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Geology of the NW Indian Himalaya

ALBRECHT STECK
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ABSTRACT

This review paper deals with the geology of the NW Indian Himalaya situated
in the states of Jammu and Kashmir, Himachal Pradesh and Garhwal. The
models and mechanisms discussed, concerning the tectonic and metamorphic
history of the Himalayan range, are based on a new compilation of a geologi-
cal map and cross sections, as well as on paleomagnetic, stratigraphic, petro-
logic, structural, metamorphic, thermobarometric and radiometric data. The
protolith of the Himalayan range, the North Indian flexural passive margin of
the Neo-Tethys ocean, consists of a Lower Proterozoic basement, intruded by
1.8-1.9 Ga bimodal magmatites, overlain by a horizontally stratified sequence
of Upper Proterozoic to Paleocene sediments, intruded by 470-500 Ma old
Ordovician mainly peraluminous s-type granites, Carboniferous tholeiitic to
alkaline basalts and intruded and overlain by Permian tholeiitic continental
flood basalts. No elements of the Archaen crystalline basement of the South
Indian shield have been identified in the Himalayan range. Deformation of the
Himalayan accretionary wedge resulted from the continental collision of India
and Asia beginning some 65-55 Ma ago, after the NE-directed underthrusting
of the Neo-Tethys oceanic crust below Asia and the formation of the Andean-
type 103-50 (-41) Ma old Ladakh batholith to the north of the Indus Suture.
Cylindrical in geometry, the Himalayan range consists, from NE to SW, from
older to younger tectonic elements, of the following zones: 1) The 25 km wide
Ladakh batholith and the Asian mantle wedge form the backstop of the grow-
ing Himalayan accretionary wedge. 2) The Indus Suture zone is composed of
obducted slices of the oceanic crust, island arcs, like the Dras arc, overlain by
Late Cretaceous fore arc basin sediments and the mainly Paleocene to Early
Eocene and Miocene epi-sutural intra-continental Indus molasse. 3) The Late
Paleocene to Eocene North Himalayan nappe stack, up to 40 km thick prior to
erosion, consists of Upper Proterozoic to Paleocene rocks, with the eclogitic
and coesite bearing Tso Morari gneiss nappe at its base. It includes a branch of
the Central Himalayan detachment, the 22-18 Ma old Zanskar Shear zone that
is intruded and dated by the 22 Ma Gumburanjun leucogranite; it reactivates
the frontal thrusts of the SW-verging North Himalayan nappes. 4) The late
Eocene-Miocene SW-directed High Himalayan or “Crystalline” nappe com-
prises Upper Proterozoic to Mesozoic sediments and Ordovician granites,
identical to those of the North Himalayan nappes. The Main Central thrust at
its base was created in a zone of Eocene to Early Oligocene anatexis by ductile
detachment of the subducted Indian crust, below the pre-existing 25-35 km
thick NE-directed Shikar Beh and SW-directed North Himalayan nappe
stacks. 5) The late Miocene Lesser Himalayan thrust with the Main Boundary
Thrust at its base consists of early Proterozoic to Cambrian rocks intruded by
1.8-1.9 Ga bimodal magmatites. The Subhimalaya is a thrust wedge of Hi-
malayan fore deep basin sediments, composed of the Early Eocene marine
Subathu marls and sandstones as well as the up to 8000 m-thick Miocene to
recent Ganga molasse, a coarsening upwards sequence of shales, sandstones
and conglomerates. The active frontal thrust is covered by the sediments of the
Indus-Ganga plains.

RESUME

Cette synthése traite de la géologie de 'Himalaya du NW de I'Inde, plus parti-
culierement des secteurs localisés dans les provinces du Jammu et Cachemire,
de I’'Himachal Pradesh et du Garhwal. Les modeles et mécanismes qui sont
discutés dans ce travail concernent la tectonique et I'histoire métamorphique
de la chaine himalayenne. IIs sont basés sur une nouvelle carte géologique,
des coupes géologiques et également sur des données paléo-magnétiques, stra-
tigraphiques, pétrologiques, structurales, métamorphiques, thermo-baromé-
triques et radiométriques.

