y.

The age of the Lower Siwalik Group in northwest-
ern India is poorly constrained due to the lack of
diagnostic fossils and its distinctively different lithol-
ogy from the better dated Lower Siwalik Group in
northern Pakistan (Burbank et al., 1996; Raiverman,
2000). Nevertheless, the age of the entire Siwalik
Group is interpreted to be between 12 and <1 Ma in
the northwestern Indian foreland basin based on mag-
netostratigraphic correlations (e.g., Meigs et al., 1995;
Sangode et al., 1996; Brozovic and Burbank, 2000).

Najman and Garzanti (2000) suggest that GHC
clasts first appeared in the Himalayan foreland basin
occurred during the deposition of the Dagshai Forma-
tion at the end of the Oligocene. By correlating Nd
and Sr isotopic compositions of sediments from the
Subathu, Dagshai, and Kasauli Formations with the
typical isotopic compositions of the GHC, LHS, and
THS, Najman et al. (2000) interpret the GHC to have
been exposed since 25 Ma or even as early as 40 Ma
in the western Himalayan orogen. White et al. (2001,
2002) also noted that sparse garnet and staurolite first
appeared in the lower part of the Lower Dharmsala
Group, but the kyanite and sillimanite did not appear
until deposition of the Middle and Upper Siwalik that
are probably younger than 11 Ma.

White et al. (2001) determine U-Th-Pb ages of
single monazite grains, which range from 1300-400
Ma and 37-28 Ma from the Dharmsala and Lower
Siwalik strata in NW India. They obtained a monazite
age of 37 Ma for the basal part of the Dharmsala

Group and ages of 27-28 Ma in the upper part of the
Dharmsala Group. Based on these ages, they suggest
that the young monazite grains were derived from the
GHC and were deposited in the Himalayan foreland
basin starting at ~20 Ma.

White et al. (2002) also obtained “°Ar/*°Ar ages of
detrital muscovite from the Dharmsala Group. Their
Cenozoic ages range from ~50 to 20 Ma. White et al.
(2002) interpret that young detrital micas in the
Miocene Dharmsala Group were derived from the
GHC. A significant component of the detrital mica
ages are in the range of 50-30 Ma from the Dharm-
sala Group (Fig. 5 of White et al., 2002). This age
range is noticeably absent in the Zanskar and Garh-
wal GHC of the western Himalaya (Figs. 13 and 14),
but is abundant in the Tso Morari UHP gneiss terrane
along the northern Indian margin (de Sigoyer et al.,
2000). Because the Tso Morari gneiss terrane is
dominated by 22-5 Ma apatite fission track cooling
ages (Fig. 13), the majority of high-grade GHC
metamorphic rocks in the MCT hanging wall did
not reach the surface until after 22-5 Ma, which
overlaps the period of Dharmsala deposition. Thus,
it is possible that the Tso Morari gneiss complex was
a significant or the only source of high-grade meta-
morphic clasts transported to the early Miocene fore-
land basin of NW India and the GHC in the MCT
hanging wall was not exposed prior to 9 Ma.

4.1.5. Indus fan

The Indus River drains the westernmost Himala-
yan orogen and Mesozoic magmatic arcs and in the
Karakoram Mountains, Kohistan, and southwestern
Tibet north of the Indus—Tsangpo suture, transporting
sediment to the Indus Fan (Clift et al., 2001). The
Indus Fan occupies an area of about 1.1 x 10° km?,
with maximum thickness of ~9 km (Clift et al.,
2001). Qayyum et al. (1996) divided the develop-
ment of the Indus River system into two stages. In
the first stage during the Eocene, the river transports
sediments from the Himalayan orogen and high
mountains north of the Indus—Tsangpo suture to a
large basin located in the southern part of the Sulai-
man arc (Qayyum et al., 1996). In the second stage,
the modern Indus system and the construction of the
Indus Fan were established after the beginning of the
Miocene. Clift et al. (2001) dispute this notion and
suggest instead that the Indus River and Indus Fan
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have developed since the middle Eocene, with a
significant amount of Paleogene sediments accreted
to the Makran accretionary complex during subduc-
tion of the Arabian Sea beneath Asia (Fig. 1A). Clift
et al. (2001, 2002a) also show that Indus Fan depos-
its display weak isotopic signature of the major
Himalayan units but strong input from the Mesozoic
arcs in the Karakoram Mountains (Clift et al.,
2002a). Synthesis of existing seismic reflection data
indicates that rapid sediment accumulation in the
Indus Fan occurred in two pulses: one in the middle
Miocene and another in the Pleistocene (Clift et al.,
2002b). Clift et al. (2002b) relate the middle Mio-
cene event to rapid uplift and exhumation of the
Karakoram Mountains. Correlating the Himalayan
sources using Nd and Pb isotopic analysis of sub-
marine sediments in the Indus Fan, Clift et al. (2001)
propose that the Paleogene Indus sediments were
dominated by the LHS, while the Neogene sediments
were dominated by exhumation of both the GHC and
LHS. The modern Indus River sands are dominantly
(~80%) derived from bedrocks (i.e., Karakorum and
Lhasa terranes) located north of the Indus—Tsangpo
suture zone (Garzanti et al., 2005).

4.2. Central Himalayan

4.2.1. Exhumation of the Greater Himalayan
Crystallines

The cooling history of the GHC in the Nepal
Himalaya is summarized in Fig. 15. From *°Ar/*°Ar
hornblende ages, we can infer that the exposed top
part of the GHC was situated near its closure temper-
ature of ~500 °C (McDougall and Harrison, 1999)
between 35 and 25 Ma (Vannay and Hodges, 1996;
Hodges et al., 1994), whereas the base of the GHC
and the MCT zone were at this temperature between
21 and 4 Ma (Hubbard and Harrison, 1989; Copeland
et al., 1991) (Fig. 15). Similarly, based on *“°Ar/*°Ar
muscovite ages and a closure temperature at about
350 °C (McDougall and Harrison, 1999), we may
interpret that the top of the GHC in Nepal cooled to
a temperature of ~350 °C at ~14—16 Ma whereas its
base and the MCT zone cooled below this temperature
between 12 and 3 Ma (Maluski et al., 1988; Hubbard
and Harrison, 1989; Macfarlane, 1993; Hodges et al.,
1994; Edwards, 1995; Vannay and Hodges, 1996;
Catlos et al., 2001; Godin et al., 2001) (Fig. 15).

The cooling rate at the top of the GHC is ~7 °C/Ma
between 35 and 13 Ma (Vannay and Hodges, 1996)
and is doubled at ~15 °C/m.y. between 25 and 14 Ma
(Hodges et al., 1994) (Fig. 15). The cooling rate at the
base of the GHC is between 7° and 15 °C/m.y. from
20 to 5 Ma. Assuming a constant geothermal gradient
of 30 °C/km, these cooling rates imply an exhumation
rate of 0.38 = 0.13 mm/yr.

The similar cooling rates and progressively youn-
ger cooling ages from the top to the base of the
GHC imply that the GHC was translated along the
MCT as a coherent slab. Although this observation
supports the structural models treating the GHC as a
coherent thrust sheet as advocated by Lyon-Caen and
Molnar (1985) and Schelling and Arita (1991), it
does not preclude significant internal deformation
of the GHC during its downward transport (i.e., on
its prograde path caused by tectonic burial due to
underthrusting). In fact, the widespread isoclinal
folds and multiple phases of ductile deformation
within the GHC (e.g., LeFort, 1975) may have oc-
curred during the prograde and down-going path of
the GHC transport.

The exhumation rate of the MCT zone is ~3—5 mm/
yr since about 7—4 Ma, because rocks buried at a depth
of ~21 km determined by thermobarometry have been
brought up to the surface since that time (Harrison et
al., 1997a; Catlos et al., 2001). This inference is con-
sistent with young hornblende age of ~4.44 Ma from
the MCT zone in Nepal (Copeland et al., 1991) and
rapid cooling rates up to ~65 °C/m.y. between 5 and 2
Ma as indicated by the combination of zircon fission
track ages of 1.2-2.3 Ma and muscovite cooling ages of
5-2 Ma in the MCT zone (Macfarlane, 1993; Arita and
Ganzawa, 1997) (Fig. 15). More recently, Burbank et
al. (2003) show that the erosion rate of the GHC in the
Annapurna area of Nepal in the past 1 m.y. exceeds 2—5
mm/yr based on apatite fission track ages.

The cooling history of the Kathmandu Nappe in the
Lower Himalaya is constrained by *°Ar/*’Ar musco-
vite ages of 21-13 Ma (Copeland et al., 1996; Arita et
al., 1997) and zircon fission track ages of 8.4-9.6 Ma
(Arita and Ganzawa, 1997). Johnson et al. (2001) noted
the lack of mica ages younger than 14 Ma in the
Kathmandu Nappe and suggest that the nappe as part
of the MCT thrust sheet was kinematically decoupled
from its root zone at or prior to this time. In other words,
the root zone of the MCT remained active after 14 Ma
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but the frontal MCT had stopped motion since that
time.

From existing *°Ar/*° Ar muscovite ages, the top of
the GHC was still at a depth of >10 km between 15
and 13 Ma based on the muscovite cooling ages and
an assumed constant thermal gradient of 30 °C/km
(Hodges et al., 1994; Vannay and Hodges, 1996;
Godin et al., 2001) (Fig. 15). This implies that the
GHC could not be exposed at surface prior to 15-13
Ma. This is an important constraint on the age and
potential source areas of the Himalayan foreland basin
and has important implications for the timing of the
STD as we discuss the subject later in the article.

4.2.2. Exhumation of the Lesser Himalayan thrust belt

Catlos et al. (2001) determine muscovite ages in
the upper part of the LHS in central Nepal with ages
mostly in the range of 15 Ma to 4 Ma. However,
they also obtain a muscovite age of ~35 Ma. The
15—4 Ma mica cooling ages were most likely related
to the emplacement history of the GHC along the
MCT, whereas the older muscovite age could be a
result of early thrusting in the Lower Himalaya prior
to MCT activity. It is interesting to note that a
hornblende from the Lesser Himalaya Sequence in
Nepal with a total “°Ar/*°Ar gas age of 141 +4 Ma
was disturbed by a younger cooling event of 41 =7
Ma as observed by Macfarlane (1993). This age may
also reflect localized older Eocene deformation and
metamorphism in the Lesser Himalayan thrust belt in
the Nepal Himalaya.

4.2.3. Exhumation of the North Himalaya Antiform

The gneiss domes in the North Himalayan Anti-
form north of Nepal were exhumed to the middle crust
between 20 and 10 Ma, as indicated by *°Ar/°Ar
muscovite cooling ages (Maluski et al., 1988; Lee et
al., 2000; Murphy et al., 2002). At 84 Ma, the high-
grade metamorphic rocks under P—T conditions of 625
°C and 8.6 kbar from the North Himalayan gneiss
domes were exhumed to a near-surface level as indi-
cated by the apatite fission track ages (Lee et al.,
2000) (Fig. 15). When combining the above P-T—-t
data, one can infer that the exhumation rate in the
Kangmar dome is 8.5+ 6.5 mm/yr assuming crustal
density is 2.85 g/cm’. This rate is significantly higher
than the average rate of exhumation for the GHC in
the Miocene (Table 8).

4.2.4. Foreland basin sedimentation in the western
Himalaya

The Cenozoic strata of the central Himalayan
foreland basin in Nepal consist of the uppermost
Cretaceous—lower Paleocene fluvial and marine
Amile Formation overlain unconformably by the
Eocene marine Bhainskati Formation; the Ilatter
lies unconformably below the non-marine deposits
of the lower Miocene Dumri Formation (e.g.,
Upreti, 1996, 1999) (Table 5). The age of the
Amile and Bhainskati Formations are mainly con-
strained by the presence of marine fossils. The
Dumri Formation is considered to be temporally
equivalent to the lower Miocene Dagshai Formation
in NW India (DeCelles et al., 1998a) and is youn-
ger than 17-20 Ma as constrained by the detrital
muscovite ages (DeCelles et al., 2001, 2004). The
mid-Miocene to Pliocene Siwalik Group in Nepal
was considered to be younger than the Dumri
Formation (e.g., Appel et al, 1991; Harrison et
al., 1993; Ojha et al., 2000), although the two
units are not in direct contact (DeCelles et al.,
1998a). Specifically, the Dumri rocks are located
in the hanging wall whereas the Siwalik rocks are
in the footwall of the MBT.

The exposed Paleogene—lower Miocene strata in
Nepal are located entirely in the MBT hanging
wall. This is in contrast to strata of the same age
in northwestern India where they only occur in the
MBT footwall (Najman et al., 1993; Powers et al.,
1998; Raiverman, 2000) and in northern Pakistan
where they are exposed both in the MBT hanging
wall and footwall (Yeats and Hussain, 1987; Bur-
bank et al., 1996; Pogue et al., 1999). Cenozoic
“OAr/°Ar ages of detrital muscovite from the mid-
dle Siwalik Group ranges from 20 to 10 Ma. It is
not clear whether deposition of the Dumri Forma-
tion and the lower Siwalik Group overlaps tempo-
rally (DeCelles et al., 1998a).

DeCelles et al. (1998a,b, 2001) investigated the
unroofing history of the central Himalaya by exam-
ining the U-Pb ages of detrital zircon and
YOAr°Ar ages of detrital muscovite of Cenozoic
strata. They also studied sandstone composition and
temporal variations in the first appearance of high-
grade metamorphic index minerals. DeCelles et al.
(1998a) show that Cambro-Ordovician zircons of
~500 Ma are present in the Eocene Bhainskati and
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Miocene Dumri Formations. They consider the zircon
population to have been derived from the THS in
the Eocene and from the GHC in the Miocene. The
post-20-17 Ma Dumri Formation in western Nepal
is dominated by monocrystalline quartz with small
amounts of plagioclase and lithic fragments of
phyllite (DeCelles et al., 1998a; Sakai et al.,
1999). DeCelles et al. (1998a) attributed to initial
unroofing of the high-grade GHC associated with
motion along the STD. This interpretation would
imply that the GHC was already exposed at surface
by early Miocene time.

Because early Miocene leucogranites tend to be
concentrated along the STD in the NW Indian
Himalaya and south-central Tibet (e.g., LeFort,
1996; Searle et al., 1999b; Murphy and Harrison,
1999), unroofing of the uppermost part of the
GHC could potentially have transported early Mio-
cene zircons to the foreland basin in far western
Nepal. However, early Miocene zircons have not
been documented there which implies that the
plagioclase in the Dumri Formation may have
derived from the Cambro-Ordovician granites
from the basal part of the THS rather than from
the GHC. This interpretation is consistent with the
observation that high-grade metamorphic minerals
indicative of the GHC source did not appear in the
central Himalayan foreland basin until after ~11
Ma or even later during the deposition of the
uppermost Lower Siwalik Group (DeCelles et al.,
1998b). Considering the fact that the top part of
the GHC in central Nepal was still at a depth of
>10 km between 15 and 13 Ma as indicated by
“OAr/°Ar muscovite ages from the Annapurna re-
gion (Godin et al., 2001), it is possible that the
GHC did not reach the surface until after ~11 Ma.
That is, only the middle or upper parts of the late
Miocene—Pliocene Siwalik  Group contain the
unroofing records of the GHC. This inference is
in drastic contrast to the long held view that the
GHC had already been exposed at the surface to
17 Ma (e.g., France-Lanord et al., 1993).

4.3. Eastern Himalaya
Below we discuss the exhumation history of

the Eastern Himalaya. Because there is no infor-
mation on the cooling history of the THS and

LHS in the region, our description will only focus
on the GHC.

4.3.1. Exhumation of the Greater Himalayan
Crystallines

Thermochronologic data are very sparse in the
eastern Himalaya. In south-central Bhutan, Stiiwe
and Foster (2001) suggest that the basal GHC cooled
below ~350 °C between 14 and 11 Ma and through
11060 °C at about 3 Ma based on *“’Ar/*’Ar musco-
vite ages and apatite fission track thermochronology
(Fig. 16). This yields an average cooling rate of 29 + 4
°C/Ma, which may be translated to an exhumation rate
0f 0.97 £ 0.13 mm/yr assuming a constant geothermal
gradient of 30 °C/km.

In Sikkim, Harris et al. (2004) use garnet zoning
profiles to establish early garnet growth in the GHC
at a pressure condition of 10-12 kbar and subsequent
decompression causing the rock to partially melt at
P=8 kbar and 7=750 °C. Sm—Nd dating of garnet
growth indicates that pre-decompression garnet
growth occurred at 23 £3 Ma and near-peak tem-
peratures were achieved at 16 =2 Ma (Harris et al.,
2004). Their data provide an exhumation rate of
2+ 1 mm/yr.

The metamorphic massif in the core of the
eastern Himalayan syntaxis cooled below 500 °C
from 18 to 8 Ma, as indicated by *“°Ar/*’Ar horn-
blende ages (Ding et al., 2001). This implies a
cooling rate of 28-63 °C/m.y. for the core of the
eastern Himalayan syntaxis since 18—8 Ma. This
may be translated to an exhumation rate of 0.93—
2.1 mm/yr assuming a constant geothermal gradient
of 30 °C/km.

Despite the young “’Ar/*’Ar horblende ages,
K—Ar biotite and hornblende ages from the broader
region of the eastern Himalayan syntaxis range
from 1.5 Ma to 47 Ma and from 31 Ma to 57
Ma, with older ages along flanks of the syntaxis
and younger ages towards the center (Zhang et al.,
1992) (Fig. 16). If we use the older K—Ar horn-
blende ages at the flanks of the syntaxis as a proxy
for early erosional rates and assume that the K—Ar
closure temperature for hornblende is 500 °C, we
obtain an exhumation rate of 0.42+£0.13mm/yr
using a constant geothermal gradient of 30 °C/km
over 57-31 Ma. This pattern of cooling ages for
hornblende and biotite indicates that the eastern
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Himalayan syntaxis has been a long-standing topo-
graphic feature since the Eocene.

4.3.2. Foreland basin and Bengal Fan

The Siwalik Group in the footwall of the MBT is
the only Cenozoic unit exposed in the Bhutan Hima-
laya (e.g., Gansser, 1983; Bhargava, 1995) (Table 5).
In Arunachal, Paleocene—Eocene marine strata are
locally overlain unconformably by Miocene non-ma-
rine deposits (Table 5) (Kumar, 1997). This relation-
ship is similar to that observed throughout the western
and eastern Himalaya, supporting the speculation of
DeCelles et al. (1998a) that this unconformity is a
regional feature related to the evolution of the entire
Himalaya.

South of the Shillong plateau where the Ganges
and Brahmaputra Rivers meet, a continuous section of
Eocene—Pleistocene strata is present in the Bengal
Basin (Johnson and Alam, 1991; Rahman and
Faupl, 2003; Alam et al., 2003). This basin is the
western extension of the submarine Bengal Fan de-
veloped on a transitional continental margin (Alam et
al., 2003). Together, they have received sediments
from the Himalaya, southern Tibet, Indo-Burma
Ranges, Shillong plateau, and the Indian craton (Cur-
ray and Moore, 1971; Ingersoll and Suczek, 1979;
Copeland and Harrison, 1990; Curray, 1991; Amano
and Taira, 1992; France-Lanord et al., 1993; Galy et
al., 1996; Uddin and Lundberg, 1998a,b; Curray et al.,
2003; Alam et al., 2003).

Using *°Ar/*° Ar thermochronology, Copeland and
Harrison (1990) show that detrital K-feldspar and mus-
covite samples from Ocean Drilling Program (ODP)
Leg 116 cores record a rapid early Miocene cooling
event in the source area. Amano and Taira (1992)
examine the temporal variation of heavy and light
minerals from early Miocene—Quaternary samples
from ODP Leg 116 and conclude that sediments of
17-15 Ma were derived from the LHS and THS.
Only after 15 Ma did the Bengal Fan start receiving
metamorphic minerals they interpret to have derived
from a GHC-like source. They also show that the
minerals from the GHC-like source decrease markedly
at 7.5-6.5 Ma. Note that the GHC-like high-grade
minerals could have derived from the Indian craton as
discussed below (see Uddin and Lundberg, 1998a).
Afterwards the Indian craton and GHC-like source
are both contributors of sediments to the fan. Based

on the Nd and Sr isotopic compositions, France-Lanord
et al. (1993) suggest that the Bengal Fan sediments
were mostly derived from the GHC before 17 Ma,
implying that the GHC was exposed to the surface
before this time. Both the Indo-Gangetic foreland and
the Bengal Fan experienced a decline in sediment-
accumulation rates at 8 Ma, which is explained by
monsoonal intensification accompanied by a decrease
in mechanical weathering in the Himalaya (Burbank et
al., 1993).

Because of the available deep drill hole data are
only from the distal part of the Bengal Fan, the
exact impact of Himalayan development on fan
formation remains poorly known. This difficulty
has been significantly overcome by sedimentological
studies of Eocene—Oligocene strata in parts of the
Bengal Basin south of the Shillong plateau that are
much closer to potential source areas of the Hima-
layan range (Alam et al., 2003). Uddin and Lund-
berg (1998a) show that monocrystalline quartz
grains derived from stable Indian craton are domi-
nant in Paleogene sedimentary rocks while lower
Miocene strata are rich in feldspar grains, argillite,
and very low-grade metamorphic lithic fragments,
possibly related to initial uplift and denudation of
the Himalaya. The low- and medium-grade meta-
morphic lithic fragments did not appear in the Ben-
gal basin until after late Miocene time (Uddin and
Lundberg, 1998a). Uddin and Lundberg (1998b) also
show that the Eocene—Oligocene strata of the Bengal
Basin contain only 0.2% of stable heavy minerals
(tourmaline, garnet, rutile, and zircon) while Mio-
cene strata contain 0.5-2% diverse heavy minerals
(tourmaline, kyanite, zircon, calcic amphibole, rutile,
chlorite, staurolite, epidote, sillimanite, and clinopyr-
oxene, and sparse chromite). They suggest that the
former were derived from chemically weathered
Indian craton and the latter from the physically
weathered Himalayan orogen.

Uddin and Lundberg (1998a,b) note that the lack of
evidence for orogenic activity from the Eocene—Oli-
gocene strata in the Bengal basin contrasts sharply to
the observations made in the western Himalaya where
Eocene strata contain detritus derived from the Hima-
layan orogen and the Indus—Tsangpo suture zone (e.g.,
Najman et al., 1993; Critelli and Garzanti, 1994;
Critelli and Ingersoll, 1994; Garzanti et al., 1996;
Najman and Garzanti, 2000). Uddin and Lundberg
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(1998a,b) attribute this difference to diachronous col-
lision between India and Asia starting in the west and
progressing to the east (e.g., Patriat and Achache,
1984; Dewey et al., 1989). However, this explanation
is not completely satisfactory because by Oligocene
time the Indo-Asian collision along the eastern Indus—
Tsangpo suture zone had already been completed
(e.g., Rowley, 1996; LeFort, 1996; Yin and Harrison,
2000; Ding et al., 2003; Zhu et al., 2005). Further-
more, crustal shortening was already active during the
Eocene—Oligocene in the Tethyan Himalayan thrust
belt in southeastern Tibet (e.g., Ratschbacher et al.,
1994; Yin et al., 1994, 1999; Harrison et al., 2000). As
discussed below, it is possible that Himalayan sedi-
ments were not transported to the Bengal Fan until
after the beginning of the Miocene, because the Raj-
mahal-Garo Gap may have remained closed before
this time, blocking the Himalayan rivers from entering
the Bay of Bengal in the Paleogene.

A recent synthesis of the Bengal Basin by Alam
et al. (2003) shows multiple detrital sources. In
addition to the Himalayan range, two other regions
are equally important as Cenozoic sediment sources
to the Bengal Basin and the Bengal Fan: the Shillong
plateau since the early Miocene and the accretionary
complex in the Indo-Burma Ranges developed since
late Paleocene time.

4.4. Summary

Exhumation rates as inferred from thermochrono-
logical data and coupled studies of thermobarometry
and geochronology in the Himalayan orogen are
summarized in Table 8. These estimates only consid-
er the uncertainties in the duration of cooling and
assume a constant crustal density and geothermal
gradient. Table 8§ shows that Himalayan exhumation
reached two peaks, one at a rate of ~40 mm/yr during
55-50 Ma in the western Himalaya and one at a rate
of 3-5 mm/yr since 7 Ma in Nepal. In between these
extreme events, most of the Himalayan orogen was
under slow exhumation and erosion (?), with rates
between 0.1 and 1.0 mm/yr. An exception is the
North Himalayan gneiss domes, locally displaying
an exhumation rate of 6—7 mm/yr. The estimates of
the above exhumation rates are quite reliable because
they are derived from both temperature—time and
pressure—time paths. When placing the areas of

high exhumation rates over the Himalayan tectonic
map (Fig. 2A), high-exhumation-rate regions are all
associated with prominent Himalayan structures:
UHP with the Indus-Tsangpo suture zone, North
Himalayan gneiss domes with low-angle detachment
shear zones, and the GHC with the reactivated MCT.
These relationships indicate that the mode of defor-
mation rather than climate conditions has played a
decisive role in localizing high rates of exhumation in
the Himalaya.

5. Isotopic compositions and detrital zircon ages of
Himalayan and Tibetan units

5.1. Tethyan Himalayan Sequence (THS)

Isotopic compositions and detrital zircon ages have
been used for the lithologic division of the Himalayan
and southern Tibetan units (e.g., France-Lanord et al.,
1993; Najman et al., 2000; Singh and France-Lanord,
2002). For the THS, detrital zircon ages range from 0.5
to 2.6 Ga, with prominent peaks at 0.9-1.1 Ga and 2.6
Ga (Parrish and Hodges, 1996; DeCelles et al., 2000;
Gebhrels et al., 2003; Myrow et al., 2003). The existing
Nd and Sr isotopic data suggest that Nd model ages of
the THS is between 1.6 and 2.0 Ga, the enq(0) value
between —19 and —7, and the 87Sr/*°Sr initial ratio
between 0.705 and 0.750 (Najman et al., 2000; Ahmad
et al., 2000; Robinson et al., 2001). When using these
results, one should keep in mind that the THS sample
size is much smaller than those of the GHC and LHS.
There are only six THS samples from NW India in
France-Lanord etal.’s (1993) classic analysis and seven
THS samples from Nepal in Robinson et al.’s (2001)
study. Of the six samples analyzed by France-Lanord et
al. (1993), two were from the Indus—Tsangpo suture
and another two from the Indus River banks. Because
the Indus River drains a significant part of the Kara-
korum and Lhasa terranes north of the Himalayan
orogen (Fig. 1A) (Garzanti et al., 2005), samples
from the Indus River banks may not be representative
for the THS.

5.2. Greater Himalayan Crystalline Complex (GHC)

The GHC and THS have similar detrital zircon
ages and Nd composition (i.e., eng(0) between
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—19 and —7) (Parrish and Hodges, 1996; DeCel-
les et al, 2000; Robinson et al., 2001). This
similarity led Myrow et al. (2003) to suggest
that the late Proterozoic—Cambrian parts of the
GHC, THS, and LHS are correlative and were
once deposited on the same north-facing margin.
The existing data suggest that the Sr composition
of the GHC and THS are markedly different. The
87Sr/*°Sr initial ratio is between 0.705 and 0.730
for the THS and between 0.730 and 0.805 for the
GHC (France-Lanord et al., 1993; Najman et al.,
2000). Because the GHC and THS have similar
detrital zircon ages and Nd isotopic composition
(Myrow et al., 2003), the difference between the
GHC and THS in Sr composition could also be
an artifact of the small sample size.

5.3. Lesser Himalayan Sequence (LHS)

The detrital zircon ages and isotopic composi-
tions of the LHS vary from place to place. In the
south-central Garhwal Himalaya, the lowest LHS is
composed of the Munsiari and Ramgarh Groups
above the Munsiari and Ramgarh thrusts, respec-
tively. The two units are composed of schist and
gneisses in the Kumaun Himalaya of NW India
(Valdiya, 1980; Srivastava and Mitra, 1994) and
show older Nd model ages (2.0-2.8 Ga) than
those for the GHC (1.9-2.2 Ga) (Ahmad et al.,
2000). However, the Chandpur Formation of the
LHS atop the Munsiari and Ramgarh Groups has
Nd and Sr isotopic composition similar to that
obtained from the GHC (Ahmad et al., 2000). In
the Garhwal Himalaya, the Cambrian strata of the
uppermost part of the LHS have detrital zircon ages
and Nd isotopic compositions similar to the GHC
and THS (Myrow et al, 2003). In Nepal, the
Proterozoic part of the LHS contains detrital zircon
ages ranging from ~1.6 Ga to ~2.6 Ga with peaks
at 1.8 Ga and 1.9 Ga (Parrish and Hodges, 1996;
DeCelles et al., 2000). Analysis of Nd composition
of major Himalayan units in Nepal indicates that
the eng(0) value ranging from —26 to — 16 for the
LHS, from —20 to —6 for the THS, and from —20
to —7 for the GHS (Robinson et al., 2001). These
results indicate that the GHS and THS cannot be
distinguished on the basis of Nd isotopic composi-
tion alone (Myrow et al., 2003).

5.4. Southern Tibet (=Lhasa Block)

The southern Lhasa block is dominated by the
Cretaceous—early Tertiary Gangdese batholith (also
known as the Transhimalayan plutonic belt in south-
ern Tibet; Burg et al., 1983; Alleégre et al., 1984;
Dewey et al., 1988; Yin and Harrison, 2000). This
region has distinctively different Sr and Nd isotopic
compositions from those for the main Himalayan
lithologic units. Specifically, the *’Sr/*°Sr initial
ratio for the Lhasa block is much lower (<0.715)
while the &ng(0) value is much higher (generally
>—8) than the three Himalayan units (e.g., Singh
and France-Lanord, 2002).

5.5. Foreland sediments

In western Nepal, DeCelles et al. (1998a) obtained
U-Pb detrital zircon ages from the Cenozoic foreland
basin strata (also see DeCelles et al., 2004). Their
detrital zircon ages from the middle Eocene Bhainskati
Formation, early or middle Miocene (?) Dumri For-
mation, and middle Miocene—Pliocene Siwalik Group
(Table 5) can be generally matched to the protolith and
detrital zircon ages of the GHC, THS, or Cambrian
strata of the LHS, all yielding Cambro-Ordovician
ages of ~500 Ma. However, the uppermost Creta-
ceous—Paleogene Amile Formation of Sakai (1983)
contains detrital zircon ages of 120 Ma, 1.8 Ga, and
2.4-2.6 Ga, with a noticeable absence of Cambro-
Ordovician zircon ages that are present in all other
overlying Tertiary units (DeCelles et al., 1998a).
DeCelles et al. (1998a) suggest that the detrital zircons
of 120 Ma were derived from the underlying Early
Cretaceous basalts produced during Early Cretaceous
rifting in northeastern India (Sakai, 1983, 1984, 1989;
LeFort and Rai, 1999). However, Rb—Sr dating of
these volcanic rocks yields an age of 96.7 +2.8 Ma
(Sakai et al., 1992), which are much younger than the
120-Ma detrital zircon age. It is possible that the
detrital zircons of 120 Ma in the Amile Formation
were derived from the Rajmahal Trap immediately
east of the Rajmahal-Garo Gap some 600 km south-
west of western Nepal (Fig. 1A). Cretaceous volcanic
rocks there have been dated by the K—Ar method to be
88-128 Ma (Baski et al., 1987).

It is also possible that the 120-Ma zircons in the
Amile Formation were derived from the Gangdese
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batholith in southern Tibet north of the Indus—
Tsangpo suture zone. The Late Jurassic and Early
Cretaceous plutons are common along the northern
edge of the Lhasa block (e.g., Xu, 1990; Murphy et
al., 1997). This region was uplifted during the
development of the mid-Cretaceous Cogqin thrust
belt (Yin et al, 1994; Murphy et al., 1997). This
structural high may have shed sediments across the
Gangdese batholith and the Indus—Tsangpo suture via
rivers that cut across the Gangdese Shan and reached
the Gangetic plain during the deposition of the Amile
Formation. This speculation implies that the land con-
nection between India and Asia occurred at or prior to
the latest Cretaceous and Paleocene. One test of the
above hypothesis is to examine the Nd and Sr com-
positions of the Amile Formation, because the Gangd-
ese batholith has very different Nd and Sr isotopic
composition from those of the Himalayan units and
the Indian basement (Singh and France-Lanord,
2002).

In the NW Indian foreland basin, Najman et al.
(2000) interpret that the Eocene Subathu Formation
with an &xng(0) value of ~—9 and the ®’Sr/**Sr initial
ratio of 0.710-0715 was derived from the THS and the
Indus—Tsangpo suture. By contrast, these authors show
that the latest Oligocene (?)—early Miocene Dogshai
and Kasauli Formations have Nd and Sr compositions
(ena(0)=~—12 to — 18, ¥’Sr/*Sr=0.755-775), which
are characteristic for the GHC and THS.

5.6. Summary

The isotopic compositions and detrital zircon
provenances between southern Tibet and the Hima-
layan units are clearly distinguishable. Specifically,
the Nd and Sr isotopic compositions of the Protero-
zoic LHS are significantly different from those of
the GHC and THS. However, the Cambrian strata of
the LHS share similar Nd composition and detrital
zircon ages to those obtained from the GHS and
Cambrian strata of the THS. Nd and Sr isotopic
compositions of the Paleocene—Eocene foreland
basin strata from NW India suggest that clasts
from southern Tibet may have been transported
across the Indus—Tsangpo suture to the Himalaya
during their deposition. The detrital zircon ages in
the Paleocene strata of western Nepal may suggest
possible contact between India and Asia by the latest

Cretaceous or early Paleocene. Significant unroofing
of the Himalaya may have started in the early
Miocene. However, it remains unclear when the
THS was completely stripped off and the GHC
was first exposed to the surface from the available
Nd, Sr, and U-Pb detrital zircon data.

A complication of using Nd and Sr isotopic
compositions of the Bengal Fan sediments to infer
the unroofing history of the entire Himalaya is that
both the eastern and western Himalayan syntaxes
may have been long-standing structural highs ex-
posing high-grade Indian basement and its metamor-
phosed cover by 40 Ma. Their exposure may not be
directly related to motion on the MCT during em-
placement of the GHC. In the eastern syntaxis
region, ~47-Ma K-Ar biotite ages were reported
(Zhang et al., 1992) (Fig. 16). K—Ar hornblende
ages of 57-31 Ma in the eastern syntaxis and 67—
50 Ma from the western syntaxis region are also
significantly older than those from the rest of the
Himalaya (Zhang et al., 1992; Treloar et al., 1989;
Treloar and Rex, 1990; Baig, 1990). As shown by
Singh and France-Lanord (2002), most of the sedi-
ments transported to the Bengal Basin and the
Bengal Fan are derived from the Yalu Tsangpo-—
Bhramaputra River system that cuts through the
eastern Himalayan syntaxis where the GHC is ex-
posed (Burg et al., 1998; Ding et al., 2001; Zeitler
et al., 2001). Thus, it is likely that the eastern
syntaxis was the dominant source of GHC-like sedi-
ments in the Bengal Fan since 17 Ma as detected
by France-Lanord et al. (1993) and Galy et al.
(1996). However, this isotopic signature does not
require that the GHC along the main Himalayan
range be exposed by this time.

6. Models for the evolution of the Himalayan
orogen

Hypotheses for evolution of the Himalayan orogen
vary from simple conceptual models to sophisticated
numerical simulations based on fully coupled thermo-
mechanical—erosional solutions (Fig. 17). As shown in
the following discussion, all current models are two-
dimensional in nature and were developed mostly to
address specific problems across limited segments of
the Himalayan orogen.
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1. Original configuration__|
of the Himalaya

(1) LH, GH, and TH were deg

d on a single north-fc margin (Colchen et al., 1982; Brookfield, 1993)
(2) LH and TH were deposited in separate basins divided by GH (Saxena, 1971)
(3) Precambrian-Cambrian LH and GH strata belong to separate terranes (DeCelles et al., 2000)

(4) LH and TH were parts of the same north-facing continental margin but were juxtaposed by a
Carboniferous north-dipping normal fault system (this study)

| 2. Kinematic models for__|
emplacement of GHC

(1) Rigid wedge extrusion of Indian crust (Burchfiel and Royden, 1985)

(2) Ductile wedge extrusion of Indian crust (Grujic et al., 1996)

(3) Transport of Tibetan crust by channel flow to Himalaya (Nelson et al., 1996; Hodges et al., 2001)
(4) Upward return of subd, d Indian [ crust (Ch. da et al., 1995, 2000)

(5) Cenozoic MCT reactivated from early Paleozoic suture (DeCelles et al., 2000)

3. Models for Himalayan _|
inverted metamorphism

a. Recumbent folding in MCT hanging wall (Heim and Gansser, 1939)

b. Overturned folding in MCT footwall (Johnson et al., 2001)

1. Post. Al phism c. 1 simple shear in GHC (Jain and Manickavasagam, 1993;
deformation 71 Hubbard, 1996)

d. Progressive simple shear in LHS (Harrison et al., 1998b)

e. General shear across MCT zone (Grasmann and Vannay, 1999)

f. Duplex development in the MCT footwall (Robinson et al., 2003)

(1) Kinematic models — a. Rigid wedge translation (Molnar and England, 1990)

_| b. Flat-ramp thrusting with (Harrison et al., 1998b) or without erosion
(Shi and Wang, 1987; Ruppel and Hodges, 1994)

c. Rigid wedge translation with basal accretion and surface erosion
(Royden, 1993 Henry et al., 1997)

111. Paleozoic granite emplacement (Gehrels et al., 2003)

II. Syn-metamorphism
deformation

a. Hot-iron conceptual model based on comparison with oceanic subduction zones (LeFort, 1975)
b. Heat focusing due to low thermal conductivity of Tethyan Sequence (Jaupart and Provost, 1985)
(2) Thermal models — ;. Heat advection due to flat-ramp thrusting (Shi and Wang, 1987; Ruppel and Hodges, 1994)

d. Frictional heating coupled with heat advection by thrust transport (Molnar and England, 1990)

e. Accretion and erosion of a thrust wedge coupled with friction (Royden, 1993; Henry et al., 1997)

(3) Coupled thermo-mechanical model: Solving coupled energy and momentum equations (Jamieson et al., 1996)|