La marge passive nord indienne de la Néotéthys qui constitue le proto-
lithe de la chaine himalayenne, est composée d’un socle du Protérozoique pré-
coce, suivi de sédiments du Protérozoique tardif a Paléocene, intrudés par des
roches magmatiques bimodales de 1.8-1.9 Ga, par des granites peralumineux
ordoviciens de 470-500 Ma et par des basaltes tholéiitiques a alcalins du Car-
bonifére. Des basaltes permiens de plateau continental sont intercalés dans la
série. Aucun élément du socle cristallin archaique formant le vieux craton
indien n’a été observé dans la chaine himalayenne. Le prisme d’accrétion hi-
malayen est issu de la collision continentale de I'Inde et de I'Asie qui a com-
mencé il y a 65-55 Ma, aprés la subduction vers le N de la croite océanique de
la Néotéthys sous I'Asie et la formation du batholite du Ladakh de type an-
déen(103-41 Ma), situé au nord de la suture de I'Indus. De géométrie cylin-
drique, la chaine de I'Himalaya est constituée d’éléments tectoniques dont
I’age diminue progressivement du NE vers le SW. Le batholite du Ladakh,
large de 25 km, forme avec le coin mantellique (mantle wedge), I'appui (bu-
toir) asiatique de la chaine himalayenne. La zone de suture de I'Indus est com-
posée d’écailles de crolite océanique et d’arcs insulaires, comme I’arc de Dras,
obductées et recouvertes par des sédiments d’avant-arc du Crétacé tardif et
par la molasse intra-continentale (épi-suturale) du Crétacé supérieur a Eocéne
précoce et du Miocene. L’empilement des nappes nord-himalayennes daté du
Paléocene tardif a I’'Eocene atteint une épaisseur de 40 km avant I’érosion.
Ces nappes sont composées de roches du Protérozoique supérieur a Paléocéne
et comprennent a sa base la nappe de gneiss ordoviciens du Tso Morari conte-
nant des filons basiques éclogitiques a coésite. Une branche du grand détache-
ment en extension de I’Himalaya central, la zone de cisaillement du Zanskar,
datée par I'intrusion syncinématique du leucogranite du Gumburanjun de
22-18 Ma, réactive les chevauchements frontaux des nappes nord-hima-
layennes. La nappe du Haut Himalaya, également appelée la «Nappe Cristalli-
ne», chevauchant vers le SW entre I'Eocéne tardif et le Miocene, est composée
de sédiments du Protérozoique supérieur au Mésozoique et de granites ordo-
viciens. Il s’agit de roches identiques a celles des nappes nord-himalayennes.
Le Main Central Thrust, a la base de la nappe du Haut Himalaya, a été créé
dans une zone d’anatexie éocéne a oligocéne précoce formée sous I'empile-
ment de 25-35 km d’ épaisseur constitué par les nappes de Shikar Beh de ver-
gence NE et nord-himalayennes de vergence SW. Le Bas Himalaya (Lesser
Himalaya), limité a sa base par le Main Boundary Thrust, chevauche au Mio-
cene tardif. Il est composé de sédiments du Protérozoique inférieur a Cam-
brien, intrudés par des magmatites bi-modales datées de 1.8-1.9 Ga. Le Subhi-
malaya consiste en des sédiments de ’avant fosse himalayenne, composés de
marnes et grés marins de la série des Subathus a sa base suivis de la molasse
miocéne de I'Indus et du Gange qui atteint une épaisseur maximale de 9000 m
sous le chevauchement frontal du Bas Himalaya. Il s’agit d’'une séquence d’ar-
gillites, de grés et de conglomérats. La granulométrie augmente vers le haut de
la série. Plus au sud, le chevauchement frontal actif est couvert par les dépots
alluviaux du Gange et de I'Indus.
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1. Introduction

In 1964, Gansser based his compilation, in form of a geological
map, updated by Fuchs in 1981, at a scale of 1:2°000°000 and his
famous monography on the Geology of the Himalaya, on the
classical geological work produced by the Geological Survey of
India and various international expeditions (Fig. 1). Tourism
development during the seventies opened the still poorly
known NW Indian Himalayan regions of Himachal Pradesh
and Ladakh to new geological studies by American, Austrian,
Australian, English, French, Indian, Italian and Swiss re-
searchers.

Since 1979, geologists of the University of Lausanne have
carried out a complete and continuous traverse across the Hi-
malayan range between Leh, north of the Indus-Tsangpo su-
ture, and Mandi at the southern border of the frontal thrusts of
the High and Lesser Himalayan nappes (Fig. 2), using a multi-
disciplinary approach combining classical methods, such as ge-
ological mapping, stratigraphy, structural geology, petrogra-
phy, with modern techniques, such as geochemistry,
geochronology and thermo-barometry. The new geological
data from the NW Indian Himalaya limited by the Ladakh
batholith to the N, the Srinagar basin in Kashmir to the W, the
Indus-Ganges molasse to the S and Tibet to the E, have been
compiled on a geological map at a scale of 1:677°000 (Plate 1).
The French Spot satellite images and the 1:250°000 U.S. Army
map of India and Pakistan have been used as the topographical
base and for toponyms.

The first part of this study describes the stratigraphy and
magmatism of the Protolith of the Himalayan range in a
chronological order and separately for the main tectonic units
(Chapter 2, Fig. 3). The second part deals with the tectonic
units, their emplacement and the related metamorphism, mag-
matism and synorogenic sedimentation. A tectonic model is
presented in a concluding chapter.

ASIA

Asian backstop

NE

Fig. 1. The main tectonic units of the NW Indian
Himalaya

HFB = Himalayan Frontal Boundary

LKRD = Larji-Kullu-Rampur dome

MBT = Main Boundary Thrust

MCT = Main Central Thrust

ZSZ = Zanskar Shear Zone

iI” Karakoram
batholith

AS 03

2. Pre-Himalayan tectonics, sedimentation and magmatism

The Lesser Himalaya

The Lesser Himalayan units, the Lower Crystalline nappe, the
Kishtwar, Larji-Kullu-Rampur units and their equivalent, the
Chail nappes, the Jaunsar nappe and the Simla-Runkum nappe
are composed of a Proterozoic sedimentary sequence deposit-
ed on the northern margin of Gondwana and are associated
with, or intruded by 1°870-1’900 Ma S-type granites (Frank et
al. 1995, Valdiya, 1995). The Ordovician granites, widespread
intrusives in the High Himalayan Haimanta or Phe formation,
are lacking. In Fig. 3 and 4, the author proposes a synthetic
stratigraphic column ranging from early Proterozoic to an Eo-
cambrian age, mainly based on review papers by Brookfield
(1993), Frank et al. (1995, 2001), Miller et al. (2000), Srikantia
& Bhargava (1998). This sedimentary sequence belongs to the
northern part of the North and Central Indian Purana basin.
No elements of its basement, the Archean Indian shield, has
been observed in the Himalaya (Valdiya, 1995).