4. Kinematic models
for Lesser Himalayan —|
thrust belt

(1) Forward duplex development (Srivastava and Mitra, 1995; DeCelles et al., 2001)
(2) Out-of-sequence thrusting (Schelling and Arita, 1991; Harrison et al., 1997; this study)

5. Models for
Himalayan anatexis

(1) Emplacement of hot thrust sheet coupled with infiltration of fluids from footwall (LeFort, 1975)

(2) Del of mantle lithosphere beneath Himalaya (Bird, 1978)

(3) Heat focusing at base of low thermally conductive Tethyan Sequence (Jaupart and Provost, 1985)
(4) Frictional heating (England et al., 1992) with muscovite breakdown reaction (Harrison et al., 1998b)
(5) Decompressional melting (Harris and Massey, 1994)

(6) Translation of partially molten middle crust from Tibet to the Himalaya (Nelson et al., 1996)

6. Models for development of
—North Himalayan Antiform/ —|
gneiss domes

(1) N-directed detachment faulting (Chen et al., 1990)

(2) Thrust duplex formation (Burg et al., 1984b)

(3) Pure-shear extension (Lee et al., 2000)

(4) Development of a major north-dipping thrust ramp along the Main Himalayan Thrust (Hauck et al., 1998)
(5) Development of thrust ramp along the Great Counter Thrust (Makovsky et al., 1999)

(6) Diapiric flow due to gravitational instability (LeFort et al., 1987)

(7) Upwelling of ductile lower crust under horizontal compression (Yin et al., 1999)

I—7. Models for Himalayan.
syntaxis development

(1) Ind of an Indian pr y (Burtman and Molnar, 1993)

(2) Crustal-scale folding by orogen-parallel compression (Burg et al., 1998)

(3) Oroclinal bending of major Himalayan thrusts (Bossart et al., 1988)

(4) Development of a pop-up structure (Seeber and Pécher, 1998; Schneider et al., 1999a)
(5) Duplex development (Ding et al., 2001)

(6) Intersection of arc-shaped thrust belts

——=_8.North-trending rifts

9. Models for overall

—evolution of Himalayan —|
orogen

(1) Radial spreading of the Himalayan arc (Seeber and Armbruster, 1984)

(2) Topographic collapse (Molnar and Tapp ier, 1978)

(3) Oblique subduction of the Indian continent (McCaffery and Nabelek, 1998)

(4) Concentration of compression in central Himalayan arc (Kapp and Guynn, 2004)

(5) Oroclinal bending of subducting Indian continent (Kapp and Yin, 2001)

(6) Eastward extrusion of northern Tibet (Armijo et al., 1986, 1989)

(7) Advective removal of thickened Tibetan mantle lithosphere (England and Houseman, 1989)
(8) Change in boundary conditions along eastern margin of Asia (Yin, 2000)

a. Alternating passive and active roof fault model (this study)

(1) Integrated kinematic —|

models b. History of Himalayan evolution inferred from analogue imperilments, emphasizing

continental subduction and detachment of subducted crust from underlying mantle
lithosphere (Chemenda et al., 2000)

(2) Mechanical models: Analogue model for continental subduction (Chemenda et al., 1995, 2000)

(3) Coupled thermal-mechanical-erosional model: Numerical solutions solving coupled energy and momentum

equations with artificially focused erosion starting in early Miocene (Beaumont et al., 2001)

Fig. 17. Summary of major models for the evolution of the Himalayan orogen.
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6.1. The original configuration of the Himalayan
orogen prior to Cenozoic deformation

It is impossible to reconstruct the Cenozoic defor-
mational history of the Himalayan orogen without
knowing its initial structural and stratigraphic config-
urations. The problem is centered on how the main
Himalayan lithologic units of the GHC, LHS, and
THS were originally arranged in three dimensions
prior to the Indo-Asian collision. There are at least
four possibilities for the initial Himalayan stratigraph-
ic configuration (Fig. 18).

6.1.1. Single passive continental margin model
(Fig. 184)

Strata of the LHS, GHC, and THS were deposited on
the same north-facing continental margin of northern
India, each representing different facies from shelf to
slope settings. This hypothesis was based on studies in
NW India and central Nepal (Frank et al., 1973; Col-
chen et al., 1982) and was later elaborated by Brook-
field (1993) in his regional stratigraphic synthesis of
the Himalaya. Because the large magnitude of slip
along the MCT and STD and potentially large-magni-
tude erosion of the MCT hanging wall, the physical
connections among these Himalayan units have not
been and may never be established with confidence
in Nepal and NW India. However, the current knowl-
edge of the Himalayan stratigraphy in the Pakistan
Himalaya appears to support the single-margin hypoth-
esis, where a continuous section of the LHS, THS, and
GHC equivalent strata are present (Pogue et al., 1999).
However, the single-margin model appears at odds
with the observations that Paleozoic and Mesozoic
strata are rarely present above the Precambrian LHS
whereas the strata of the same age are thick and well
developed in the THS (Brookfield, 1993). This hypoth-
esis also does not explain why the apparently younger-
and higher-grade late Proterozoic—Cambrian GHC
thrust over the older but structurally higher Paleo-
Mesoproterozoic LHS along most of the MCT in
Nepal (DeCelles et al., 2000).

6.1.2. Separate basin model (Fig. 18B)

The LHS and THS were deposited in two separate
but coeval basins divided by the GHC (Saxena, 1971).
At least in the NW Indian Himalaya, the results of
sedimentological, biostratigraphic, and isotopic anal-

yses of Cambrian strata do not support this hypothesis
(Myrow et al., 2003).

6.1.3. Accreted terrane model (Fig. 18C)

Precambrian—Cambrian LHS and GHC strata be-
long to separate terranes that were assembled to-
gether by collision in the Early Ordovician
(DeCelles et al., 2000; Gehrels et al., 2002, 2003).
This hypothesis has the advantage of explaining the
younger-over-older relationship across the MCT, but
fails to account the similarities in fauna assemblage
and detrital zircon ages in Cambrian strata of both
the LHS and THS (Myrow et al., 2003). Building
upon DeCelles et al. (2000), Gehrels et al. (2003),
further suggest that the THS was shortened by a
south-directed imbricate thrust belt; the early Paleo-
zoic crustal thickening event also generated 510-
470 Ma granites that intrude the basal part of
the THS. This proposal is in contrast to the geo-
chemical results of Miller et al. (2001) who show
that Cambro-Ordovician granites in NW India lack
the signatures of either arc or collision-related
magmatism, but instead have rift-related isotopic
characteristics.

6.1.4. Carboniferous-extension model (Fig. 18D)
The main difference between the LHS and THS is
the lack of Ordovician to Carboniferous deposits in
the LHS. However, the two sections share similar
depositional histories after the Permian (Brookfield,
1993). If the LHS did receive sediments during the
Ordovician to Carboniferous as in the THS, the
thickness of the missing strata may be as much as
~6 km as in the Kashmir and Lahul Himalaya (Fig.
3). This observation has been attributed to either late
Carboniferous glacial erosion or rifting (Brookfield,
1993; Vannay and Steck, 1995; Garzanti, 1999). If
the rifting model holds, then it is possible that the
LHS and the GHC strata were juxtaposed by a
Carboniferous north-dipping normal fault system
prior to Cenozoic deformation. The fault system
places the older LHS strata in the footwall and the
younger GHC strata in the hanging wall: the footwall
uplift caused removal of the lower Paleozoic strata in
the LHS. During the Indo-Asian collision, the MCT
may have reactivated this old normal fault and places
younger but higher-grade GHC rocks over older but
lower-grade LHS strata. Perhaps Pakistan Himalaya
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Table 9

Comparison of models for emplacement of GHC

Wedge Extrusion

Channel Flow

Continental Subduction

Reactivation of MCT from Old Suture

and relationships
among major
Himalayan
structures

Structural geometry

1. MCT and STD merge down-dip.

2. Hanging wall and footwall ramps
are required for both MCT and STD.

MCT and STD are subparallel and.
extend beneath Tibet north of Indus-
Tsangpo suture

1. For low compression and high
slabpull, MCT and STD merge both
up-dip and down-dip

2. For high compression and low
slabpull,STD and MCT merge down-dip

MCT was preexisting weakness originated
from a suture zone

Protolith of GHC

Indian crust

Tibetan crust

Indian crust

An independent terrane between Asia and
India

Exhumation history

Exposure of high-grade Indian crust
(=GHC) did not occur after activation
of MCT and STD

Exposure of high-grade Indian crust
(=GHC) did not occur after activation
of MCT and STD

Exposure of high-grade Indian crust
(=GHC) occurred prior to activation
of MCT and STD during first phase
upward return of subducted Indian crust

GHC could have exposed as early as
Cambro-Ordovician time during Paleozoic
thrusting

Timing and style of
deformation

Coeval motion on MCT and STD

Rigid wedge: Discrete deformation
on MCT and STD

Ductile wedge: Distributed
deformation throughout GHC during
motion on MCT and STD

Coeval motion on MCT and STD

Distributed deformation throughout
GHC during motion on MCT and
STD

Coeval motion on MCT and STD

GHC behaves as a relatively coherent
block during upward motion via slip
along MCT and STD

Early phase of high-grade metamorphism
in GHC occurred in Paleozoic during
first-phase motion on MCT. It was later
superposed by Cenozoic metamorphism
during reactivation of MCT movement.

Timing of syn-
collisional
magmatism

in Tibet

No prediction

Magmatism in southern Tibet
initiated prior to or within a few
m.y. immediately after motion on
MCT and STD

Magmatism in southern Tibet
initiated synchronously at the start of
GHC emplacement and motion on
MCT and STD

Early Paleozoic movement on MCT could
have been related to widespread Cambro-
Ordovician contraction in the Himalaya

Inconsistencies
with observations
and uncertainties
in model testing.

1. MCT and STD also merge updip
in western and eastern Himalaya.

2. No STD footwall cutoff has been
recognized.

3. It remains uncertain whether STD
and MCT merge down-dip.

4. Multiple top-N and top-S shear on
STD.

1. Uncertain whether partially
melting in southern Tibet is
restricted to rift zones only or
over entire Tibet.

2. No Gangdese batholith signature
of Tibetan crust in GHC and North
Himalayan antiform where GHC

is exposed.

1. No igneous flare up at 25-20 Ma in
southern Tibet when GHC was
emplaced along MCT.

2. Lack of records of UHP
metamorphism in GHC during
motion on MCT in Miocene.

1. Difficult to explain correlative
Late Precambrian-Cambrian stratigraphy
across MCT in western Himalaya.

2. Lack of early Paleozoic melange
complex along MCT.

3. Geochemistry of Cambro-Ordovician
granites indicate extensional origin.
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would be a good testing ground for this hypothesis
where the original contacts between Himalayan
stratigraphic sequences are well preserved.

6.2. Kinematic models for emplacement of the Greater
Himalayan Crystalline Complex

6.2.1. Wedge extrusion and channel flow

Understanding the evolution of the Himalayan oro-
gen has been centered on how high-grade metamor-
phic rocks (mostly GHC) in its core were emplaced
from lower crustal levels to their current position.
Heim and Gansser (1939) attribute exposure of the
GHC to motion on the MCT. The later discovery of
the STD (Burg et al., 1984a) has led to the suggestion
that the GHC was extruded as a rigid or penetratively
deformed ductile wedge within Indian crust (Burchfiel
and Royden, 1985; Hodges et al., 1992, 1996; Burch-
fiel et al., 1992; Grujic et al., 1996; Grasemann and
Vannay, 1999; Grasemann et al., 1999; Vannay and
Grasemann, 2001) (Fig. 18E and F). This model will
be discussed more fully in Section 6.9 below. It has
also been proposed that the GHC was transported
from partially molten Tibetan crust of Asia to the
Himalayan orogen of India via middle crustal flow
(Nelson et al., 1996; Hodges et al., 2001; Beaumont et
al., 2001, 2004; Jamieson et al., 2004; Grujic et al.,
2002) (Fig. 18G), possibly as a result of topographic
collapse (e.g., Dewey, 1988).

6.2.2. Continental subduction

To investigate the consequence of continental
subduction, Chemenda et al. (1995, 2000) performed
analogue experiments to simulate the Indo-Asian
collision. They present two interesting end-member
cases: one under low compressional force with
strong down-going slabpull and the other under
high compressional force with weak slabpull. In
the first case, they simulate a large slice of Indian
continental crust to be subducted steeply to a depth
>150 km and is later detached from the underlying
mantle lithosphere and extruded upward to upper
crustal levels (Fig. 18H). The return of the subducted
crustal section is accomplished by motion along a
south-directed thrust below and a north-directed pas-
sive-roof fault with normal slip above. In the second
case, wedge extrusion of the deeply subducted con-
tinental crust is induced by erosion above the sub-

duction zone (Fig. 18H). Using the experimental
results as a guide, Chemenda et al. (2000) speculate
that upward return of deeply subducted Indian crust
occurred at about 50-45 Ma, while emplacement of
the GHC at 25-20 Ma was triggered by breakoff of
the subducted Indian continental mantle lithosphere
(c.f., Davies and von Blanckenburg, 1995; Ernst and
Liou, 1995). Chemenda et al. (2000) further relate
the slab breakoff at 25-20 Ma to possibly extensive
partial melting in the Tibetan crust. Slightly different
from this model, Kohn and Parkinson (2002) envi-
sion breakoff of the Indian oceanic slab to have
occurred at the start of the Indo-Asian collision,
which may have caused widespread Eocene volca-
nism in southern Tibet (also see Miller et al., 1999;
Yin and Harrison, 2000).

6.2.3. MCT reactivated from a Paleozoic suture

The Cenozoic MCT may have reactivated from an
early Paleozoic suture (DeCelles et al., 2000) and
high-grade metamorphism of the GHC may have
occurred in part during Cambro-Ordovician time
(Gehrels et al., 2003). This proposal is mainly
based on U-Pb detrital zircon ages of the GHC
found to be younger than the depositional age of
the Proterozoic LHS. This model explains why the
younger but higher-grade GHC metamorphic rocks
are currently juxtaposed over older and lower-grade
LHS strata across the MCT in the central Himalayan
orogen.

6.2.4. Model predictions and comparison

The five kinematic models discussed above (Fig.
18) make specific predictions about the timing of
deformation, structural geometry, exhumation history,
GHC protolith, and timing of post-collisional magma-
tism in southern Tibet (Table 9). The major problem
with the wedge extrusion model is that the MCT and
STD merge in the up-dip direction as indicated by
map relationships in the western and eastern Himalaya
(Figs. 7 and 11). The major uncertainty with the
channel flow model is whether or not the inferred
partially molten middle Tibetan crust was restricted
to localized regions below the north-trending rifts
(Yin, 2000; Yin and Harrison, 2000). This alternative
hypothesis is supported by recent seismic surveys in
central Tibet that shows no evidence of bright spots
outside main Tibetan rifts (Haines et al., 2003). An-
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other issue with the channel flow model is that there
have been no zircon ages of the Gangdese batholith
found in the GHC (DeCelles et al., 2000), which is the
dominant type of lithology along the southern margin
of the Tibetan plateau (Fig. 2A).

The continental subduction model of Chemenda et
al. (2000) requires an igneous flare up in southern
Tibet at 25-20 Ma during slab breakoff. However,
geologic observations from southern Tibet do not
support the occurrence of such dramatic event at the
time. Instead, semi-continuous and gradual southward
migration of igneous activities from central to south-
ern Tibet has been recorded since the start of the Indo-
Asian collision (e.g., Deng, 1998; Miller et al., 1999;
Harrison et al., 2000; Ding et al., 2003). Although
reactivation of the MCT along a Paleozoic suture zone
explains the age relationship across the MCT in
Nepal, extrapolation of this interpretation to the west-
ern Himalayan orogen is problematic, because the
MCT footwall and hanging wall preserve continuous
LHS and THS strata and unmetamorphosed sedimen-
tary and igneous rocks of the GHC (Pogue et al.,
1999; DiPietro and Pogue, 2004).

6.3. Models for Himalayan inverted metamorphism

6.3.1. Kinematic models

Kinematic models for the occurrence of Himalayan
inverted metamorphism may be divided into two
types: those relating metamorphism to Cenozoic de-
formation and those ascribing metamorphism to pre-
Cenozoic geologic processes. For the first kind, one
may divide them further into those emphasizing post-
metamorphism deformation and those that do not (Fig.
17). The syn-metamorphism models include rigid-
wedge translation along a basal thrust (Molnar and
England, 1990), flat-ramp thrusting with or without
erosion (Shi and Wang, 1987; Ruppel and Hodges,
1994; Harrison et al., 1998b), and rigid-wedge trans-
lation along a basal thrust coupled with basal accretion
and surface erosion (Royden, 1993; Henry et al.,
1997). The post-metamorphism models include
large-scale recumbent folding of isograds either in
the MCT hanging wall or footwall (Heim and Gansser,
1939; Gansser, 1964; Searle and Rex, 1989; Johnson et
al., 2001), coeval simple-shear deformation across a
broad shear zone within the basal MCT hanging wall
(Jain and Manickavasagam, 1993; Hubbard, 1996),

progressive younging of simple-shear deformation in
the MCT zone (Harrison et al., 1998b), general-shear
deformation in the MCT zone and GHC with emphasis
on the role of vertical flattening (Grasemann et al.,
1999; Grasemann and Vannay, 1999; Law et al., 2004),
and duplex development in the MCT footwall (Robin-
son et al., 2003). The key differences among the major
models for inverted metamorphism are summarized in
Table 10.

Contrary to the common belief that the Himalayan
inverted metamorphism is a Cenozoic phenomenon,
Marquer et al. (2000) and Gehrels et al. (2003) show
that at least locally garnet-bearing high-grade meta-
morphism in the Himalaya occurred prior to ~476 Ma.
They further suggest that sillimanite-grade metamor-
phism common in the middle and upper part of the
GHC and spatially adjacent to 510—470 Ma granites
may be induced by early Paleozoic plutonic emplace-
ment instead of Cenozoic thrusting. This model makes
specific predictions about the spatial correlation be-
tween early Paleozoic plutons and sillimanite-grade
metamorphism in the Himalaya.

6.3.2. Thermal models

Based on comparison with thermal models of oce-
anic subduction, LeFort (1975) suggests that the Hi-
malayan inverted metamorphism was induced by
emplacement of a hot thrust sheet over a cold foot-
wall. This is the well-known “hot-iron” model and the
first conceptual model that introduces a testable phys-
ical mechanism for Himalayan metamorphism.

The current thermal models may be divided into the
following four categories:

(1) models considering thrust-ramp and fault-bend
fold geometry with either syn-thrusting or post-
thrusting erosion (Shi and Wang, 1987; Ruppel
and Hodges, 1994; Harrison et al., 1998b);

(2) models considering the role of frictional heat-
ing on the MCT (Molnar and England, 1990;
England et al., 1992; Royden, 1993; Harrison
et al., 1998b);

(3) models considering advective heat transfer due
to basal accretion and surface erosion (Royden,
1993; Henry et al., 1997); and

(4) models considering contrast in thermal conduc-
tivity across the GHC-THS contact (Jaupart and
Provost, 1985; Pinet and Jaupart, 1987) (Fig. 17).
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Table 10

Comparison among kinematic models for Himalayan inverted metamorphism

81

Thrust geometry

Strain distribution

Timing of deformation

Rigid wedge translation Wedge-shaped thrust sheet

Flat-ramp thrusting Staircase-shaped thrust sheet

Rigid wedge translation with
basal accretion and erosion

Wedge-shaped, constant

of mass in and out of wedge

Recumbent folding

Simultaneous simple shear
across MCT zone in GHC

Progressive simple shear across
MCT zone in LHS

General shear across MCT
zone

Duplex development Staircase-shaped thrust sheet

self-similar geometry despite flux

No prediction of thrust geometry

No prediction of thrust geometry

No prediction of thrust geometry

No prediction of thrust geometry

No internal deformation in
hanging wall

Flexural slip folding in hanging
wall as it crosses thrust ramp

No internal deformation in
hanging wall

Large strain in MCT hanging wall
as measured by fold amplitude and
wavelength >10 km

Simple shear strain in lower MCT
hanging wall

Simple shear strain in upper MCT
footwall

Combined simple and pure shear
strain across MCT zone and its
hanging wall

Discrete shear in MCT footwall
and flexural-slip as individual
horses move across thrust ramps

Syn-metamorphism

Syn-metamorphism

Syn-metamorphism

Post-metamorphism

Post-metamorphism coeval
shear motion

Post-metamorphism Shear
deformation becomes younger
downward

Post-metamorphism

Post-metamorphism

Perhaps Shi and Wang (1987) are the first to test the
simple hot-iron model of LeFort (1975) and show that
inverted metamorphism could not be achieved by
motion along major thrusts under realistic fault slip
rates (also see Ruppel and Hodges, 1994).

The most important difference among the above
models is the location of the maximum temperature
and pressure condition with respect to the MCT. For
the end-member frictional heating model (Molnar and
England, 1990), the maximum P-7 condition is
recorded along the MCT fault. In contrast, when
basal accretion is considered, the maximum P-T con-
dition would have occurred in the hanging wall of the
MCT (Royden, 1993; Huerta et al., 1998) (Fig. 19).
However, one should keep in mind that this prediction
is an artifact of progressively lowering the basal slip
surface as the footwall materials are sequentially
added from the MCT footwall to the MCT hanging
wall. Thus, the lithologically defined MCT should be
spatially close to or at the thermal maximum. The
contrast is striking in the predicted P-T distribution
between the recumbent folding model and the thermal
models considering frictional heating and accretion/

erosion. The recumbent folding model predicts inver-
sion of both pressure and temperature while the fric-
tional-heating and accretion—erosion models predict
only temperature inversion (e.g., Daniel et al., 2003)
(Fig. 19).

6.3.3. Coupled thermal and mechanical model

The problem with the above thermal models is that
deformation in the MCT hanging wall and MCT
footwall is prescribed. Thus, the energy equation
(i.e., heat-transport equation) is solved without con-
sidering rock rheology and force balance. This prob-
lem was overcome by the study of Jamieson et al.
(1996, 2004) (Fig. 17) who solved the coupled energy
and momentum equations and was able to simulate
the Himalayan inverted metamorphism with a range
of rheological parameters determined by laboratory
experiments.

6.4. Models for Cenozoic Himalayan anatexis

The occurrence of Cenozoic anatexis is not well
understood, but most workers have related its occur-



82

A. Yin / Earth-Science Reviews 76 (2006) 1-131

(A) Frictional heating model

T°C Pressure
=
5
< MCT MCT
v \/
(B) Model considering basal accretion and surface erosion
T°C Pressure
lithologically defined
initial MCT contact
k=
&
= / present MCT present MCT
\/ \
(C) Recumbent folding of early isograds in MCT hanging wall
T°C Pressure
=
&
< MCT MCT
\/ v

Fig. 19. Distribution of P — T for various thermal and tectonic models for Himalayan inverted metamorphism.

rence to Himalayan inverted metamorphism (see sum-
mary by Harrison et al., 1999). The following models

have been proposed:

(1) emplacement of a hot thrust sheet along the
MCT and infiltration of fluids from the MCT
footwall (LeFort, 1975);

(2) delamination of mantle lithosphere beneath the
Himalayan orogen (Bird, 1978);

(3) hermal blanketing effect causing heat focusing
at the base of the THS (Jaupart and Provost,
1985; Pinet and Jaupart, 1987);

(4) frictional heating on the MCT (England et al.,
1992) coupled with progressive downward mi-
gration of shear zones and muscovite break-

down reaction (Harrison et al., 1998b);

(5) decompressional melting due to motion on the
STD (Harris and Massey, 1994); and
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(6) translation of partially molten middle crust
from Tibet to the Himalayan orogen (Nelson
et al., 1996).

Strengths and weaknesses of these models were dis-
cussed in detail by Harrison et al. (1999).

6.5. Models for development of Lesser Himalayan
thrust belt

Since the classic work of Valdiya (1980), the devel-
opment of the Lesser Himalayan thrust belt has been
linked with motion along the MCT. With respect to the
age of the MCT, the current models may be divided into
those emphasizing forward development of thrusts
(DeCelles et al., 2001) and those considering out-of-
sequence thrusting (Harrison et al., 1997a, 1998b;
Johnson et al., 2001) (Fig. 17). Robinson et al. (2003)
discuss in detail the differences of the two models in
their predicted thermal and kinematic histories.

6.6. Models for the development of the North Hima-
layan antiform and gneiss domes

Along the North Himalayan Antiform, the Kang-
mar dome has received the most attention. Its devel-
opment has been alternatively related to north-
directed detachment faulting (Chen et al., 1990),
thrust duplex formation (Burg et al, 1984b;
Makovsky et al., 1999), pure-shear extension (Lee
et al., 2000), development of a major north-dipping
thrust ramp along the Main Himalayan Thrust (Wu et
al., 1998; Hauck et al., 1998) or a south-dipping ramp
along the Great Counter Thrust (Makovsky et al.,
1999), diapiric flow due to gravitational instability
(LeFort et al.,, 1987; LeFort, 1996 and references
therein), and upwelling of ductile lower crust under
horizontal compression (Yin et al., 1999).

Lee et al. (2000) show that while ductile deforma-
tion over the dome has accommodated significant
local north—south extension, its cooling history is
most compatible with thrusting of colder materials
beneath the Kangmar dome between 15 and 10 Ma.
This interpretation is broadly consistent with the
early work of Maluski et al. (1988) who considered
the dome to have cooled between 20 and 13 Ma.
This age of dome formation is more consistent with
its being related to Miocene motion on the south-

dipping Himalayan backthrust (= Great Counter
Thrust) as suggested by Makovsky et al. (1999)
rather than to the north-dipping Gyrong—Kangmar
thrust as envisioned by Lee et al. (2000). This is
because the Gyrong—Kangmar thrust lies in the Eo-
cene—Oligocene Tethyan Himalayan fold-thrust belt
(Ratschbacher et al., 1994) and its age is probably
Eocene, that is, too old to be related to the middle
Miocene dome formation. Another problem of relat-
ing the development of the Gyrong—Kangmar thrust
to the development of the Kangmar dome as part of
the North Himalayan Antiform (NHA) is that this
fault is rather limited in its lateral extent in south-
central Tibet (e.g., Ratschbacher et al., 1994), where-
as the NHA covers the Himalayan orogen between
its two syntaxis (Fig. 2A).

Uncertainties on the origin of North Himalayan
gneiss domes and the east-trending NHA are largely
due to the fact that the deep crustal relationships
among the MCT, STD, and GCT are poorly con-
strained. Results from INDEPTH surveys are incon-
clusive (Hauck et al., 1998): the STD could either
join the MCT downward along the Main Himalayan
Thrust or flatten into a ductile shear zone in the
middle crust. The first interpretation would support
the prediction of the wedge extrusion model of
Burchfiel and Royden (1985) while the second
would permit channel flow of Tibetan lower crust
to the Himalaya (Nelson et al., 1996). It is also
possible that the STD links with the coeval Great
Counter Thrust via a subhorizontal shear zone in the
middle crust beneath the Himalaya (Yin et al., 1994;
Lee et al., 2000).

6.7. Models for formation of the Himalayan syntaxes

The following models have been proposed for the
development of the Himalayan syntaxes:

(1) indentation of a promontory on the northern
edge of the Indian continent (Burtman and Mol-
nar, 1993);

(2) crustal scale folding with the maximum com-
pressional direction parallel to the Himalayan
orogen (e.g., Burg et al., 1998);

(3) oroclinal bending of major Himalayan thrusts
(Bossart et al., 1988; Treloar et al., 1991; Tre-
loar and Izatt, 1993);
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(4) development of a north-trending pop-up struc-
ture (Seeber and Pécher, 1998; Schneider et al.,
1999a);

(5) duplex development (Ding et al., 2001); and

(6) intersection of arc-shaped thrust belts (Fig. 17).

Each model appears to apply to the development of
specific syntaxes. For example, the pop-up model
explains well the pattern of rapid uplift over the
Nanga Parbat syntaxis (Zeitler et al., 2001), while
the duplex thrust model explains the map relationships
of major ductile thrusts within the Namche Barwa
syntaxis (Ding et al., 2001).

6.8. Models for development of north-trending rifts

There are two schools of thought with regard to the
mode of deformation associated with Neogene north-
trending rifting in the Himalayan orogen: those who
believe that extension is confined to the upper crust
(e.g., Molnar and Lyon-Caen, 1989; Masek et al.,
1994) and those who believe that extension involves
the entire lithosphere of both Asian and Indian plates
(e.g., Yin, 2000). The first model is mainly based on
the inference that radially outward thrusting along the
Himalayan arc is coupled with east-west extension
and the observation that the rift shoulders have short
wave-length topography, whereas the second model is
based on the fact that the mantle lithosphere beneath
the Himalayan orogen records extensional focal
mechanisms, the Himalayan rifts are widely spaced
requiring the involvement of the underneath mantle
lithosphere, and isotopic composition of helium from
geothermal springs in the southern Tibetan plateau that
are characteristically derived from mantle sources
(Hike et al., 2000).

There have been diverse mechanisms proposed
for the origin of the north-trending Himalayan rifts.
Besides the long tradition of relating radial spreading
of the Himalayan arc to east-west Himalayan exten-
sion (Seeber and Armbruster, 1984; Klootwijk et al.,
1985; Ratschbacher et al., 1994; Seeber and Pécher,
1998), the following mechanisms have also been
considered (Fig. 17): (1) topographic collapse of an
overthickened crust (Molnar and Tapponnier, 1978;
Dewey, 1988), (2) oblique subduction of the Indian
continental lithosphere exerting a shear traction at
the base of Tibetan lithosphere (McCaffery and

Nabelek, 1998), (3) concentrated compression on
the central part of the Himalayan arc (Kapp and
Guynn, 2004), (4) oroclinal bending of the subduct-
ing Indian continental lithosphere due to a bending
moment induced by transpressional systems along
the two shoulders of the north-moving Indian conti-
nent (the unbending model of Kapp and Yin, 2001),
(5) eastward extrusion of northern Tibet (Armijo et
al., 1986, 1989), (6) advective removal of thickened
Tibetan mantle lithosphere (England and Houseman,
1989), and (7) a change in boundary conditions
along the eastern margin of Asia in the late Miocene
to early Pliocene (Yin, 2000).

Figs. 181 and 18J highlight the difference in pre-
dicted rift trends in the Himalayan orogen by the radial
expansion model and the unbending model (Kapp and
Yin, 2001). The first model predicts that rifts should be
perpendicular to the trend of the Himalayan orogen
everywhere. However, the observed trends of the Hi-
malayan rifts do not fit this prediction. In the western
Himalayan orogen, Neogene rifts (e.g., the Tso Morari
rift) trend in the N10-15°W direction and are at an
angle of about 30° from the local trend of the Hima-
layan orogen (Fig. 1A). In the eastern Himalayan
orogen, rifts trend at an angle of about 50-70° from
the main trend of the Himalayan orogen (Fig. 1A). The
trends of the Himalayan rifts are best explained by
either the unbending model of Kapp and Yin (2001) or
the concentrated compression model of Kapp and
Guynn (2004). In the unbending model, the shape of
the northern Indian continent has an arc geometry that
concaves southwards opposite to curving direction of
the Himalayan arc. The arc-shaped geometry of the
subducted northern Indian continent is clearly mim-
icked by the hinge zone of the Himalayan foreland
basin (Fig. 1A). Bending of the northern Indian con-
tinental margin by shear traction applied on the Cha-
man and Saigaing faults at its western and eastern ends
predicts rifts trending in the northwest direction in the
western Himalaya and in the northeast direction in the
eastern Himalaya. The model also predicts possible
east-west compression in the Himalayan foreland.
Perhaps the nearly evenly spaced basement ridges
trending at high angles to the Himalayan front may
result from buckling under east-west compression
during the bending of the northern Indian margin.
The Kapp and Guynn model (2004) shows a similar
mechanics to the unbending model by using the con-
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centrated load on the Himalayan arc to generate bend-
ing stress north of the Himalayan front. However, the
key difference of their model from the unbending
model is that it does not require east-west contraction
south of the Himalayan arc.

6.9. Models for the overall evolution of the Himalaya

The existing models that account for the overall
evolution of the Himalayan orogen are either based
on analogue experiments (Chemenda et al., 2000) or
numerical simulations (Beaumont et al., 2001), all in
two dimensions (Fig. 17). The Beaumont et al. (2001)
model represents a major advance in the Himalayan
research in many respects. First, the dynamic model
solves the coupled energy and momentum equations
simultaneously and considers the role of partial melting
and realistic nonlinear rock rheology. Second, the
model considers the dynamic interaction between the
development of the Himalayan orogen and the forma-
tion of the Tibetan plateau. Third, the model considers
the possible role of climatic condition and the history
and distribution of erosional intensity in controlling the
timing and style of deformation and the evolution of
thermal structures within the Himalayan—Tibetan oro-
gen. The model has several important predictions and
requirements:

(1) The Tibetan plateau must have reached an
elevation of >8 km before the start of south-
ward flow from the Tibetan lower crust to the
Himalaya.

(2) Initiation of the MCT and the STD and vertical
extrusion of the GHC were entirely induced by
highly localized erosion with high rates (i.e., up
to 10 mm/yr) in the southern Himalayan front
starting at ~37 Ma.

(3) The MCT hanging wall was eroded as soon
as it reached the surface above a thrust
ramp.

(4) The strength of the upper crust in the North
Himalaya (= THS) is exceedingly weak, with
an angle of internal friction between 5° and 10°.

(5) The STD as the upper slip surface for southward
flow beneath the Himalaya has a unidirectional
slip history; that is, top-to-the-south sense of
shear was operating throughout its movement
history.

(6) Subduction of Indian continental lithosphere
beneath Asia was flat since the initiation of
the Indo-Asian collision.

The major problems with this model are as follows:

(1) Tt does not explain the occurrence of Eocene
UHP metamorphism during the early stage of Indo-
Asian collision.

(2) There is no geologic evidence for the Tibetan
plateau to have reached 8-km elevation and subse-
quently collapsed to the current height, because the
magnitude of Neogene and thus Cenozoic east-west
extension over Tibet is rather small (i.e., no more than
10% and most likely in the range of 2—5%, see Taylor
et al., 2003).

(3) The assumption that the THS is weak is incon-
sistent with field observations. The cutoff angles in the
Tethyan Himalayan thrust belt, which are the direct
measurement of the coefficient of internal friction, are
in the range of 20-30° (Ratschbacher et al., 1994;
Murphy and Yin, 2003), significantly greater than 5—
10° as required by the Beaumont et al. (2001) model.

(4) The predicted MCT geometry with a single
ramp below the erosional front is inconsistent with
the observed long thrust flat extending towards the
Himalayan foreland as expressed by the occurrence of
the Lesser Himalayan Crystalline Nappes (Fig. 2A).

(5) The erosion rates assumed in the model appear
to be too high (10 mm/yr) over the steep southern
Himalayan front from 37 Ma to the present. As shown
in Table 8, the denudation rate is mostly below 1 mm/
yr for most of the Himalayan history except since ~7
Ma in the central Himalaya when the rate reaches to
~3-5 mm/yr.

(6) The timing of the abrupt increase in erosional
rates in the central Himalaya occurred much later than
the initiation age of the MCT, which was already
active by 20 Ma (Hubbard and Harrison, 1989).
That is, there is no temporal correlation between the
underthrusting along the MCT and an increase in
erosional rates.

7. Discussion
It is surprising that there have been no integrated

tectonic models for the overall evolution of the Hi-
malayan orogen and the Himalayan orogenic system
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that account for along-strike variation of the Himala-
yan geology (Fig. 17). One reason is that the geologic
studies and model testing are overly focused in the
central Himalaya in the past three decades (e.g.,
LeFort, 1975; Burg and Chen, 1984; Burg et al.,
1984a,b, 1987; Colchen et al., 1986; Pécher, 1989;
Chen et al., 1990; Schelling and Arita, 1991; Burch-
fiel et al., 1992; Schelling, 1992; Hodges et al., 1992,
1994, 1996, 2001; Ratschbacher et al., 1994; Yin et
al., 1994, 1999; Makovsky et al., 1996, 1999; DeCel-
les et al., 1998a,b, 2001, 2002; Hauck et al., 1998;
Upreti and LeFort, 1999; Lee et al., 2000; Johnson et
al., 2001; Murphy et al., 2002; Murphy and Yin,
2003). As a result, interpretation of Himalayan geol-
ogy such as the division of the GHC, THS, and LHS
has been artificially enforced upon the geology of the
western Himalayan orogen despite significant differ-
ences between the two regions (e.g., Steck, 2003; cf.,
DiPietro and Pogue, 2004). The along-strike variation
in the Himalayan orogen in fact may provide impor-
tant clues for its temporal evolution, an approach
proven effective in the studies of many other orogenic
belts in the world (e.g., Graham et al., 1975; Teng,
1990; Yin and Nie, 1993, 1996).

7.1. Geometry and structural relationship among the
MCT, STD, and GCT

7.1.1. MCT

Systematic examination of Himalayan geology
reveals many first-order features with regard to
the geometry and spatial variation of major Hima-
layan structures. In the western Himalaya of NW
India, the MCT cuts up section in the hanging-wall
westward across the Mandi Lateral Ramp (Fig. 2A).
Due to the presence of the ramp, the MCT hanging-wall
rocks change from the high-grade GHC east of the
ramp to the low-grade THS west of the ramp. The
MCT and the overlying STD are both folded concor-
dantly in the western and eastern Himalaya (Figs. 2A,
7, and 12). The folding event in NW India probably
started in the late Miocene and early Pliocene between
10 and 5 Ma, as recorded by the cooling patterns in the
Kishtwar and Kullu—Larji—-Rampur windows (Fig. 14).

The MCT root zone was reactivated in the late
Miocene and Pliocene between 7 and 2 Ma (Harrison
et al., 1997a; Catlos et al., 2001, 2002a). The renewed
motion on the MCT in its root zone apparently did not

affect the MCT flat extending far south into the Lower
Himalaya (Johnson et al., 2001) (see cross-section
across the Kathmandu Nappe in Fig. 2E). Instead, the
MCT flat may have been passively folded by deforma-
tion related to reactivation of the MCT root zone and
possibly out-of-sequence thrusts in the Lesser Himala-
yan thrust belt. These relationships are important in that
although the MCT zone can be traced as a regionally
continuous structure, different portions of the fault in
its transport direction may have different slip histories.