The Rampur Formation (Jhingran et al. 1952)
(Proterozoic)

The Rampur Formation is considered to be the basal and
probably also oldest formation in the Himalaya. It consists of
massive beds of white quartz-arenites alternating with thin lay-
ers of sericite and chlorite schists, locally associated with
metarhyolites and metabasaltic dikes and lava flows (Rampur
basic volcanics, 1’800 + 13 Ma, U-Pb ages on single zircon,
Miller et al. 2000). For Miller et al. (2000), it is not clear
whether the Rampur formation quartzites are unconformably
overlying the Bandal granitoid complex (Srikantia and Bhar-
gava 1998, Sharma, K.K. & Rashid 2001) or whether the grani-
toids intrude these Quartzites (Sharma, V.P. 1977, Guntli
1993). The emplacement of silicic volcanites and of S-type per-
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Fig. 2. Geological sketch map of the NW Indian
Himalaya based on the area studied by geologists
from the University of Lausanne since 1979. The
compilation of other regions represented on the
geological map (Plate 1) is mainly based on the
work of earth scientists from Arizona, Grenoble,
India, Milan, Poitiers, Oxford, Turin, Vienna and

aluminous granitic rocks occurred around 1.86-1.84 Ga (Miller
et al. 2000, Bandal and Sainj granite, Rampur window: 1’800 +
70 Ma, Rb-Sr whole rock age of 4 samples, metarhyodacite,
Rampur window: 1’840 + 16 Ma, single zircon 2°’Pb/2%Pb
evaporation technique, Kober 1987, Klotzli 1997; Wangtu
granitoid, Lesser Crystalline nappe: 1’866 + 10 Ma, U-Pb zir-
con age by Singh et al. 1994). The striking similarities in terms
of geological setting, geochemical characteristics and age be-
tween Bandal orthogneisses of the Rampur Fm. and the
Wangtu Gneisses of the Lower Crystalline nappe suggest that
they were formed under similar tectono-magmatic environ-
ment during the Paleoproterozoic period. The Rampur For-
mation represents a northern equivalent of the Aravalli crys-
talline.

Garsha and Berinag Formations
(Garsha Slates, Thoni 1977, Rampur Formation, Frank et al.
1995)
(Proterozoic)

The Garsha and Berinag formations are composed of
quartzites and grey-green phyllites exposed in the Tons and

150 A. Steck
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Yamuna valleys and in the Simla klippe and are interpreted as
lateral equivalents of the Rampur Formation.

The Shali Formation (Oldham 1888, Pilgrim & West 1928)
(synonyms: Sirban, Deoban, Tejam etc. Oldham 1888; Chail,
Pilgrim & West 1928)

(Lower and Middle Riphean)

The Shali Formation, is a massive Mid Proterozoic carbon-
ate platform up to 2000 m thick, composed of calcschists, blue-
grey dolomite and limestone with stromatolites: Kussiella, Col-
lonella and Conophyton of a early to middle Riphean age
(Sinha 1972, Valdia, 1989, 1995). It forms the top of the older
portion of the Lesser Himalayan sequence (Thoni 1977). In
the Shali window, the limestones and quartzites of the Shali
Formation are transgressed by the Eocene nummulitic lime-
stones of the Subathu Formation.

The Simla Slates (Medlicott 1864, Pilgrim & West 1928)
(synonyms: Hazara Slates, Dogra slates, Wadia 1934)
(late Riphean-Vendian)

The late Riphean and Vendian Simla and Dogra Slates
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consist of over 1’000 m of grey, green, and dark slates, phyllites
and siltstones, with locally a thin intercalation of a green lime-
stone. In the Simla-Runkum nappe the nummulitic limestones
transgress the Simla Slates.

NE

The Jaunsar Formation (Jaunsar Series, Oldham 1883,
Pilgrim & West 1928) (synonyms: Jagas, Nagthat, Auden 1934)
(late Riphean-Vendian)

The Jaunsar Formation, called the Jaunsar Series by Pil-
grim & West (1928), are composed of about 500 m of
quartzites, slates of dark or light green-brown or brown colour,
purple phyllites and conglomerates and a few intercalation of
carbonaceous phyllites. Pilgrim & West (1928), distinguished
in the Simla region the Jaunsar Series forming a thrust sheet
between the Simla unit in the foot wall and the Chail unit in
the hanging wall, where as Frank (personal communication)
considers this series to be a concordant stratigraphic unit in the
upper part of the Simla slates. Pant & Shukla (1999) interpret
the correlative Nagthat succession as a progrational tide-domi-
nated Proterozoic succession. After Valdia (1995) the paleo-
currents in the Nagthat Fm. are mainly NE-directed.

Neo-Tethyan slope

archu-Baralacha La 6 Kharnag-Tso Morari 7 Nyimaling-Markh

-

~200 km

NORTH HIMALAYAN NAPPES

Neo-Tethyan shelf

SHIKAR BEH NAPPE

The Blaini Formation (Pilgrim & West 1928)
(Vendian)

The Blaini Formation is composed of up to 200 m of di-
amictite pebbly mudstone alternating with slates of a probable
Vendian age (< 700 Ma, Rb-Sr ages on detrital micas, Wolf-
gang Frank, personal communication). The Blaini Formation
rests on the Simla Slates with a clear unconformity (Pilgrim &
West, 1928, Frank et al. 2001). These sediments are interpreted
as glaciomarine sediments or tillites. Frank (1995) considered
the Blaini Formation as a lateral equivalent of the Neo-Pro-
terozoic Manjir Conglomerate of the Haimantas or Phe For-
mation of the High Himalaya. A thin layer of pink carbonates
overlies the pebbly mudstones.

3 Chamba basin 4 Tandi syncline 5 S

Neo-Tethian shoulder

/
E NAPPE

T oW
'.‘,-OIW,E‘RFRYSTAL'LIN' APPE * NG 1 ¢ 1. o T

T

HIGH HIMALAYAN NAPPE
(CRYSTALLINE NAPPE)

High Himalayan erosion

T T Tt

The Krol Formation (Auden 1934)
(Vendian)

Fig. 4. NE-SW palinspastic section through the NW Indian Himalaya. The palinspastic section was constructed using the stratigraphic sections of Fig. 3 and shortening estimates of ~100 km for the N-
Himalayan nappes, of over 300 km for the High Himalayan nappes and of less than 200 km for the Lesser Himalayan nappes. This reconstruction illustrates the geometry of the N Indian flexural pas-