The MCT hanging wall in the eastern Himalayan
orogen is dominated by high-grade gneisses and
schists (e.g., Liu and Zhong, 1997; Ding et al,
2001; Grujic et al., 2002). In contrast, the MCT
hanging wall in the western Himalayan orogen is
dominated by low-grade phyllite and unmetamor-
phosed Proterozoic and Phanerozoic strata (Pogue et
al., 1999). The differential denudation in the MCT
hanging wall from the east to west along Himalayan
strike may have resulted from one or a combination of
the following factors:

(a) an eastward increase in the magnitude of slip
along the MCT due to counter-clockwise rota-
tion of India with respect to Asia during Indo-
Asian collision (Guillot et al., 1999);

(b) an eastward change in the dip angle of the sub-
ducted Indian continent (Guillot et al., 1999); and

(c) an eastward increase in the magnitude of exhu-
mation due to regional variation of climatic
conditions (e.g., Finlayson et al., 2002).

Cooling of the GHC in the MCT hanging wall
below 350 °C appears to have started earlier in the
western Himalaya (~29 Ma in Zanskar) than in the
central and eastern Himalaya (<~21 Ma) (Figs. 13—
16; also see Guillot et al., 1999). If movement along
the MCT and STD was responsible for exhumation in
the Himalaya, then the initiation of the MCT and STD
may have started first in the west and then propagated
to the east, possibly in response too diachronous
collision between India and Asia. This conclusion is
opposite to that reached by DiPietro and Pogue (2004)
who consider that the initiation of the MCT was
propagating westward from the central Himalaya in
the early Miocene to the Pakistan Himalaya in the late
Miocene and Pliocene. Clearly more research needs to
be done to address this important question.
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7.1.2. South Tibet Detachment (STD)

Everywhere exposed, the STD follows approxi-
mately the same stratigraphic position below the
upper Proterozoic to Cambro-Ordovician strata of
the basal THS. The consistent exposure of the fault
at the same stratigraphic position over a distance of
>60-100 km in the fault transport direction suggests
that the exposed segment of the fault over much of
the Himalaya is a hanging-wall flat. In most of the
Himalaya (Nepal and Bhutan), the metamorphic
grade in the upper GHC decreases systematically
towards the STD and share a similar metamorphic
grade (e.g., typically biotite grade) (e.g., LeFort,
1996; Daniel et al., 2003). This relationship suggests
that the STD in these regions is essentially a footwall
flat. The only possible footwall ramp for the STD is
exposed in the Zanskar region, where the Zanskar
shear zone locally truncates metamorphic isograds in
its footwall (Fig. 5) (e.g., Herren, 1987; Dézes et al.,
1999; cf. Patel et al., 1993). These isograds may
represent paleo-isotherms that were originally sub-
horizontal and were subsequently cut by a younger
shear zone. Because these isograds were formed at
middle and lower crustal levels (i.e., in the silliman-
ite, staurolite, and garnet grades), the inferred STD
ramp must be present at a depth below ~15-20 km.
Due to a possible large displacement (>10s km)
along the Zanskar shear zone, the corresponding
hanging-wall ramp in the lower crust may now lie
beneath the Himalaya north of the surface trace of
the Zanskar shear zone (Fig. 20B).

Because no footwall cutoffs of the upper crustal
rocks across the Tethyan Himalayan strata are present
below the STD, the distance between the northernmost
fault trace and the STD klippen carrying the Tethyan
Himalayan strata may not be used to estimate its total
slip. The only exception of such situation appears to
occur in Zanskar where the THS may have been
metamorphosed and incorporated into the high-grade
GHC (Honegger et al., 1982). However, the high-
grade THS there could be klippes of the ST that lies
structurally above the GHC. The presence of a pure-
shear component across the STD zone (Grujic et al.,
1996; Grasemann et al., 1999; Law et al., 2004) also
makes the slip determination considering only simple-
shear deformation an upper bound (e.g., Herren, 1987;
Deézes et al., 1999). Because of these problems, the
exact slip along the STD remains unknown.

Geologic relationships in the western and eastern
Himalaya suggest that the STD merges and possibly
intersects the MCT in the up-dip direction (i.e., to the
south) (Figs. 7 and 11). This geometric relationship
departs from that for a typical North American Cor-
dillera-style extensional detachment fault (e.g., Lister
and Davis, 1989; Wernicke, 1992; Yin and Dunn,
1992) and may imply a different kinematic history
for the STD. The difference between the STD and a
typical Cordilleran detachment fault system is also
indicated by the lack of syn-extensional, supradetach-
ment basins (e.g., Friedmann and Burbank, 1995;
Dorsey and Becker, 1995; Forshee and Yin, 1995;
Diamond and Ingersoll, 2002; Sozbilir, 2002). For
example, along the entire length of the 150-km-long
Zanskar shear zone, there is not a single syn-detach-
ment sedimentary basin present (Patel et al., 1993).
The sparsely distributed Miocene—Pliocene basins that
have been related to the STD in southern Tibet by
Burchfiel et al. (1992) and Hodges (2000) are all
located in or immediately next to major Neogene
north-trending rifts, making it difficult to differentiate
whether the sedimentation was related to north-direct-
ed STD faulting or younger Neogene cast—west ex-
tension. This problem may be addressed by detailed
sedimentological studies in the near future.

7.1.3. Relationship between the STD and MCT

The wedge extrusion model predicts the MCT and
STD to diverge upward to the south but intersect with
one another at depth to the north (Burchfiel and
Royden, 1985). When considering the geologic rela-
tionships observed in the Zanskar and Bhutan Hima-
laya, this model may require revision in that the MCT
and STD may also join one another to the south in
their up-dip direction. This requires that the GHC be
enclosed completely by the MCT and STD. In the
context of this structural framework, movement on the
MCT and STD would have caused southward extru-
sion of the GHC at its trailing edge and coeval south-
ward intrusion or wedging along its leading edge (Fig.
20A). This kinematic model is similar to that pro-
posed by Yin (2002) for the emplacement of the
Pelona—Orocopia schist during Late Cretaceous—
early Tertiary low-angle subduction of the Farallon
plate beneath the North American craton. Although
the model in Fig. 20A has several similarities to the
classic wedge extrusion model of Burchfiel and Roy-
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den (1985), it requires significant exhumation of the
GHC by eroding off first the THS without the aid of
normal faulting along the STD. The revised wedge
extrusion model also requires the crust at the trailing
edge of the GHC wedge to be thinned due to the
presence of a normal fault ramp in the middle crust
and thickened at the leading edge of the wedge due to
the presence of a thrust ramp (Fig. 20A).

7.1.4. Relationship among the STD, MCT, and GCT

The modified wedge extrusion model (Fig. 20A)
assumes that the STD was unrelated to the develop-
ment of the south-dipping Great Counter Thrust in the
North Himalaya. However, the GCT is one of a few
Himalayan structures that can be traced along the
entire length of the orogen (Fig. 2A). It was active
between 25 and 9 Ma (Harrison et al., 2000), coeval
with motion along the MCT and STD and the devel-
opment of the NHA. The fault has a minimum of 38-
km slip in SW Tibet (Murphy and Yin, 2003) and
possibly >60 km in SW Tibet because the Gangdese
batholith may have thrust underneath the Yala
Xiangbo gneiss dome (Aikman et al., 2004). The
large magnitude of slip along the GCT requires the
fault to interact with the Himalayan structures in the
middle and lower crust. Because the GCT roots south-
ward, it may be linked with the coeval STD that roots
to the north (Yin et al., 1994). That is, movement along
the MCT, STD, and GCT would have caused south-
ward wedging of the GHC between the LHS and THS
(Fig. 20B). This process is similar to the wedge tec-
tonics or the development of a triangle zone in the
southern Canadian foreland fold and thrust belt (Price,
1986). In Fig. 20B, the STD acts as a passive-roof fault
(e.g., Banks and Warburton, 1986). Several workers
also refer the STD as a passive-roof fault assisting
wedge extrusion of the GHC (e.g., J.D. Walker et al.,
1999; Searle et al., 1999a; C.B. Walker et al., 2001;
Vannay and Grasemann, 2001; Vigneresse and Burg,
2002). However, these authors did not consider the
possibility that the STD and MCT may merge with one
another to the south in their up-dip direction.

It is also possible that the wedge extrusion and
passive-roof faulting occurred as two separate events
(Fig. 20C). That is, the STD was initiated as a passive-
roof fault and was later reactivated during southward
wedge extrusion of the GHC. This model predicts
slower cooling during the passive-roof-faulting stage
and rapid cooling during wedge extrusion for the
GHC.

One potential area to examine the deep crustal
relationship among the STD, MCT, and GCT is the
eastern Himalayan syntaxis (Zhang et al., 1992; Burg
et al.,, 1998; Zeitler et al., 2001; Ding et al., 2001),
where a tilted north-south crustal section of the
Himalaya is exposed (e.g., Burg et al., 1998; Burch-
fiel et al., 2002) (Fig. 12). Because granulite facies
of lower crustal rocks are present in the area, one
may expect the MCT to merge with the STD in map
view towards the syntaxis if the GHC were extruded
as a wedge in the fashion of Burchfiel and Royden
(1985). The existing geologic maps of the region
show that the two faults diverge from one another
as they approach the syntaxis: the STD appears to
terminate west of the syntaxis and merge with the
GCT whereas the MCT lies south of the syntaxis
(Fig. 12) (e.g., Ding et al., 2001; Gururajan and
Choudhuri, 2003). Although the MCT is bent about
90° around the syntaxis, the absence of the STD east
of the eastern Himalayan syntaxis (e.g., Gururajan
and Choudhuri, 2003) also suggests that the STD is
most likely an upper crustal structure and does not
root deeply and merge with the structurally lower
MCT. The structural relationships around the eastern
syntaxis are consistent with the “ski-jump” model of
Yin et al. (1994) in which northward down-slope
motion of the north-dipping STD is accommodated
by northward up-slope motion on the south-dipping
GCT.

7.1.5. Alternation of top-north and top-south shear on
the STD

Because the STD and shear zones directly below
and above it experienced alternating top-south and

Fig. 20. Three possible models explaining STD and MCT merging with each other in the up-dip directions. (A) Leading edge intrusion model
for the emplacement of the Greater Himalayan Crystalline Complex along the STD and MCT. It assumes that the STD joins the MCT both in the
up-dip and down-dip directions. (B) Passive-roof-fault model that considers the STD joins with the GCT in its down-dip direction. (C) Early
passive-roof faulting along the STD is superposed later by wedge extrusion and out-of-sequence motion in the STD ramp zone.
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top-north sense of shear (Patel et al., 1993; Vannay
and Hodges, 1996; Searle, 1999; Wyss et al., 1999),
the fault and its related shear zones may have acted as
both active and passive-roof structures, depending on
the structural positions along the roof fault and the
displacement boundary conditions applied on the
north end of the MCT-STD-GCT system against the
Indus—-Tsangpo suture (Fig. 21). For example, the
sense of shear along the STD roof fault could change
from top-south to top-north as a segment of the STD
shear zone moves from the frontal part of the MCT
northward across the STD-MCT branch line (Fig. 21).
This implies that the deformation history of the STD
can be drastically different along its different seg-
ments: some parts with only top-north shear, some
parts with only top-south shear, and some parts with
multiple superposition of top-north and top-south
shears.

7.1.6. Relationship between MCT-I and MCT-11

An important problem for the evolution of the
MCT zone is how its early-middle Miocene motion
was replaced by latest Miocene—Pliocene motion. The
lateral variation of geologic relationships between the
reactivated young MCT zone below (= the Munsiari
thrust) and the older MCT above (= the Vaikrita
thrust= MCT-II) in NW India and Nepal provides a
critical constraint on this process. As noted above,
although the Kishtwar window in the Zanskar Hima-
laya has experienced recent (<10 Ma) uplift and
doming, the base of the GHC does not show musco-
vite cooling ages younger than ~16 Ma (Fig. 14)
(Searle et al., 1999a; Stephenson et al., 2001). This
is in contrast to the observed young cooling ages of 5
Ma in the Garhwal and Nepal Himalaya where the
latest Miocene—Pliocene reactivation of the MCT
zone has been clearly documented. It is likely that
doming over the Kishtwar window in the past 10 m.y.
was related to the incipient development of a blind
thrust (= Munsiari thrust) from below (Fig. 22A),
because the timing of doming between 6 and 2 Ma
(Kumar et al., 1995) overlaps with the timing of
thrusting along the Munsiari thrust (= MCT-I) in
NW India (Catlos et al., 2002a,b). In the Garhwal
Himalaya, the Munsiari thrust in the Kullu—Larji—
Rampur window joins the MCT zone upward (Van-
nay and Grasemann, 2001; Wiesmayr and Grase-
mann, 2002), indicating a duplex relationship as

suggested by Robinson et al. (2003) for the latest
Miocene—Pliocene reactivation of the MCT zone in
Nepal (Fig. 22B). However, the duplex model of
Robinson et al. (2003) is difficult to apply for the
evolution of the MCT zone in the Nepal Himalaya,
because the frontal zone of the MCT as the roof fault
of the duplex may have already ceased motion by 14
Ma (Arita et al., 1997; Johnson et al., 2001). This age
is much older than the 7-2 Ma reactivation in the
MCT root zone. Thus, it is likely that the younger
shear zone (i.e., MCT-I of Arita, 1983; the Munsiar
thrust of Valdiya, 1980) cuts and offsets the MCT-II
above (Fig. 22C), as suggested by Arita et al. (1997)
and Johnson et al. (2001) (Fig. 2A). Out-of-sequence
thrusts in the LHS offsetting the MCT have also been
documented by Schelling and Arita (1991) and Paudel
and Arita (2002). This relationship is consistent with
younger ages of 7-2 Ma for motion on the MCT root
zone in the upper part of the LHS in Nepal (Harrison
et al., 1997a).

Because the amplitude of warping for the GHC
decreases westward from Zanskar to Kashmir, the
slip along the inferred blind Munsiari thrust below
the Zanskar structural dome must diminish westward
beneath Kashmir before it finally reaches the Nanga
Parbat syntaxis. The westward decrease in displace-
ment across the reactivated MCT zone implies that
the cross-sections through the Zanskar, Garhwal and
Nepal Himalaya in fact may represent a sequential
evolution of the Munsiari-MCT-I shear zone from
its incipient stage in the west to the final mature
development in the east (Fig. 22).

7.2. Tectonic relationship between southern Tibet
crust and the Greater Himalaya Crystalline Complex

Although the Himalayan orogen was traditionally
viewed to have been built exclusively within the
Indian crust (Gansser, 1964), the possible mobility
of the Tibetan lower crust due to thermally activated
low effective viscosity (e.g., Zhao and Morgan, 1987;
Bird, 1991; Royden, 1996; Avouac and Burov, 1996;
Shen et al., 2001; Clark and Royden, 2000; Shen et
al., 2001) has raised the question of how the Himala-
yan crust interacted with Tibetan/Asian crust during
the Indo-Asian collision. Nelson et al. (1996) and
Alsdorf and Nelson (1999) suggest that partial melting
in the lower Tibetan crust of the Asian plate was
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widespread. In their model, the partially molten Ti-
betan rocks have been transported continuously via
lower crustal channel flow to the Himalayan orogen
during the Indo-Asian collision. This in turn may have
produced widespread Himalayan leucogranites (e.g.,
LeFort, 1996; Harrison et al., 1998b; Searle et al.,
1999b).

Because the rocks in southern Tibet have been
intensely studied in the past three decades (e.g., Allegre
et al., 1984; Dewey et al., 1988; Liu, 1988; Yin and
Harrison, 2000; Pan et al., 2004), the Nelson et al.
(1996) hypothesis can be evaluated by comparing the
lithologic compositions in the GHC and southern Tibet.
If transportation of Asian middle crust beneath the
southern Tibetan plateau to the Himalaya had occurred,
then the widespread Cretaceous—early Tertiary Gangd-
ese batholith in southern Tibet and the Ladakh batholith
in NW India, as documented by numerous studies
(Schérer et al., 1984, 1986; Xu et al., 1985; Xu,
1990; Harris et al., 1988; Harrison et al., 2000),
would have been exposed in the GHC (Fig. 2A). Geo-
chronological analyses of the GHC so far in the western
and central Nepal have yielded no signal of such rocks
in the GHC (Parrish and Hodges, 1996; DeCelles et al.,
2000). The absence of Asian crust in the GHC of the
Indian plate is also displayed at the eastern and western
Himalayan syntaxes. In both places, tilted crustal sec-
tions of the whole Himalayan orogen are exposed due
to extreme denudation at the core of the syntaxes.
However, in both places, the Indian basement and its
cover sequences are directly juxtaposed against Meso-
zoic arc rocks of southern Asia by the Indus—Tsangpo
suture (Burgetal., 1998; Ding et al., 2001; Whittington
et al., 1999, 2000; Zeitler et al., 2001; Foster et al.,
2002; Argles and Edwards, 2002) (Fig. 2A). Because
the two Himalayan syntaxes form tectonic windows
exposing Indian basement crust and extending >100
km northward into the southern Tibetan blocks (i.e., the
Lhasa terrane in the east and the Kohistan—Ladakh
plutonic belt in the west), the geologic relationships
in the two Himalayan syntaxes support large-scale
underthrusting of the Indian continent beneath Asia

(e.g., Powell and Conaghan, 1973b; Ni and Barazangi,
1984; DeCelles et al., 2002) rather than southward
transport of the Asian crust to the Himalaya (Nelson
et al., 1996).

The absence of Tibetan crust in the Himalaya is also
indicated by the contrasting isotopic compositions be-
tween the two geologic terranes. As discussed above,
the southern Tibetan block is dominated by the Creta-
ceous—early Tertiary plutons and is characterized by
much lower Sr initial ratio and much higher eyng(0)
value than the Himalayan units of the GHC, THS,
and LHS. If the Tibetan crust were extruded via
lower crustal flow as envisioned by Nelson et al.
(1996), then the GHC would show the Sr and Nd
isotopic compositions characteristic of southern Tibet,
which is not the case (e.g., Singh and France-Lanord,
2002; Myrow et al., 2003).

Examining the geology of the North Himalayan
gneiss domes can also test whether or not the lower
ductile crust of Tibet was extruded to the Indian plate.
For example, the Gurla Mandhata gneiss complex was
exhumed by late Miocene detachment faulting, expos-
ing middle crustal rocks (Murphy et al., 2002). Field
observations in this gneiss complex have revealed no
sign of Gangdese plutonic rocks (Murphy et al., 2002).
Similar observations were also made in the Kangmar
dome where Indian basement rocks exhumed from
middle crustal levels are exposed (i.e., Lee et al.,
2000). However, an important exception is noted for
the Yala Xiangbo dome in southeast Tibet, where
Gangdese batholith may have underthrust beneath
the THS along the GCT (Aikman et al., 2004). Be-
cause the North Himalayan gneiss domes are located at
a similar tectonic position between the STD and GCT,
the above interpretation implies that the GCT is the
roof fault of all the gneiss domes.