‘;:5 The Blaini boulder beds are stratigraphically overlain by
“g} g about 170 m of the black fine-grained sandy slates of the Infra-
= Krol Formation and up to 1’500 m of limestone and dolomite
@ g 8 & of the carbonate platform of the Krol belt (Audin 1934, West
a S g E 1939, Gansser 1964, and Sinha 1987). Stromatolites being the
3 °—E" < 2 only macrofossils, a Vendian age (Wolfgang Frank, personal
z 2 N E communication) is more probable than the Permo-Triassic
g . g (“Phanerozoic”) age suggested by the above authors. Valdia’s
§ g. § . 2 conclusion (1995), that the carbonates of the Krol Fm. repre-
I S <. g sent a lateral equivalent of those of the Shali Fm., is not
m i [$) o Q .
ﬁ g_ E: % supported by other geologists.
| f‘f é " % The Tal Formation (Middlemiss 1887)
& & = (Early Cambrian)
s Sy ) £ ‘g The sediments of the Tal Fm. are restricted to the Nigali
c% N 3 2 Dhar area. A striking change in deposition took place after the

deposition of the calcareous Krol sequence, with the younger
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beds consisting exclusively of detrital, mostly quartzitic rocks.
Auden (1934, Gansser, 1964) distinguished a Lower and
Upper Tal, which overlie with an angular unconformity the
Krol carbonates. The Lower Tal is up to 1’000 m thick and is
characterized by dark, often calcareous graywackes, carbona-
ceous and micaceous shales and some quartzites. The Upper
Tal is up to 2°000 m thick and consists mainly of fine-grained
(average grain size of 0.5 mm) arkosic quartzites. The Tal Fm.
has yielded Tommotian to Botomian (Early Cambrian) con-
odonts (Azmi & Pancholi 1983), small shelly fauna (Bhatt et
al. 1983, Bhatt & Mathur 1990), brachiopods (Tripathi et al.
1984) and trilobites (Kumar et al. 1987). Early Cambrian trilo-
bites Xela mathurjoshi and Redlichia noetlingi around the limit
of the Lungwangmiaon and Tsanglangpuian, have been identi-
fied by Hughes & Jell (1999) in the Lower Tal of the Kumoan
Himalaya.

The Lower Crystalline nappe (synonym: Bajaura nappe,
Thoni 1977)

The Lower Crystalline nappe is an alpine strongly metamor-
phosed and deformed unit exposed at the base of the Main
Central Thrust in the Kishtwar and Rampur windows. It is
composed of mylonitic augengneisses, garnet- and sericite-
phyllites, quartzites, graphitic schists and marble layers of the
Bajaura Formation and minor concordant sheets of metaba-
sites and Proterozoic granitoids (Wangtu granitoid north of
Rampur: 1’866 + 10 Ma, U-Pb zircon age, Singh et al. 1994).
The sediments differ from those of the overlying Haimatas or
Phe graywackes. The occurrence of the Proterozoic granites
suggests this unit belongs to the Lesser Himalaya rather than
to the younger High Himalaya sequence, in which the old
granites are missing. The metasediments may be lateral equiv-
alents of the Rampur Formation.

Conclusion on the stratigraphy of the Lesser Himalaya

The units of the Lesser Himalaya, including the Lower Crys-
talline nappe, are composed of an uniform and typical strati-
graphic sequence of a Proterozoic to Early Cambrian age
(~2’500-530 Ma) intruded (or underlain?) in its lower part by
~1’850 Ma granitoids and basalts. An early to middle Protero-
zoic age of the Lesser Himalayan sequence is also suggested by
the presence of 1.7-2 Ga detrital zircons (U-Pb-ages, Parrish &
Hodges 1996). The sediments of the Lesser Himalaya are
transgressed by the Eocene nummulitic Subathu Limestone
(Middlemiss 1887, Gansser 1964). During the Tertiary Hi-
malayan thrusting the lesser Himalayan sequence was de-
tached from a same sedimentary basin (Purana) of the North
Indian continent (Valdiya 1995).

The High Himalaya

The tectonic units of the High Himalaya (from S to N: the
High Himalayan nappe or “Crystalline nappe”, the Shikar Beh
nappe, and the North Himalayan nappes, including the Tso

Morari nappe) are characterized by elements of a single sedi-
mentary sequence of a Late Precambrian to Paleogene age.
The sequence may be divided in:

The Gondwanan sediments and related magmatic rocks of
Neo-Proterozoic to Early Permian age deposited or emplaced
on the northern margin of India which at that time was part of
the Gondwanan supracontinent.

The sediments of the Neotethyan shelf and the Neotethyan
slope, were deposited on the N Indian margin between the
Late Permian opening of the Neotethyan ocean and its closure
at the Paleocene India — Asia continental collision some 65-50
Ma ago (Patria & Achache 1984, Jager et al. 1989, Garzanti et
al. 1987, Rowley 1996).

The stratigraphic sections illustrated in Fig. 3 have been
compiled from work by Hayden (1904), Gansser (1964), Stutz
& Steck (1986), Stutz (1988), Garzanti et al. (1987), Brookfield
(1993), Gaetani et al. (1990) Gaetani & Garzanti (1991), Sak-
lani (1993), Spring (1993), Vannay (1993), Epard et al. (1995),
Frank et al. (1995) and Wolfgang Frank (personal communica-
tion), Steck et al. (1993, 1998, 1999). Gansser (1964) wrote of
the Spiti section: “It is this conformable sedimentary sequence
of Spiti, from Precambrian onwards, which reflects a calm
epeirogenic pre-Alpine history of the Tibetan Himalaya”. In
addition, Srikantia & Bhargava (1998) recognised the similar-
ity of the stratigraphic columns of the High Himalaya that they
grouped together in their Tethys Himalayan Tectogen. This
sedimentary and magmatic sequence is crosscut in the Zanskar
shear zone by 22 Ma leucogranites (Dézes et al. 1999).

The Gondwanan Series

Haimantas (Griesbach 1891, Frank et al. 1995)

(Synonyms: Phe Formation (Nanda & Singh 1977), Lolab Fm.
(Kumar et al. 1984), Shumahal Fm. (Srikantia & Bhargava
1983), Kunzam La Fm./Debsa Khas Mb. (Kumar et al. 1984),
Jutogh Series (Pilgrim & West 1928), Batal Fm. (Srikantia et
al. 1980), Vaikrita Series (Griesbach 1891).

(Riphean-Early Cambrian)

Frank et al. (1995) divide the Haimantas into the Lower,
Middle and Upper Haimantas. Later, Draganits et al. (1998)
proposed the subdivision Chamba Fm., Manjir Fm. and Phe
Fm. as equivalents of the three divisions of Frank et al. (1995).

The Lower Haimantas (Chamba Formation, Rattan 1973)
(Riphean?)

The Lower Haimantas includes the Blahai and Chamba Fm.
and the Pukhri Slates (Rattan 1973). The Lower Haimantas, of
a probable Riphean age, represents a more than 5’000 m thick
monotonous sequence of meta-pelites, meta-siltstones and
meta-graywackes or micaschists with subordinate interbedded
carbonaceous layers. The formation shows an overall coarsen-
ing-upward trend and sedimentary structures like graded bed-
ding, load casts and flute casts point to a turbitite-type deposi-
tional environment (Draganits et al. 1998). The Lower
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Haimantas are intruded by the 476 + 12 Ma old Kaplas, Dal-
housie and Mandi granites and the 912 Ma Chur granite
(Frank et al. 1995).

The Middle Haimantas (Manjir Conglomerates, Rattan 1973,
Manjir Formation, Draganits et al. 1998)
(Vendian?)

The Manjir Conglomerates are up to 3’000 m thick and sepa-
rate the Lower from the Upper Haimantas. They were desig-
nated the Middle Haimantas by Frank et al. (1995). They con-
sist of pebbly diamictites interpreted as glaciomarine sedi-
ments, easily recognized by their boulder slate appearance.
The matrix supported, polymodal, poorly sorted, angular and
rounded clasts, up to 1 m in diameter, are dispersed in a
chaotic manner. The clasts consist mainly of quartzites,
graywackes, slates and subordinate granites and gneisses.
YOAr-*Ar ages < 700 Ma on detrital white micas in the NW
Himalaya (Frank et al. 1995) and 0.8-1.0 Ga U-Pb ages on de-
trital zircons from the Nepal High Himalaya suggest a Vendi-
an age for the Manjir Formation. Wolfgang Frank (personal
communication) considers the glaciomarine Manjir boulder
beds of the High Himalaya to be a lateral equivalent of the
Blaini Fm. of the Lesser Himalayan sequence, thereby imply-
ing that the Lower Haimantas represents a lateral equivalent
of the Simla slates. Like the Blaini Formation, the Manjir For-
mation is overlain by a thin dolomite and limestone layer. SE
of the Chamba region, the Manjir boulder slate passes gradu-
ally into locally graded meta-graywackes and meta-sandstones
intercalated with slates similar to the matrix of the underlying
Manjir Formation.

The Upper Haimantas (Draganits et al. 1998)
(Vendian-Early Cambrian)

The Upper Haimantas is up to 9°000 m thick and consists of
monotonous graywackes, slates to sandstones with one or two
50m- to 100 m-thick characteristic graphitic quartzite horizons
and thin carbonate layers or horizons with carbonate concre-
tions (Frank et al. 1995, Steck et al. 1999). A shallow water de-
trital marine environment is indicated for the Haimanta sedi-
ments by the rhythmic alternation of sandstone and siltstones,
the presence of hummocky cross stratification and ichnofos-
sils. Common sedimentary structures, such as graded bedding,
load casts, flute casts, chevron marks and groove marks, indi-
cate a turbidite type depositional environment (Draganits et
al. 1998). No identifiable fossils have been found in the
Haimantas to confirm their generally acknowledged Neo-Pro-
terozoic age. Ordovician granitoids dated at 500 Ma are wide-
spread in the Lower and Upper Haimantas (Le Fort et al.
1986, Pognante et al. 1990, Frank et al. 1995, Girard & Bussi
1999). The 912 Ma-old Chur granite represents a unique age
for a granitoid of the Himalaya that intrudes the Lower
Haimantas in the Chur peak area (Frank et al. 2001). The Hi-
malayan Cambro-Ordovician magmatism will be discussed in a
separate chapter below.
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The Karsha Formation (Nanda & Singh 1977)

Synonyms: Parahio Series (Spiti, Hayden 1904), Kunzam La
Fm. (Srikantia et al. 1980), Rangamal Fm. (Kashmir, Srikantia
& Bhargava 1983)

(Middle and Late Cambrian)

There is a gradual change in the carbonate supply between
the Upper Haimantas and the Karsha fms. The lower bound-
ary of the Karsha Formation is arbitrarily defined by the first
occurrence of dolomite-bearing beds. In the Kurgiakh valley in
southern Zanskar, Garzanti et al. (1986) subdivide the forma-
tion into the Mauling (~400 m thick), the Thidsi (200-300 m
thick) and the Teta (70-160 m thick) members. A similar se-
quence is reported by Vannay (1993) from the Baralacha La
region.

The arenaceous Mauling member is composed of very fine-
grained sandstones and micaceous siltstones similar to those
of the Upper Haimantas. Trace fossils characteristic of the
Early Cambrian, such as Rusophycus isp., Cruziana isp.,
Arthraria isp. and Planolites isp., as well as synaeris cracks, in-
dicate shallow marine conditions (Stutz 1988, Vannay 1993).
The carbonates are ferriferous dolomite with locally hemi-
spheroidal or tabular stromatolites, bioturbation and phos-
phatic shells.

The carbonaceous Thidsi member comprises thick amalga-
mated beds of rusty-weathering grey dolomites, locally sepa-
rated by pyritic greenish shales.