Although wholesale extrusion of Tibetan lower
crust to the Himalaya can be ruled out, it remains
possible that the subducted Indian continental crust
was returned via channel flow from depths as deep as
90-100 km to the middle and upper crustal levels
(Steck et al.,, 1998; Vannay and Grasemann, 2001;

Fig. 22. Schematic cross-sections showing possible relationship between the early Miocene MCT fault and the reactivated late Miocene—
Pliocene MCT across the Kishtwar window, Kullu—Larji—-Rampur window, and the Nepal Himalaya. The three cross-sections may represent the
sequential development of the late Miocene-Pliocene MCT shear zone (= Munsiari thrust of Valdiya (1980) and MCTI of Arita (1983)). Initially,
the young MCT was developed as a blind thrust. It later extends upward and merges with the older MCT as its roof fault and forms a duplex
system. Further motion along the younger MCT cuts and offsets its roof fault, the older MCT.
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Grujic et al., 2002). This process has been used to
explain the occurrence of UHP eclogite rocks in the
western Himalaya (Chemenda et al., 2000; Kohn and
Parkinson, 2002). However, a return flow transporting
the subducted Indian crust to a shallow crust level is
fundamentally different from the physics and the geo-
logical processes envisioned by Nelson et al. (1996)
and Beaumont et al. (2001). The former is driven by
buoyancy of the Indian continental crust (Chemenda
et al., 2000) while the latter was caused by the lateral
pressure gradient due to differential gravitational po-
tential between Tibet and the Himalaya coupled with
strong erosion (Bird, 1991; Royden, 1996; Beaumont
et al., 2001; Hodges et al., 2001).

7.3. Mechanics of the South Tibet Detachment System

The mechanical origin of low-angle normal faults
has been a subject of debate. This is because origi-
nating low-angle normal faults is mechanically diffi-
cult in the context of Andersonian fault theory
(Anderson, 1951) and requires special boundary con-
ditions or mechanical properties of rocks (e.g., Yin,
1990; Westaway, 1999; Collettini and Sibson, 2001).
Hypotheses proposed so far range from topographic
loading (Spencer and Chase, 1989), basal shearing
due to lower crustal flow (Yin, 1989; Melosh,
1990), and plutonic intrusion (Parsons and Thompson,
1993; cf., Yin, 1993).

Burg et al. (1984a) suggest that the initiation of
the STD was a result of northward gravitational
sliding of the THS along a 15-30° north-dipping
lithologic interface. This hypothesis implies that the
STD originated from a preexisting mechanical
weakness and there should be no matching hang-
ing-wall and footwall cutoffs across the STD. In
contrast, Burchfiel and Royden (1985) interpret the
formation of the STD as a result of topographic
loading by the high-altitude Tibetan plateau, which
caused southward extrusion of a wedge-shaped In-
dian crust between the STD and MCT. The half-
space elastic solution of Burchfiel and Royden
(1985) also predicts low-angle normal faults dipping
southward away from the Tibetan plateau that is
opposite to the observed dip direction of the STD.
Noting that the ductile lower crust may flow from
high- to low-altitude region due to a pressure gra-
dient, Yin (1989) proposes that the coeval develop-

ment of the MCT and STD may have resulted from
a horizontal shear traction induced by southward
flow of the Himalayan lower crust. Later, Yin
(1991) wuses the solution of an elastic wedge
model to speculate that the STD could be a result
of motion on the MCT along which a high pore-
fluid pressure was built up during underthrusting of
the LHS below the MCT. This may have caused
local extension in the top part of the orogenic
wedge. This model predicts that the initiation of
the STD postdates the MCT. Applying the critical
Coulomb wedge model of Dahlen (1984), England
and Molnar (1993) explain the occurrence of the
STD as a result of an overthickened Himalayan
thrust wedge. More recently, Beaumont et al.
(2001) propose that the combination of rapid ero-
sion concentrated along the southern Himalayan
front and a strong contrast in viscosity between
the THS and GHC may lead to the initiation of
the STD as a bounding structure of the mid-crustal
channel flow.

Because the STD has a >100-km-long hanging
wall flat (see cross-sections in Fig. 2), the fault
most likely has originated along a gentle-dipping
lithologic contact. This observation may help re-
solve the mechanical problem of the STD, because
the preexisting weakness could have a much
weaker strength than that of a coherent rock. There-
fore, the problem of initiating a low-angle normal
fault in the Himalaya may become the problem of
how the fault has moved at a low angle, as orig-
inally analyzed by Burg et al. (1984a). This latter
question could be readily resolved by variable
mechanisms such as the presence of high-pore
fluid pressure (e.g., Axen, 1992) or a large magni-
tude of finite extension along a low-angle normal
fault (Forsyth, 1992).

7.4. Erosion-induced upward heat advection and ap-
parent acceleration of exhumation rates

Although cooling rates provide good proxy to
determine the exhumation rates of an orogen, an
increase in cooling rates may not indicate an increase
in exhumation rates (e.g., George et al., 1995). This
is because rapid erosion will cause upward heat
advection in the hanging wall of a thrust (e.g.,
Harrison et al., 1998b) and vertical condensation of
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isotherms with time (Fig. 23). Thus, even with the
same exhumation rate, the cooling rate could in-
crease simply as a result of upward heat advection
due to erosion (Fig. 23). This may be the reason for
the observed acceleration of Pliocene cooling rates in
many parts of the Himalaya (Figs. 14-16).

7.5. Exhumation history of the Himalayan orogen

Exhumation mechanisms, rates, and temporal rela-
tionships to tectonic deformation are some of the
most fundamental issues in understanding orogenic
development (e.g., Hallet et al., 1996; Burbank,
2002). Many workers infer that the GHC has been
exposed at the surface by the early Miocene at or
before ~21-17 Ma (e.g., France-Lanord et al., 1993;
DeCelles et al., 1998b; Najman et al., 2000; White et
al., 2001). However, this inference requires a cooling

(1) Initial stage. Geotherm is assumed

to be 25°C/km
0°C
100°C
200°C
Direction of 300°C
rock movement
with respect to
surface 400°C
4 km/m.y. ==> cooling rate of 100°C/m.y.
(2) Second stage. After rapid erosion,
geotherm increases by a factor of 2 to
become 50°C/km.
0°C
100°C
Direction of 200°C
rock movement 300°C
with respect to
surface ——  400°C

4 km/m.y. ==> cooling rate of 200°C/m.y.

Fig. 23. Hypothetical cases to illustrate the effect of erosion on heat
advection and condensation of isotherms.

rate of ~150 °C/Ma in the early Miocene for the
GHC, which is about a factor of 10 higher than that
actually recorded in the GHC during the same time
interval (Figs. 13—16). Although such high cooling
rates were locally observed in the western Himalaya
(Cerveny et al., 1988, 1989a.,b), they are not repre-
sentative of the whole Himalaya. When the GHC
had reached the surface may be best constrained by
low-temperature  thermochronological data. The
available apatite fission track ages suggest that the
GHC did not reach Earth’s surface until after 10—4
Ma when motion along the STD had completely
stopped (Figs. 13-16).

According to the Himalayan cooling history, UHP
gneiss terranes in the western Himalayan orogen were
exposed at the surface in the Eocene (Figs. 13 and 14).
The early exposure of these rocks having similar
lithologic composition and isotopic signature to the
GHC precludes a simple correlation between the Hi-
malayan foreland sediments and the exposure of the
GHC in the MCT hanging wall (cf., Najman et al.,
2000). This problem is compounded by the fact that
the basal part of the THS also contains abundant
Cambro-Ordovician plutons common to both the
GHC and THS. Thus, the early Paleozoic detrital
zircon ages alone also cannot be used to differentiate
clasts derived from the GHC or THS (DeCelles et al.,
2000; Myrow et al., 2003).

Despite the widespread early Miocene leucogra-
nites exposed at the top part of the GHC with ages
ranging from ~21 to 17 Ma (e.g., Scaillet et al., 1990,
1995; Murphy and Harrison, 1999; Guillot et al.,
1999; Searle et al., 1999b; Dézes et al., 1999), there
has been noticeably no record of detrital monazites or
zircons of this age range in the Miocene Himalayan
foreland basins (DeCelles et al., 1998a; White et al.,
2002).This observation could be an artifact of a small
sample size of detrital zircons. However, the observa-
tion could also imply that the GHC was not exposed
to the surface until after the Miocene.

A possible history of the Himalayan erosion and
deposition is shown in Fig. 24. The Paleogene Hima-
layan foreland basin receives sediments mainly from
southern Tibet, the Indus—Tsangpo suture zone, and
the supracrustal sections of the UHP gneiss terranes in
the western Himalaya and possibly the eastern Hima-
layan syntaxis. In the early Miocene, the foreland
basin receives sediments from the Tethyan Himalayan
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cover sequence and metamorphic clasts from the UHP was not exposed at the surface until after 11-5 Ma
gneiss terranes in the western Himalaya. The high- when high-grade metamorphic clasts first appear in
grade GHC along the axis of the Higher Himalaya the Siwalik Group of the Himalayan foreland basin
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Mid-Cretaceous

Coqin Thrust Belt

M —V

oo UL
EACAT A .-' -+ Early Tertiary

- R
**/* Asia (Lhasa block) ™ ™ * ~

volcanic field

e R
SO <. .7 Gangdese batholith f@ Lo
L S R S g LT T ;o e
L SN gm\xx-\hx\.xx-\ W
L A il 1’{'{" F*{(-’{u"{{-"f
T AL 2 \....\...h—--.‘----Indus—Tsangpo suture. .- NP
— India
A —
. . deposition of suture-zone
future NW Himalaya P!

UHP gneiss terrane dplritu§ and 120-Ma ‘ S
zircons from Gangdese /% - -+~ -
batholith o e

Mid-Cretaceous
Cogin Thrust Belt

ORS .-\,\,.-“‘x Early Tertiary

volcanic field

"
.ff.-'/

Asia (Lhasa block)

<id - \"-'\"\\\\'\l‘\"\-
R A \'.J'f.-'.f.r' Gangdesebalholllh.-

.-'.-'.-'.-'.-'.-'.-'.-'
LR L e S T e S

b e Indus-Tsangpo suturen. S # el gt g

T India
NW Himalaya
UHP gneiss terrane
(exhumation of
Indian cover
and basement
rocks) _a--f

Eastern
Himalayan
syntaxis

Exhumation of
Indian cover
< and basement

\@\cks

Nownf-a-"
" "NUNW Indian

',/ & W. Nepal
foreland
basin

Indus Fan

Fig. 24. Possible exhumation history of the Himalaya and depositional history of the Himalayan foreland basin. (A) In the late Paleocene, the
Himalayan foreland receives sediments mostly from Mesozoic arcs in southern Tibet and the Indus—Tsangpo suture zone. However, the cover
rocks of the Eocene eclogite terranes in northwestern Himalaya and the eastern syntaxis were also significant sources to the foreland basin. (B)
In the Eocene, metamorphic clasts of the Himalayan eclogite terrane and the eastern syntaxis may have started being transported to the
Himalayan foreland and the Indus and Bengal Fans. (C) In the Oligocene, the Himalayan foreland together with the Himalayan thrust belt was
uplifted that leads to the development of the Oligocene unconformity. (D) In the early—middle Miocene, the Tethyan Himalayan strata as the
cover sequence of the GHC began to be eroded. However, GHC was not exposed at the surface. Large amount of metamorphic clasts from the
Himalayan eclogite terrane and eastern syntaxis and igneous clasts from Cambro-Ordovician granites in the basal part of the Tethyan Himalayan
strata were eroded and transported to the Himalayan foreland basin and the Indus and Bengal Fans. (E) In the late Miocene and Pliocene, the
GHC was extensively exposed, leading to deposition of large amount of metamorphic clasts in the Siwalik Group.
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(C) Oligocene (34-21 Ma): Deposition of Upper Subathu in NW India and Bhaiskati Formation in W. Nepal
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Fig. 24 (continued).
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(E) Late Miocene and Pliocene (12-5 Ma): Deposition of Middle and Upper Siwalik Group
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(DeCelles et al., 1998b; Sakai et al., 1999; White et
al., 2001).

Although the structural setting of the UHP eclogite
terranes remains incompletely understood, it appears
that the slab breakoff models of Chemenda et al.
(2000) and Kohn and Parkinson (2002) are the most
plausible explanation for both their rapid exhumation
immediately after the onset of Indo-Asian collision
and their tectonic positions directly next to the Indus—
Tsangpo suture zone. The lack of UHP terranes in the
central and eastern Himalaya may suggest that the
northern margin of the Indian continent was irregular
prior to Indo-Asian collision, with its western part
forming a northward extruding promontory and was
subducting to a depth >100 km in the Eocene (e.g.,
Guillot et al., 1999).

7.6. Origin of the Oligocene unconformity in the
Himalayan foreland

An interesting observation made in the Himalayan
foreland basin is the lack of latest Eocene and Oli-
gocene sedimentary rocks (Table 5). This unconfor-

mity could be either created by non-deposition or
erosion. DeCelles et al. (1998a) suggest that this
unconformity represents a surface of non-deposition
for 15-20 m.y. between the late Eocene to the end of
the Oligocene. They attribute the unconformity to the
development of a broad forebulge ~200 km wide in
the north—south direction as a result of thrust loading
from the Himalayan orogen. Although this model
explains the lack of sedimentation immediately
south of the Himalaya and continuous deposition in
the Bengal Basin and the Kirthar Range farther south
in the Oligocene (Table 5), it does not address the
question of why no record of a prominent forebulge
from the early Miocene after significant crustal short-
ening along the MCT, MBT, and MFT across the
Himalaya (Table 6) (Rao, 1973; Raiverman, 2000).
One possibility is that the Miocene—present forebulge
is buried beneath the Indo-Gangetic depression. If
present, its effect on the modern foreland sedimen-
tation must be limited as no detectable controls by
such a regional structural high have been detected by
subsurface data from the Indo-Gangetic depression
(Rao, 1973; Raiverman, 2000).
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There are at least three alternative explanations for
the Oligocene development of the Himalayan foreland
unconformity:

(1) The absence of the Oligocene deposition oc-
curred during the transition from marine to continental
sedimentation. Thus, it is possible that either the sea
level drop or uplift of the Indian continent caused the
non-deposition in the Oligocene. One possible mecha-
nism is that breakoff of the Indian oceanic slab at the
start of the Indo-Asian collision produces a hot thermal
anomaly and associated mantle upwelling beneath
southern Tibet (Fig. 25A). As the Indian continent
traveled northward, its northern margin started to ride
over this hot thermal anomaly, causing uplift of the
northern Indian continent. Both geologic and geophys-
ical observations from southern Tibet and below the
Indian continent support this hypothesis. (A) Wide-
spread latest Paleocene—Eocene Linzizong volcanic
rocks in southern Tibet may be the expression of this
thermal event, which occurred immediately after the
onset of the Indo-Asian collision (Yin and Harrison,
2000). (B) Seismic velocity anomalies may exist be-
neath India (Van der Voo et al., 1999). It is possible that
the relatively high elevation of the Indian Peninsula
Highlands is currently supported by this thermal anom-
aly in a fashion discussed by Zhong and Gurnis (1993).

(2) The Oligocene Himalayan forebulge could
have been induced by downward pulling of the Indian
oceanic slab rather than by thrust loading from above.
The Indian oceanic lithosphere did not detach and fall
into the mantle until after the early Miocene (i.e.,
Chemenda et al., 2000) (Fig. 25B). Continuous sub-
duction of the Indian lithosphere at a relatively high
angle in the Oligocene is suggested by the presence of
Oligocene granodiorite in the Gangdese batholith in
southeast Tibet (~32 Ma, Harrison et al., 2000) and a
subduction-induced granite of 26 Ma in the Kohistan
arc immediately west of the Nanga Parbat syntaxis
(George et al., 1993). After the oceanic slab was
detached in the early Miocene, the load that had
generated the Oligocene forebulge was removed.

(3) The third explanation (Fig. 25C) is inspired by
the geology of the Shillong plateau south of the
castern Himalaya (Fig. 2A). There, the elevation of
the plateau exceeds 1500 m, much greater than the
~200-m elevation of a forebulge as predicted by the
thrust loading model of Duroy et al. (1989) and
DeCelles et al. (1998a). The Shillong plateau is a

pop-up structure initiated since the early Miocene
(Alam et al., 2003). The structures bounding the
plateau may or may not be linked with the Himalayan
thrust system (Bilham and England, 2001). It is pos-
sible that the Oligocene Himalayan foreland also ex-
perienced a phase of mild contraction as expressed by
a broad uplift such as the Shillong plateau but at a
much larger scale along strike. The motion along the
MCT in the early Miocene provides loading to create
a Miocene foreland basin (Fig. 25B).

7.7. Estimates of Himalayan crustal shortening and
its uncertainties

Current estimates of crustal shortening across the
Himalayan orogen indicate an eastward increase in the
magnitude of shortening. The overall shortening
across the westernmost Himalaya in Pakistan is no
more than 200 km (DiPietro and Pogue, 2004). How-
ever, the minimum amount of crustal shortening
across the central Himalayan orogen ranges from
>750 km in southwest Tibet and western Nepal to
>326 km in eastern Nepal and south-central Tibet
(Hauck et al., 1998), and to >570 km in the Arunachal
Himalaya (Yin et al., submitted for publication).
These estimates are all based on construction of ba-
lanced cross-sections, a technique that requires satis-
faction of several important assumptions:

(1) constant thickness of individual lithologic units
and flexural-slip folding;

(2) forward propagation of thrust development;

(3) no change in rock volume during and after
thrusting; and

(4) the original stratigraphic and structural configu-
ration of the Himalaya prior to Cenozoic thrust-
ing is well understood.

These assumptions are briefly evaluated below in the
context of the Himalayan geology. As shown below,
the existing shortening estimates in the Himalaya
probably represent the minimums.

7.7.1. Constant thickness and flexural-slip folding

The flexural-slip folding mechanism automatically
leads to preservation of constant bed thickness (Dahl-
strom, 1970; Suppe, 1983). The latter is satisfied for
most of the Tethyan Himalayan thrust belt where
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(A)

(1) Late Paleocene to middle Eocene (60-45 Ma)

Lizizong volcanic
eruption

thermal anomaly

Indian
oceanic

slab

(2) Late Eocene to Oligocene (45-25 Ma)

thermal uplift ITS

thermal anomaly

(3) Miocene (20-8 Ma)

decayed thermal anomaly

Fig. 25. Three possible mechanisms for generating Oligocene unconformity in the Himalaya foreland. (A) Breakoff of Indian oceanic slab at the
start of the Indo-Asian collision in the Eocene may have created a thermal anomaly in southern Tibet. Northward moving Indian continent
overrode the thermal anomaly in the Oligocene, causing regional uplift of the Himalayan orogen and its foreland, producing regional
unconformity. The thermal anomaly mostly disappeared in the Miocene due to thermal decay. (B) A forebulge is produced a bending moment
induced by downward pull of the Indian mantle lithosphere after significant amount of supracrustal materials were scraped off along the Indus—
Tsangpo suture (ITS). The magnitude of warping across the bulge increases as more crustal materials of the Indian plate were scraped off and
thus a long Indian mantle lithosphere is being subducted, causing thickening in the Tethyan Himalayan fold-thrust belt and the development of
unconformity in the Himalayan foreland. (C) The unconformity was produced by horizontal contraction, which causes a broad uplift in the
Himalayan foreland south of the present trace of the Main Central Thrust. The MCT was developed within the Oligocene uplift as an out-of-
sequence thrust. Motion on the early Miocene MCT induces foreland sedimentation over the Oligocene unconformity. This mode would require
angular unconformity between Paleogene and Neogene foreland basin strata.
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Fig. 25 (continued).

faults and folds exhibit typical thin-skinned thrust
geometry (e.g., Ratschbacher et al., 1994; Wiesmayr
and Grasemann, 2002; Murphy and Yin, 2003). An
important exception is in the eastern Tethyan Hima-
layan thrust belt where Cenozoic contraction is
expressed by isoclinal folds, slaty cleavage that has
completely transformed the original bedding, and the
occurrence of quartz veins in the folded sequence
indicating significant volume loss (Yin et al., 1999).