The Teta member is composed of grey nodular stromato-
lite limestone and marls, sometimes dolomitic, alternating
with black schists. The presence of rare trilobites (Goniag-
nostus spiniger, Diplagnostus planicauda, Eoshengia sudani?)
indicate the age of the Thidsi member of the Zanskar valley
to be Middle Cambrian (Changhian) (Huges & Jell 1999).
Like the Haimantas, the entire Karsha sequence was deposit-
ed in a shallow water marine environment (Garzanti et al.
1986).

The Kurgiakh Formation (Garzanti et al. 1986)

Synonyms: Rangamal Fm. in Kashmir (Srikantia & Bhargava
1983)

(Late Cambrian)

Garzanti et al. (1986) named a sequence of pelites and
sandstones, stratigraphically overlying the Karsha Formation
in the Kurgiakh Valley, the Kurgiakh Formation. He subdi-
vided them into a 150 m-thick fossiliferous lower Surichun
Member and an upper 150 m-thick silty-sandy Kuru Member.
A rich late Middle Cambrian trilobite fauna has been identi-
fied in the middle Surichun member (Goniagnostus aculeatus,
Lejopyge armata, Hypagnostus correctus, Linguagnostus cf.
tricuspis, Clavagnostus sp., Agnostid indet., Fuchouia indet.,
Schmalenseeia amphionura, Damesops sheridanorum, Tori-
fera sp., Goniagnostus spiniger, Diplagnostus planicauda,
Eospengia? sudani, Hughes & Jell 1999). The trilobite-bearing
beds of the Surichun member consist of black to greenish-grey
bioturbated or parallel-laminated pelites. Silty and nodulose
dolomites are intercalated in lenticular beds gradually de-



creasing in thickness upward. Tuffitic layers are present. The
lower part of the 300 m-thick Kuru member consists of thin-
bedded, greenish-grey siltstones with turbidite sedimentary
structures. The middle part comprises thick-bedded (up to 6.5
m) dark greenish-grey sandstones and the upper part consists
of a fining-upward megasequence made of amalgamated and
multiply graded sandstone beds of gradually decreasing thick-
ness. According to Garzanti et al. (1986), the Karsha carbon-
ate platform passes by gradual deepening into the turbiditic
sedimentation of the Kurgiakh Formation, which indicates ac-
tive tectonic subsidence that largely exceeded the sedimenta-
tion rate.

Thaple Formation (Hayden 1904, Nanda & Singh 1977)
Synonyms: Kashmir: Riskobal Fm. (Srikantia & Bhargava
1983), Ladakh-Zanskar: Thango Fm. (Kanwar & Ahluwalia
1979), Spiti: Shian Quartzites, Pin Fm. (Goel & Nair 1977), etc.
(Ordovician)

The Thaple Fm. consists of mainly red, sometimes white or
green conglomerates and sandstones. The conglomerates over-
lie equivalents of the Kurgiakh or Karsha Formation with an-
gular unconformity (Pin and Parahio valley, Hayden 1904, Pt.
6, Upper Kamirup Valley, Epard & Steck, in press). The thick-
ness of the Thaple Fm. varies from 250 m to 1’500 m and
synsedimentary normal faults suggest a tectonic relief related
to extensional tectonism (Spring 1993, Vannay 1993, Steck et
al. 1993). Fossils such as corals, crinoids, brachiopods, trilo-
bites indicate an Ordovician to Earliest Silurian age (Hayden
1904, Ranga Rao et al. 1982 and Bagati 1990, 1991). Sedimen-
tary structures such as high-angle crossbeds indicate a fluvial,
deltaic depositional environment. Polymictic pebbles of the
underlying partially eroded Haimantas, Karsha and Kurgiakh
formations occur. The outcrops of the Thaple conglomerates
and the overlying white Muth quartzites are restricted to a nar-
row basin which can be followed from the Kurgiakh valley in
Zanskar in the NW, through the Baralacha La, Upper Chan-
dra Valley region and the Spiti valley to the SE. Another cor-
relative sequence is exposed in the Liddar valley of Kashmir,
where the Ordovician sediments are formed by pink, purple,
green and grey quartz arenites, siltstones and shales
(Rishkobal Fm. Srikantia & Bhargava 1983). The whole Gond-
wanan sedimentary sequence is undifferentiated on the geo-
logical map due to the absence of a complete and detailed map
of the Kashmir basin.

The Ordovician magmatism

Widespread magmatic activity ranging from and peaking at
500-470 Ma intrudes the Proterozoic and Early Cambrian sed-
imentary sequence of the High Himalayan units (Le Fort et al.
1986, Mehta 1977, Trivedi et al. 1986). Most of the available
radiometric data are Rb-Sr ages that must be used with cau-
tion. Precise U-Pb ages on zircon and monazite have been de-
termined in the NW Himalaya by Girard & Bussi (1999: S-
type Tso Morari granite, 479 + 2 Ma, I-type Rupshu granite,

482.5 + 1 Ma) and Pognante et al. (1990: 472 + 9 Ma, Temasa
granite). No Ordovician granites have been recognized in the
Lesser Himalaya. A low-pressure contact metamorphism,
with an assemblage of quartz, plagioclase, biotite, white mica,
garnet, staurolite, sillimanite, andalusite, has been described
by Guntli (1993) in the southern contact aureole of the Or-
dovician Kaplas granite, Tavi valley, where it has been undis-
turbed by alpine deformation. A zone of dark and fine-
grained hornfels is exposed around the Rupshu granite (Gi-
rard & Bussy 1999). Hornfelses with quartz, plagioclase, mus-
covite, biotite and andalusite in metapelites and diopside,
grossularite and wollastonite in metamorphosed Karsha
dolomites and limestones, are observed near the Nyimaling
granite in the Kanjatse peak area (Baud et al. 1982). The pres-
ence of a small quantity of probable contemporaneous basic
intrusions, that include rocks at Tso Morari and in the Miyar
and Tos Valleys, indicate a bimodal magmatism, but no radio-
metric ages of the basic rocks are available. Basic dikes with a
Tertiary eclogite facies mineral assemblage are widespread in
the Tso Morari granite gneiss (Berthelsen 1953). Meta-olivine
gabbros are described by Pognante & Lombardo (1989) from
the Miyar valley and by Wyss (1999) from the Tos valley, as
being a magmatic assemblage of olivine, clinopyroxene, or-
thopyroxene, spinel, plagioclase (core An 72, rim An 47), bi-
otite, ilmenite and magnetite. The rocks in the Tos Valley are
overprinted by a probable Tertiary M1 amphibolite-granulite
facies transition assemblage of Cpx, Opx, spinel, garnet, am-
phibole, ilmenite and magnetite at a pressure of 10 kbar and
700°C and later by an M2 amphibolite facies regional meta-
morphism (Wyss 1999).

A major, continental-scale tectonic event is required to
generate such a large magmatic belt. Girard & Bussy (1999)
suggest it is a late stage event in the evolution of the Pan-
African orogen. Geotectonic reconstructions traditionally
consider that only the extreme south of the Indian plate, sit-
uated at a distance of over 3000 km from the Himalaya, was
affected by the Pan-African compressional events (e.g.
Stern, 1994). As we do not know what kind of crust was situ-
ated north of India before the opening of the Paleo- and
Neo-Tethyan oceans, the relation of this calc-alkaline mag-
matism to a zone of subduction can not be excluded. Howev-
er, the association of the 500 Ma bi-modal calc-alkaline mag-
matism at a deep tectonic level with syn-sedimentary exten-
sional structures in the Ordovician Thaple sediments now in
a high tectonic level of the High Himalayan sedimentary se-
quence coupled with the fact that we have never observed
old pre-Himalayan fold structures in the presently studied
NW Himalaya, or an old regional metamorphism testifying
of a Pan-African orogeny, as proposed by Srikantia et al.
(1977), Mehta (1977, 1978), Garzanti et al. (1986) or Mar-
quer et al. (2000), require another mechanism of magma
generation. Wyss (1999) suggests that magmatic underplat-
ing in a large zone of extension in the N Indian border of the
Gondwana plate is a possible mechanism of this magma gen-
eration.
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The Muth Formation (Stoliczka 1965)

Synonyms: Wazura and Muth Formations (Srikantia & Bhar-
gava 1983), Kenlung Formation (Nanda & Singh 1977)
(Devonian)

The white Muth quartzites are ~80 m thick and constitute
an important marker-horizon, which may be followed from
Kashmir to Nepal (Gansser 1964). A littoral foreshore envi-
ronment is suggested for their deposition by the flat, parallel
stratification and wave and current ripples (Elliott 1986), by a
bimodal granulometry of the sands (Brookfield 1993) and aeo-
. lian dune cross-beds structures (Gaetani et al. 1986). Fossils
are extremely rare in this mature quartz-arenite. A Lower De-
vonian age is generally acknowledged because of its strati-
graphic position. Draganits et al. (2001) discovered abundant
trace fossils in the Lower Devonian Muth Formation of the
Pin Valley in Spiti. The ichnoassemblage consists of Palmichi-
um antarcticum, Diplichnites gouldi, Diplodichnus biformis,
Taenidium barretti, Didymaulichnus cf. lyelli, Didymauly-
ponomos cf. rowei and Selenichnites isp.

The Lipak Formation (Hayden 1904)

Synonyms: Kashmir: Syringothyris Limestones (Middlemiss
1887), Aishmuquam Formation (Srikantia & Bhargava 1983),
Zanskar: Tanze Formation/Members A+B (Nanda & Singh
1977)

(Middle Devonian-Early Carboniferous)

The Lipak Formation stratigraphically overlies the Muth
quartzite from the Spiti Valley through the Kunzum La, Chan-
dra valley and Baralacha La region. It is essentially composed
of a sequence, up to 250 m thick, of calcarenites, limestones
and evaporites (gypsum) with conodonts of Middle Devonian
(Givetian) to Early Carboniferous (Tournaisian) age (Dragan-
its et al. 2002), and was deposited on a low energy platform
with lagoons (Hayden 1904, Vannay 1993). Synsedimentary
normal faults intruded by basaltic dikes are common in the
Baralacha La region. This Baralacha La dike swarm is related
to a major Carboniferous transtensional structure (Vannay
1993).

The Early Carboniferous continental basalts (Vannay &
Spring 1993)

The basaltic dikes in the Baralacha La region (Baralcha La
dike swarm) have tholeiitic to alkaline compositions and they
correspond to a comagmatic suite, which evolved mainly by
fractional crystallisation processes. They are not feeder dikes
for the tholeiitic Permian Panjal traps, which have a different
continental flood basalt composition (Vannay & Spring 1993).
It was not possible to date the metabasalts radiometrically, be-
cause they have a Tertiary greenschist facies overprint (albite,
chlorite, biotite, stilpnomelane, actinolite, epidote, titanite).

The Po Formation (Hayden 1904)
Synonyms: Kashmir: Fenestella Series (Middlemiss 1910),
Ganeshpur Formation (Srikantia & Bhargava 1983), Zanskar:
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Tanze Formation/Member C (Nanda & Singh 1977)
(Late Carboniferous)

Hayden (1904) introduced the term Po Series for a 220 m-
thick sequence of sandstones, siltstones and black shales that
stratigraphically overlie the Lipak Formation. According to
Gaetani et al. (1990), these sediments were deposited in a shal-
low marine high-energy environment with an important ter-
rigenous component. Bivalves and plant fossils indicate an
Early Carboniferous age (Tournesian-Visean?, Hayden, 1904,
Gothan & Sahni, 1937, Gaetani et al. 1986, 1990). No diagnos-
tic fossils have been found in the upper black shale member.