The constant thickness assumption is probably in-
valid, but it is difficult to evaluate in the Himalaya. This
is obvious for the GHC, because we do not even know
its original stratigraphic configuration. Some workers

interpret the Precambrian—Cambrian Haimanta Group
in NW India to be the lower-grade equivalent of the
GHC (e.g., Fuchs and Linner, 1995; Steck, 2003). If
this is correct, the original thickness of the GHC was no
more than 2 to 4 km (e.g., Frank et al., 1995; Vannay
and Steck, 1995) (Fig. 3). Given that the GHC in most
places is greater than 5 km and locally exceeds 10 km
(see cross-sections in Fig. 2), it would imply that the
GHC has been thickened by a factor of 2 to 5.
Although the GHC may have been significantly
thickened via ductile deformation such as isoclinal
folding, the spatial distribution and temporal variation
of thermochronologic data over the GHC strongly
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support its upward transport as a coherent thrust sheet,
as discussed above (Figs. 13-16). Burbank et al.
(2003) reach a similar conclusion based on a study
of much smaller area over a time span of a few million
years. Thus, it is possible that the GHC was thickened
via ductile deformation when it was on the way down
by underthrusting but was behaving as a coherent slab
later as it was climbing up the MCT ramp.

If the GHC has been significantly thickened, it
raises the question of why it records a strong flatten-
ing strain (e.g., Law et al., 2004). One explanation is
that the flattening strain recorded in the GHC micro-
structures only reflects stretching of bedding as the
original sedimentary layers were isoclinally folded.
That is, the net result of isoclinal folding is to thicken
the GHC despite local bedding-parallel stretching.
This interpretation indicates that we need to be cau-
tious when using microstructures and finite strain
markers to infer the overall evolution of the Himala-
yan orogen.

The constant thickness assumption may have been
violated also when balancing the Lesser Himalayan
thrust belt. Slaty units such as the Blaini Formation
and Simla Slate of NW India and Kuncha Formation
of Nepal (Table 4) preserve widespread isoclinal
folds, slaty cleavage that completely transposed the
original bedding, and wide occurrence of quartz
veins resulting from pressure solution (=negative
volume strain) (e.g., Gansser, 1964; Valdiya, 1980;
my own observations in NW and NE Indian Hima-
laya and Nepal Himalaya). Many of the quartz veins
in these formations are themselves isoclinally folded
and refolded, indicating a protracted history of fold-
ing and intra-formational thickening. A possible
mechanism for intraformational thickening in the
GHC and LHS is schematically shown in Fig. 26.
If this mechanism dominated during Himalayan
thrusting, area balancing would be a better technique
than the line-balancing method for estimating the
total crustal shortening across the Himalaya
(Laubscher, 1961; also see discussion below).

7.7.2. Forward thrust development

The wvalidity of this assumption has not been
critically evaluated for the Tethyan Himalayan thrust
belt. However, geologic observations show that out-
of-sequence thrusting occurred in the Lesser Hima-
layan thrust belt (Schelling and Arita, 1991; Harrison

et al., 1997a; Wobus et al., 2003, 2005). The obser-
vation that major shallow-dipping thrusts truncate
more steeply dipping thrust imbricates below indi-
cates both the line- and area-balancing methods can-
not yield accurate estimates of crustal shortening if
the offset structures are eroded away as the case in
the Lesser Himalayan thrust belt (Fig. 6). However,
applying line- and area-balancing methods to regions
between the roof and floor thrusts in the Lesser
Himalayan duplex system will yield minimum esti-
mates of crustal shortening.

7.7.3. Volume loss

This is a significant problem for cross-section
balancing because the development of cleavage due
to pressure solution could take up >30-40% negative
dilation strata in a slate belt (= volume loss) (e.g.,
Anastasio et al., 2004 and references therein). For
the case of the Lesser Himalaya thrust belt and the
eastern Tethyan Himalayan thrust belt where slaty
cleavage is well developed, volume loss must be
added in the overall estimates of crustal shortening.
Neglecting its effect would result in minimum esti-
mates of the total crustal shortening as correctly
stated by DeCelles et al. (2001). The processes of
Himalayan anatexis certainly contribute to mass
transfer among Himalayan units in the Cenozoic
(LeFort et al.,, 1987). However, from the regional
map relationship, this effect must be negligible be-
cause the total map area occupied by the Cenozoic
Himalayan granites is no more than 2-3% of the
total Himalayan area (Fig. 2A).

7.7.4. Original configuration of the Himalayan
orogen

The original stratigraphic configuration of the Hi-
malayan orogen is poorly known due to Cenozoic
structural complication. However, current estimates
of crustal shortening in the Lesser Himalayan thrust
belt (e.g., DeCelles et al., 2001) assuming constant
thickness of individual LHS units imply that these
units extend for hundreds of kilometers north of their
present exposure and maintain the same thickness.
This assumption may be valid if these units were
deposited in an epicratonal setting where individual
units can be continuous for hundreds of kilometers
such as in the case for the early Paleozoic strata in
North China (e.g., Wang, 1985) and lower Precam-
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Possible mechanism for intraformational thickening of GHC.

Stage 1: crustal thickening of the Haimanta Group by pure shear in the middle and lower crust.
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Fig. 26. Possible mechanisms for intra-formational thickening and thrust translations in the GHC and LHS.

brian—Cambrian strata in western North America
(Stewart, 1972). These sections are typically less
than 2 km thick, in contrast to the estimated thick-
ness of >8 km for the LHS (e.g., Upreti and LeFort,
1999) (Fig. 3). Such a thick section indicates that
most of the Proterozoic LHS were deposited in a

continental slope setting where the thickness of indi-
vidual lithofacies may increase by a factor of 2 or
greater from the shelf edge to the base of the slope
such as in the cases of the North American Cordillera
(e.g., Armstrong, 1968) and the eastern Atlantic mar-
gin (e.g., Sheridan, 1976). Line balancing does not
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change the result of shortening estimates, but the
projected depth to the basal detachment might be
too shallow if the variation of thickness for individ-
ual stratigraphic units is not accounted for. Using
area-balancing techniques, the effect of a linear
change in bed thickness may be considered by mea-
suring the taper angle and the structural relief area, as
formulated in Fig. 27.

7.8. Reversal of the great Himalayan drainage sys-
tems in northern India: the Wadia hypothesis

It has been long noted that the current Himalayan
drainage system is asymmetric, with the Indus River
System covering about one-fifth of the Himalayan
range and the rest by the Ganges and Brahmaputra
River systems (Fig. 1A). This asymmetric pattern
corresponds well with the smaller Indus Fan depos-
ited in the Arabian Sea and the much bigger Bengal
Fan in the Bay of Bengal; the Bengal Fan is three
times bigger and two times thicker than the Indus
Fan (Clift et al., 2001; cf. Curray and Moore, 1971).
Wadia (1953) was perhaps the first geologist to
explicitly propose that the east—west trending Hima-
layan drainage system in the foreland reversed the
flow direction in the Pliocene after the deposition of

(A) Constant bed thickness

d=Ah A
A
d L
> A
R R .
h
hb A 1a |

the older part of the Siwalik Group: first flowing to
the west across entire northern India parallel to the
Himalaya from Assam, to Panjab, and finally to the
Arabian Sea and then to the east (p. 55-57, Wadia,
1953). He made this argument based on the follow-
ing observations and inferences:

(1) the Siwalik sedimentary belt widens westward
indicating westward retreating of a flood plain
system,

(2) paleocurrent indicators in the Siwalik Group
show westward flowing directions; and

(3) the Cenozoic shallow sea in northern India
retreated progressively westward from NE
India in the Eocene to western Pakistan in the
Miocene (Qayyum et al., 1996).

Wadia (1953) believes that the westward-flowing
drainage along the whole northern edge of India
existed throughout the deposition of the Siwalik
Group from Miocene to Pliocene time and termed
the river the Indobrahm River following the usage
of Pascoe (1910). In the Pliocene or later, the Ganges
River broke through the Rajmahal-Garo Gap and
starts to carry the sediments to the Bay of Bengal. If
we modify the Wadia hypothesis slightly and assume

-

Displacement d may be solved from

A = [2l tan(or) + d tan(or) + 2h]d/2

where o, thickening angle; /, final length of cross section;
A, structural-relief area

Fig. 27. (A) Area balancing under constant bed thickness. (B) Area balancing when section thickens linearly.
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the Rajmahal-Garo Gap was first opened in the early
Miocene, we may explain the observation in the Ben-
gal Basin that did not receive Himalayan detritus until
after the beginning of the Miocene (Uddin and Lund-
berg, 1998a,b). Unaware of the Wadia hypothesis,
DeCelles et al. (1998a) independently propose that
the paleo-Ganges River was first flowing westward
in the early Miocene and then changed the flow
direction to the west in the middle Miocene (p. 732,
DeCelles et al., 1998a).

Two alternative models have also been proposed
for the evolution of the Indus and Ganges systems.
The first is by Brookfield (1998) who considers the
current Himalayan drainage systems to have
remained approximately the same configuration
since the start of the Indo-Asian collision (see Fig.
23 of Brookfield, 1998). Raynolds (1980, 1981)
found that late Pliocene Siwalik strata in the west-
ernmost Potwar Plateau preserve dominantly south-
eastward paleocurrent indicators. His conclusion was
later expanded to the entire Potwar Plateau by Bur-
bank and Beck (1991) who show this southeastward
flow pattern lasted between 10 and 5 Ma in the
latest Miocene and early Pliocene and changed to
a southward flow pattern since 5 Ma in the late
Pliocene. Burbank and Beck (1991) further suggest
that the Indus River at this time joined the Ganges
River to form a longitudinal drainage flowing east-
ward. Given the complex structural pattern in the
Potwar plateau and the Salt Range, their paleocur-
rent data may be explained by the interaction be-
tween the Indus River and an evolving thrust
system. That is, the Indus River may be an eastward
flowing river north of the rising Salt Range and
joined the southward flowing Jhelum River during
deposition of the 10-5 Ma Siwalik sediments. The
current straight course of the Indus River across the
Indus River syntaxis (Fig. 1A) was later established
at 5 Ma due to drainage focusing by the develop-
ment of the Indus River syntaxis and associated
headward erosion. The new course of the Indus
River cuts straight to the south across the Salt
Range through the Indus River syntaxis and aban-
doned its older east-flowing course. In this alterna-
tive interpretation, the upper reaches of the Indus
drainage system had only one trunk prior to 5 Ma
and has become two since with the Indus River to
the west and the Jhlem River to the east. This

interpretation predicts that there were no east-flow-
ing rivers of Miocene age east of the Jhlem River,
consistent with the observation that the early Mio-
cene west-flowing rivers were present in Nepal
(DeCelles et al., 1998a).

If the Wadia hypothesis is correct, even in a general
sense, with the timing of drainage reversal to be deter-
mined, it raises an interesting question of (1) at what
time scale this switch was accomplished, and (2) why
the northern Indian continent changes tilting direction
from sloping to the west first then to the east during the
Cenozoic Indo-Asian collision. For the first question, I
speculate that the switch in drainage flow direction was
progressive and took place on a time scale of > 10 m.y.
For the second question, I suggest that this switch may
be induced by the competition or combination of the
following two factors: (1) eastward younging of dia-
chronous initial contact between India and Asia (e.g.,
Rowley, 1996; Yin and Harrison, 2000; cf., Ding et al.,
2003) and (2) a westward decrease in India—Asia con-
vergence rate over the Cenozoic (e.g., Patriat and
Achache, 1984; Dewey et al., 1989; Le Pichon et al.,
1992). To account for the Miocene paleocurrent data in
the Himalayan foreland basin and the depositional
history of the Bengal Basin, I propose a speculative
model below that is revised from the proposals of
Wadia (1953) and DeCelles et al. (1998a).

Stage A (60—40 Ma) (Fig. 28A). Initial collision
between India and Asia occurred at the northwestern
corner of the Indian continent. Thrust loading causes
northwestward tilting of northern Indian continent and
development of a foreland basin hinge zone trending
northeast. The major Himalayan drainage systems ei-
ther flow westward into the Arabian Sea or to the
North India Seaway during this time. The Bengal
Basin and the proto-Bengal Fan may be developed
on the east-central Indian continental margin, receiv-
ing sediments exclusively from the Peninsula High-
lands of the Indian craton. After completion of the full
contact between India and Asia sometime between 50
and 45 Ma, the eastern part of the Indus—Tsangpo
suture zone and its neighboring regions starts accumu-
lating crustal shortening at a faster rate than along the
western segments of the suture zone. As a result, the
tectonic load increases in the east faster than in the
west of the Himalaya, causing progressive westward
migration of the drainage divide between the Indus and
Ganges systems.
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Stage B (40-20 Ma) (Fig. 28B). The total magni- of strain accumulation since the onset of the Indo-
tude of crustal shortening is still higher in the western Asian collision. As a result, northwestward tilting of
than in the eastern Himalaya due to a longer duration Indian continent keeps the Himalayan rivers flowing

60-40 Ma 40-20 Ma
Asia Euphrates-like river system Eastward decrease Asia

in shortening and eastward
migration of drainage divide

- Tethys —A
Indus Ry S-A-_ 4
fan Bengal do\;\'“‘_‘.‘..-““‘ Bengal
basin \“ basin

paleo-Ganges

Paleocene- Indus iver

Eocene fan

North India \_/‘

Sea Way tp;ltl)to-Bengal tp;l(:to-Bengal
India

(A) (B)
westward migration of
20-15Ma 15-10 Ma drainage divide by river
. . capture
Asia headwater erosion Asia captured

and capture of the rivers

Bramhputr River

westward migration ofe—
drainage divide

' i

Rajmahal-Garo Rai.(tilalésa
India India | gengal
© (D) fan

westward migration of

westward migration of
10-5 Ma drainage divi%e by river 5-0 Ma drainage divide by river
capture

i capture .
Asia captured Asia captured
rivers

rivers

Muzaffarnagar
Ridge
(DMR)

Faizabad
Ridge (FR)

India

Bengal
fan



A. Yin / Earth-Science Reviews 76 (2006) 1-131 107

westward. They either enter the Arabian Sea or are
drained to the North India Seaway during its westward
retreat. At the same time, erosion from the Peninsula
Highlands continuously sheds sediments to the proto-
Bengal Fan. The situation is much like the Euphrates
drainage system in Syria and Iraq of Middle East in
the Eurasia—Arabian collisional system.

Stage C (20-15 Ma) (Fig. 28C). As the total
amount of crustal shortening increases faster in the
eastern Himalaya than in the western Himalaya due
to a faster convergence rate between India and
Asia, the northeastern corner of Indian continent
starts to tilt northeastward while the majority of
northern India remains tilting northwestward. The
opposite tilting direction in the northeast and north-
west parts of India creates a drainage divide in the
Himalaya. The Rajmahal-Garo ridge trending at a
high angle to the Himalayan front may be the first
divide formed between the west-flowing and east-
flowing river systems in the Himalayan foreland.
This hypothesis is based on the observation that
the current Indus-Ganges divide is separated by a
structural ridge (i.e., Delhi-Mazaffarnagar ridge;
Fig. 1A) that trends nearly perpendicular to the
Himalayan orogen. This interpretation predicts a
systematic westward increase in the amplitude of
the drainage divide because the Himalayan thrust
load may have increased with time as finite strain
has accumulated. Due to headward erosion, the
paleo-Ganges River eventually breaks the hinge

zone at the Rajmahal-Garo Gap and starts captur-
ing the Himalayan rivers.

Stage D (15-10 Ma) (Fig. 28D). As the total crustal
shortening increases faster in the eastern Himalayan
orogen than in the western Himalayan orogen, the
Himalayan drainage divide migrates farther to the
west. The migration of the divide may not be a
continuous process but instead in discrete jumps pos-
sibly due to the dynamic instability of the drainage
network that has been constantly affected by Himala-
yan tectonics. This leads to the formation of the
Manghyr—Saharsa ridge as the new divide in the
west and the abandonment of the Rajmahal-Garo
ridge as the old divide in the east.

Stage E (10-5 Ma) (Fig. 28E). As the thrust load
increases in the eastern Himalayan orogen and more
sediment accumulates in the Bengal Fan, a new drain-
age divide (the Faizabad ridge) formed farther west.
This has forced the Himalayan river system to transport
more sediment to the Bengal Fan than to the Indus Fan.

Stage F (5-0 Ma) (Fig. 28F). A similar process
occurs as in Stage E, during which a new drainage
divide, the Delhi-Muzaffarnagar ridge forms farther
west of the old divide.

The above model makes the following testable
predictions:

(1) the Himalayan drainage divide migrates west-
ward in a discrete fashion;
(2) its amplitude increases westward,;

Fig. 28. Evolution of the Himalayan drainage systems as a result of diachronous collision and eastward increase in convergence rate between
India and Asia. (A) 6040 Ma. Initial collision between India and Asia occurred at the northwestern corner of the Indian continent. Thrust
loading at the northwestern corner of India caused northwestward tilting and development of a hinge zone trending northeast. The major
Himalayan drainage systems either flow westward into the Arabian Sea or to the North India Seaway. Meanwhile, the proto-Bengal Fan is
developed on the westside of Indian continent receiving sediments only from the Peninsula Highlands. (B) 40-20 Ma. The total magnitude of
crustal shortening is still higher in the western than in the eastern Himalayan orogen due to a longer duration of strain accumulation since the
onset of the Indo-Asian collision. As a result, northwestward tilting of Indian continent keeps the Himalayan rivers flowing westward. They
either enter the Arabian Sea or are drained to the North India Seaway during its westward retreat. At the same time sediments from the Peninsula
Highlands continuously provide the sediments to the proto-Bengal Fan. (C) 20—15 Ma. As the total amount of crustal shortening increases faster
in the eastern Himalaya than in the western Himalaya due to a faster convergence rate between India and Asia, the northeastern corner of Indian
continent starts to tilt northeastward while the majority of northern India remains tilting northwestward. The opposite tilting direction in the
northeast and northwest parts of India creates a drainage divide. I suggest that Rajamahal-Garo ridge aligned at a high angle to the Himalayan
front is the first divide formed between the west-flowing and east-flowing river systems in the Himalayan foreland. Due to headward erosion,
the paleo-Ganges River eventually broke the hinge zone at the Rajmahal-Garo gap and started capturing Himalayan rivers. (D) 15-10 Ma. As
the total crustal shortening increases faster in the eastern than in the western Himalayan orogen, the drainage divide farther migrates to the west.
The migration of the divide may not be continuous but instead in discrete jumps. This leads to the formation of the Manghyr—Saharsa ridge as
the new divide and the abandonment of the old divide in the east. (E) 10-5 Ma. As the thrust loading continues to increase in the eastern
Himalayan orogen a new drainage divide (the Faizabad ridge) formed further to the west, making the Himalayan river system transporting more
materials to the Bengal Fan than to the Indus Fan. (F) 5-0 Ma. A similar process occurs as in stage (E), during which a new drainage divide, the
Delhi-Muzaffarnagar ridge formed.
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(3) the older west-flowing drainages are systemati-
cally captured by the younger east-flowing drai-
nages from east to west;

(4) the Indus Fan was the main repository of the
Himalayan sediments in the Paleogene while the
Bengal Fan was the main repository of the
Himalayan sediments in the Neogene;

(5) there might be a sudden increase in sedimentary
flux in the early Miocene during the Rajmahal—
Garo Gap was first broken through; and

(6) the fluctuation of sedimentary fluxes into the
Bengal and Indus Fans may be strongly influ-
enced by the development of the foreland basin
hinge zone rather than climate change alone
(Burbank et al., 1993).

8. Kinematic evolution of the Himalayan orogen

A possible kinematic model for the evolution of the
Himalayan orogen is shown in Fig 29. The main basis
of the model is the along-strike variation of the Hi-
malayan geology, which is treated as recording se-
quential development of the orogen. Thus, the
evolutionary cross-sections shown in Fig. 29 can
also be viewed as along-strike variation of the Hima-
layan architecture. That is, Fig. 29B represents struc-
tural configuration of the Pakistan Himalaya, Fig. 29C
represents the Kashmir Himalaya with the synform
between two hanging-wall anticlines as the Kashmir
basin, and Fig. 29D represents the Kumaon and Nepal
Himalaya with the long and flat MCT hanging wall in
front of the younger MCT-I as the Lesser Himalayan
Crystalline Nappes.

(A) Late Paleocene and early Eocene (60-50 Ma).
Indian continent was subducted beneath Asia to depth
of >100 km. A segment of the crust was subsequently
returned from a depth at >100 km to a depth 20-15
km in the middle crust. The supracrustal strata above

the UHP gneiss complex were eroded and transported
to the Himalayan foreland at this time (Fig. 29A).

(B) Eocene and early Oligocene (45—-24 Ma). The
Tethyan Himalayan fold-thrust belt was developed as
a result of farther continental subduction and crustal
thickening of the Indian crust (Ratschbacher et al.,
1994; Wiesmayr and Grasemann, 2002), using the
STD as its basal thrust (Patel et al., 1993; J.D. Walker
et al., 1999, C.B. Walker et al. (2001); Wiesmayr and
Grasemann, 2002) (Fig. 29B). This resulted in depo-
sition of Eocene—lower Oligocene strata in the Hima-
layan foreland basin and prograde metamorphism of
the GHC in the northern Indian margin (e.g., DeCelles
et al., 1998a; Searle et al.,, 1999a; Hodges, 2000).
Interpreting the STD as originating from a top-south
thrust (Patel et al., 1993; Wiesmayr and Grasemann,
2002) is not only consistent with the kinematic anal-
yses that show the STD had experienced early top-
south shear (also see Dézes et al., 1999; Grujic et al.,
2002), but also explains the protolith of some high-
grade GHC rocks that are apparently younger than the
THS (Honegger et al., 1982; J.D. Walker et al., 1999).
Note that the upper Paleozoic to Mesozoic Gondwana
Sequence (unit GW) in the Lower Himalaya is the
epicratonal equivalent of the THS deposited in the
shelf-edge and continental slope settings in the Higher
and North Himalaya (Stocklin, 1980; Brookfield,
1993; Frank et al., 1995; Steck et al., 1998).

(C) Late Oligocene—early Miocene (24—20 Ma).
Initiation of the MCT may have caused reactivation
of the STD as a roof fault to accommodate crustal
thickening during emplacement of the GHC over the
LHS (Fig. 29C). Because the STD was reactivated
from a south-directed thrust, it locally exhibits a
north-dipping normal fault ramp in the middle crust
that allows the fault to truncate early isograds in its
footwall and to cause local extension in its hanging
wall. This model specifically explains why the War-
wan backthrust and Zanskar shear zone in the Zanskar

Fig. 29. Structural evolution of the Himalaya. (A) Late Paleocene (60—50 Ma): Indian continent was subducted beneath Asia to depth of >100
km. A segment of the crust returned to the middle crust by 50-45 Ma. The supracrustal strata were eroded and transported to the Himalayan
foreland. (B) Eocene and Oligocene (45-24 Ma): development of the Tethyan fold-thrust belt and thickening of northern Himalayan crust.
STD(th) is the basal thrust for the Tethyan Himalaya fold-thrust belt that was later reactivated as the South Tibet Detachment (STD). The
Tethyan Himalayan Sequence includes the terrestrial and marine Carboniferous—Permian strata of the Gondwana Sequence in the Lesser
Himalayan zone marked as the GW/THS unit. (C) Late Oligocene—early Miocene (2620 Ma): Initiation of MCT and reactivation of STD as a
normal fault. (D) Early—middle Miocene (20—15 Ma): MCT broke the surface and created the Lesser Himalaya duplex system. MCT2 marks the
position of the late Miocene-early Pliocene reactivated break-back thrust in the hanging wall of the original MCT. (E) Late Miocene-early
Pliocene (7—4 Ma): The younger reactivated MCT zone carrying part of the Lesser Himalayan Sequence cut and offset the older roof fault MCT.
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Himalaya NW India truncate the metamorphic iso-
grads in their common footwall and lower- over
higher-grade rocks across the STD (Honegger et al.,
1982; Herren, 1987; Searle et al., 1992; Dézes, 1999;
Dézes et al., 1999).

(D) Early-middle Miocene (20—15 Ma). The MCT
broke the surface (Fig. 29D). Northward motion on
the STD was accommodated by slip on the south-
dipping and north-directed GCT. Movement on the
GCT was in turn associated with northward propaga-
tion and development of a thrust duplex beneath the
North Himalayan Antiform, causing local north—south
extension above the ramp and progressively younger
cooling ages to the north above the antiform (Lee et
al., 2000). I envision that the development of the
North Himalayan Antiform is similar to the Ruby
Gap duplex of central Australia (Dunlap et al.,
1997). There, forward development of a mid-crustal
ductile duplex system caused a systematic decrease in
cooling age in the thrust transport direction. Although
the Tethyan Himalayan strata above the STD and
GCT were translated northward relative to the GHC,
they are transported southward with respect to the
Indian basement beneath the GHC and LHS. Because
the GCT has a minimum slip of 38 km in the central
Himalaya (Murphy and Yin, 2003) and could be
greater than 60 km in the eastern Himalaya, it is
also possible that the mélange complex along the
Indus—Tsangpo suture zone, the Xigaze forearc
basin, and even portion of the Gangdese batholith
were thrust beneath the GCT and now lie below the
northern part of the North Himalaya. That is, the
model also permits the subduction of the southern
Lhasa block beneath the GCT. This required relation-
ship is superficially similar to the prediction of the
channel flow model. However, the mechanism of
Asian rocks tectonically juxtaposed beneath the THS
rocks is fundamentally different in the ski-jump model
of Yin et al. (1994) that is shown in Fig. 29D.

(E) Late Miocene—early Pliocene (7—4 Ma). The
reactivated lower MCT zone cuts across the upper
MCT above (Fig. 29E). Motion on the MBT and
development of the Lesser Himalayan duplex sys-
tem has caused folding of the MCT and STD.
Although the STD is shown to be terminated by
late Miocene time because it is folded in the west-
ern Himalaya, it does not preclude the possibility
that the STD has been locally reactivated in the

Pliocene and perhaps even remains active in the
Holocene (Hodges et al., 2001; Hurtado et al.,
2001). The predicted relationship between the
older MCT (= MCT-II = Vaikrita thrust) and the
reactivated younger MCT (MCT-I = Munsiari
thrust) has been documented by Arita et al. (1997)
and Johnson et al. (2001) in Nepal.

9. Future tasks in the Himalayan research

Several tasks require urgent attention in the future
Himalayan research:

(1) Systematic mapping around the Kishtwar
and Kullu-Larji-Rampur windows to determine
the structural relationship between the MCT and
STD.

(2) A systematic sampling of the Tethyan Himala-
yan strata for determination their Sr and Nd composi-
tions, particularly in the Pakistan Himalaya and
eastern Himalayan orogen. This will help correlate
sediments in the Himalayan foreland basin and the
Bengal and Indus Fans with their potential source
areas.

(3) Investigating the Himalayan foreland strata to
detect the first appearance of early-middle Miocene
detrital zircons and monazites of the Higher Hima-
layan leucogranites. These clasts are probably the
best indicators for determining when the GHC was
first exposed at the surface. As the leucogranites are
much more voluminous in the eastern Himalaya such
as in Bhutan (e.g., Gansser, 1983) than in the west-
ern and central Himalaya, the study of this kind may
be best executed in the eastern Himalayan foreland
basin.

(4) Investigating the Nd and Sr compositions of
the lowest Cretaceous and Paleocene Amile Forma-
tion to test whether it was derived from the Indian
craton or from the Gangdese batholith of southern
Tibet. This has important implications for when
India was first collided with Asia.

(5) Detailed field mapping around the eastern
Himalayan syntaxis to determine the structural rela-
tionship between the GCT and STD. This would help
elucidate the deep crustal relationship between the
two major Himalayan structures that in turn will help
test several first-order tectonics models for the evo-
lution of the Himalaya.
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(6) Detailed sedimentologic and structural studies of
the scattered Miocene—Pliocene sedimentary basins in
the North Himalaya. This will test whether the deposi-
tion of these basins were related to the development of
Miocene north-directed normal faulting along the STD
or younger east-west extension along the Neogene
north-trending rifts.

(7) It remains unclear whether the Paleocene Sea-
way in North India was retreating unidirectionally to
the west or bi-directionally to the east and west
simultaneously in the Oligocene. This question is
important because the initial river flow direction
may be correlated with the younging direction of
diachronous collision such as in the case of the Ara-
bia—Eurasia collision in the Middle East. In that col-
lisional system, the Euphrates River system flows
eastward to the Persian Gulf in the younging direction
of initial collision between the two continents. One
can certainly assert that if the north-central part of
northern India was diamond shaped and first touched
the southern margin of Asia as proposed by Treloar
and Coward (1991) and Ding et al. (2003), two river
systems with one flowing to the east and the other
flowing to the west may have developed along the
Indus—Tsangpo suture zone. Unraveling depositional
settings of the Cenozoic strata along the Indus—
Tsangpo suture zone may not only constrain the
timing for the onset of Indo-Asian collision, but
may also provide insight into how the diachronous
collision was actually accomplished.

(8) U-PD detrital zircon studies are needed for the
Cenozoic strata in the Bengal Basin. This will test
when the Rajmahal-Garo Gap was first opened, be-
cause the basin sediments deposited before its open-
ing would be exclusively derived from the Indian
craton, while sediments deposited after its opening
should have a significant input from the Himalayan
orogen.

(9) It remains unclear whether the variation in the
flux of sediments in the Bengal and Indus Fans result
from a synchronous regional or global change of
climate conditions, a change in the mode and intensity
of tectonic activity, the dynamic evolution of the
Himalayan drainage system, or a combination of all
these processes.

(10) A series of deep crustal reflection profiles
should be conducted across the Himalaya from west
to east in order to constrain along-strike variation of

structural geometry of the orogen and its three-dimen-
sional evolution.

(11) The role of Carboniferous rifting in northern
India in shaping the pre-Cenozoic Himalayan strati-
graphic framework needs to be carefully evaluated.

10. Conclusions

(1) Geologic thinking on the development of the
Himalayan orogen is parallel to research histories of
many other prominent problems in geosciences.
That is, we “place special emphasis on a selective
conjecture, based typically on the initial observation
or recognition of a phenomenon, which is thereafter
given privileged status over alternate interpretations”
(Dickinson, 2003). In the case of the Himalaya, this
is reflected in its basic divisions that mix geographic
division with structural and stratigraphic divisions.
This tradition has limited our ability to decipher
the true three-dimensional variation of the Hima-
layan architecture. To overcome this problem, a
new set of Himalayan terminology is proposed
that emphasizes independent and objective divi-
sions of Himalayan stratigraphy, structures, and
topography.

(2) The major Himalayan stratigraphic units of
the Greater Himalayan Crystalline Complex, the
Tethyan Himalayan Sequence, and the Lesser Hi-
malayan Sequence were all deposited in a single
north-facing continental margin in the Proterozoic
and Cambrian—Early Ordovician. However, their
current distribution results from an Early Ordovician
contractional or extensional orogeny, Carboniferous
rifting, and large-scale Cenozoic thrusting. Specifi-
cally, a north-dipping Carboniferous normal fault
system may have existed between the presently
exposed Tethyan and Lesser Himalayan Sequences.
Its motion may have led to the removal of Ordo-
vician—Carboniferous strata from most of the Lesser
Himalayan Sequence and deposition of a thick Car-
boniferous section in the Tethyan Himalayan Se-
quence. The Cenozoic Main Central Thrust may
have been reactivated from a Carboniferous north-
dipping normal fault, resulting in the juxtaposition
of younger and higher-grade metamorphic rocks
over older and lower-grade metamorphic rocks
across the MCT.



112 A. Yin / Earth-Science Reviews 76 (2006) 1-131

(3) Elevation of the Himalayan orogen increases
systematically eastward along strike. In northern
Pakistan, the western Himalaya, its highest elevation
is generally below 4000 m, with high peaks of >7000
m located exclusively north of the Indus—Tsangpo
suture in the Karakorum Mountains, Parmirs, and the
Kunlun Shan. In the central and eastern Tibet, the
highest peaks are all located south of the Indus—
Tsangpo suture in the Himalayan orogen. This change
in elevation is associated with progressively narrowing
of intermontane basins in the southern Himalayan
orogen. The along-strike variation of the Himalayan
topography may result from:

(a) concentration of shortening north of the suture
in the western Indo-Asian collision zone and
concentration of shortening south of the suture
in the central and eastern Himalayan orogen;

(b) eastward increase in total shortening; and

(c) variation in thrust spacing and depth to the
master decollement.

(4) The first-order Himalayan architecture and the

kinematic properties for the Himalayan evolution are
characterized by:

(a) The MCT and STD are subparallel structures;
both are folded concordantly and exhibit long
flats of over 60-100 km in their north—south
transport directions.

(b) The MCT has a frontal ramp beneath the Higher
Himalaya and a major lateral ramp in the west-
ern Himalayan orogen.

(c) Amphibolite facies rocks are exposed above the
MCT in the eastern Himalaya whereas low-
grade phyllite is exposed above the MCT in
the western Himalaya, possibly as a result of
an eastward increase in crustal shortening and
erosion along the Himalayan orogen.

(d) Out-of-sequence thrusting dominates the Ceno-
zoic geology of the Lower Himalaya.

(e) The Miocene MCT and STD merge with one
another in their up-dip direction to the south
and may interact with the coeval Great Counter
Thrust at a middle or lower crustal level beneath
the North and Higher Himalaya.

(5) The STD was initiated as a thrust as evidenced
by (a) early top-south fabrics, (b) locally preserved

higher-grade over lower-grade relationship (Anna-
purna of Nepal), and (c) locally preserved older
over younger relationship (Zanskar of NW India). It
was later reactivated as a top-north shear zone and in
places was superposed by the even younger top-south
shear. This repeated alternation of top-north and top-
south shear might be explained by the alternation
of passive-roof and active-roof thrusting during em-
placement of the high-grade Greater Himalayan Crys-
talline Complex.

(6) Although it is well known that the Main
Central Thrust, the South Tibet Detachment, and
Great Counter Thrust were all active in the Miocene,
their initiation ages and potential diachronous devel-
opment along the Himalayan orogen remain un-
known. Using the development of the Shillong
plateau as a modern analogue, it is possible that
the major faults in the Himalayan orogen were ini-
tiated either in its eastern or western ends and then
propagated laterally. Much research is needed to test
this hypothesis.

(7) Exhumation rates in the Himalayan orogen are
strongly dependent on the mode and magnitude of
deformation. That is, the location and duration of
structural uplifts decide the spatial extent and rates
of erosion. Climate conditions do not seem to have
exerted a first-order control in the distribution of
exhumation rates. Specifically, exhumation rates in
the Himalaya reached three peaks:

(a) during 55-45 Ma at a rate of ~40 mm/yr in
small ultra-high pressure metamorphic terranes
along the western Indus—Tsangpo suture zone;

(b) during 12-8 Ma at a rate of 6-7 mm/yr in
northern Himalayan gneiss domes; and

(c) since 7 Ma at a rate of 3—5 mm/yr in the central
Himalaya above the reactivated MCT zone.

Excluding these localized high rates of exhumation,
most of the Himalayan orogen was exhumed at a rate
between 0.1 and 1.0 mm/yr. The clear correlation
between high exhumation rates and local structural
development suggests that the rate and magnitude of
deformation, not the climate condition, have played an
important role in deciding where and how fast Hima-
layan exhumation occurs.

(8) The Nd and Sr isotopic compositions and U-Pb
detrital zircon ages between southern Tibet and the
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Himalayan units are distinguishable. Although the Nd
and Sr isotopic compositions of the Proterozoic LHS are
significantly different from those of the GHC and THS,
the Cambrian strata of the LHS share similar Nd com-
position and detrital zircon ages of the GHS and Cam-
brian THS.

(9) Nd and Sr isotopic compositions of the Pa-
leocene—Eocene foreland basin strata from NW India
suggest that clasts from southern Tibet may have
been transported across the Indus—Tsangpo suture
to the Himalaya during their deposition. The detrital
zircon ages from the lower Paleocene strata in west-
ern Nepal hint at the possibility that the contact
between India and Asia was already established by
this time.

(10) From the first appearance of metamorphic
minerals in the Siwalik sedimentary rocks, the Greater
Himalayan Crystalline Complex excluding those ex-
posed in the two syntaxes and Eocene UHP terranes
was not exposed at the surface until after about 11-5
Ma in the Himalaya. This young exposure age is at
least 10 m.y. younger than the previously interpreted
exposure age of the GHC.

(11) The flow direction of the main Himalayan
drainage system in the northern Indian continent
may have changed dramatically during the Indo-
Asian collision. Specifically, the Indus and Gangd-
ese rivers may have once joined together and flo-
wed westward in Paleogene and possibly early
Miocene time. The modern Gangdese River was
developed by headward erosion from a river system
that drained only the western Indian craton and was
not linked with the Himalayan drainage system
until the opening of the Rajmahal-Garo Gap in
the Miocene.

(12) Eocene slab breakoff of the Indian plate may
have created a thermal anomaly beneath the southern
Tibet when it was located some 2000 km south of its
present position. When north-moving India was over-
riding this thermal anomaly in the Oligocene imme-
diately after the slab breakoff event, the entire
continent was raised above the sea level and caused
the development of the widespread Oligocene uncon-
formity in the northern Indian continent. As the ther-
mal anomaly decades with time, thrust loading
resumes as the main mechanism of creating accom-
modation space for sedimentation in the Himalayan
foreland basin.
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