The Ganmachidan Formation (Srikantia et al. 1980)
Synonyms: Kashmir: Agglomeratic slates (Middlemiss 1910),
Pindobla Formation (Srikantia & Bhargava 1983), Zanskar:
Ralakung Formation/Phitsi Member (Nanda & Singh 1977),
Chumik Formation (Gaetani et al. 1990), Spiti: Losar Diamic-
tites (Ranga Rao et al. 1982)

(Early Permian)

Quartz arenites, conglomerates and black shales of the
Ganmachidam Formation are about 150 m thick and overlie
the Po black shales and siltstones with an angular unconformi-
ty (Hayden, 1904, Fuchs, 1982, Vannay, 1993). In the correla-
tive Losar diamictites of the Upper Spiti valley, Ranga Rao et
al. (1987) identified fossils of Early Permian age and a similar
Early Permian (Sakmarian) age has been attributed by Gae-
tani et al. (1990) to the Chumik Fm. in the Lingti valley, SE
Zanskar. The formation is divided into a lower member com-
posed of quartz arenites and conglomerates and an upper
member of a polygenic conglomerate, sand- and siltstones and
black shales. The Ganmachidam Fm. corresponds to a se-
quence of coarsening upward sediments corresponding to a
distal fluvial deposit or a littoral delta.

The Panjal Traps (Lydekker 1878)

Synonyms: Panjal Volcanics, Panjal Unit, Ralakung Volcanics
(Singh et al. 1976), Sankoo Volcanics (Gupta et al. 1983), Phe
volcanics (Srikantia et al. 1980)

(Late Carboniferous-Early Permian)

The Panjal Traps represent important continental flood
basalts that in Kashmir (Lolab valley, Erin valley and Gul-
marg) reach a thickness of 2°500 m deposited under subaerial,
marginal marine to terrigenous conditions (Pareek 1983).
Their thickness is gradually reduced to the SE and the last
Panjal traps are observed SE of the Baralacha La in the Upper
Chandra valley (Lydekker 1878, Vannay 1993). The Panjal
Traps display relatively primitive tholeiitic and alkaline com-
positions (Nakazawa & Kapoor 1973, Singh et al. 1976, Bhat
and Zainuddin 1979, Honegger et al. 1982, Gupta et al. 1983,
Pareek 1983). These rocks originated from an “enriched” P-
MORB-type magma, which underwent a limited magmatic
evolution by fractional crystallisation with probable crustal
contamination (Thompson et al. 1984, Hawkesworth et al.
1990). The volcanic activity began in the Late Carboniferous,
producing several hundred meters of intermediate to acid py-



roclastics and welded tuffs (Pareek 1983), called the “agglom-
eratic slate”, which overlies Carboniferous shales and shallow
water limestones. Stratigraphic relations indicate an age be-
tween the Artinskian and Kungurian for the main lava flows
(Kapoor 1977, Nakazawa et al. 1975).

The Yunam granite (Spring et al. 1993)
(Early Permian)

A porphyritic granitic dike, 2-15 m thick, crosses the
Yunam valley south of Sarchu. The granitic dike has an alka-
line to subalkaline composition and yielded an Early Permian
U-Pb age on zircon of 284 + 1 Ma. This alkali granite intrusion
may be related to the Early Permian Panjal Trap magmatic
event.

The Neotethyan shelf

A strong thermal subsidence of the N-Indian margin started
after the eruption of the Panjal Traps concomitant with the
Late Permian marine transgression and the opening of the
Neo-Tethys ocean (Gaetani & Garzanti 1991, Garzanti 1993,
Stampfli et al. 2001).

The Kuling Formation (Stoliczka 1865)

Synonyms: Kashmir: Zewan Beds (Middlemiss 1910), Zewan
Formation (Nakazawa et al. 1975 Nakazawa et al. 1981,
Srikantia & Bhargava 1983), Lahul: Sarchu Formation (Nanda
& Singh 1977), Spiti: Productus Shales (Hayden 1904)

(Late Permian)

Stoliczka (1865) proposed the term Kuling Shales for a se-
quence of black shale, marls and calcarenites deposited on the
Early Permian conglomerates of the Spiti valley. Farther NW
these shales overlie the Early Permian Panjal Traps. The Kul-
ing calcarenitic shales were later subdivided in the lower
Gechang Member composed of quartz arenites, calcareous
bioclastic sandstone, siltites and black shale, and upper Gungri
Member composed of siltites and black shales by Srikantia et
al. (1980), a nomenclature adopted by many geologists (Fuchs
1982, 1987, Ranga Rao et al., 1982, Baud et al. 1984, Nicora et
al. 1984, Gaetani et al. 1986, 1990, Vannay 1993). In the Spiti
Valley and the Baralacha La region, the lower member has a
thickness of about 65 m and the upper member about 25 m
(Vannay 1993). The thickness of the formation rapidly increas-
es to some 100-1000 m in more distal regions of the N Indian
shelf with an increase in limestone and dolomite sedimenta-
tion (Stutz & Steck 1986, Stutz 1988, Steck et al. 1998). A rich
brachiopod fauna with Lamnimargus himalayansis, Spirifirella
rajah indicate a Early Dzhulfian (middle Tatarian) age for the
Gechang Member of the Kuling Formation (Hayden 1904,
Nakamua et al. 1985, Gaetani et al. 1990). The correlative Per-
mian Zewan Formation exposed in the Guryul ravine and near
Palgham east of Srinagar, was deposited with a stratigraphic
gap on the Panjal Traps and has yielded late Midian, Dzhulfian
and early Changhsingian ages (Nakazawa et al. 1975, Baud et
al. 1996).

The Lilang Group (Hayden, 1904)
(Triassic)

The Spiti valley is a classic area of exposure for the Triassic
Lilang Group, about 1200 m thick, that forms the carbonate
platform of the Neo-Tethyan Indian shelf. Most of the strati-
graphic horizons are dated by fossils (Hayden 1904, Gansser
1964, Srikantia 1981, Fuchs 1982, Bhargava 1987, Gaetani et al.
1986, Jadoul et al. 1990 and Garzanti et al. 1995). The con-
odonts of the Triassic sequence of the Spiti valley have been
described by Garzanti et al. (1995) whose nomenclature is very
similar to the classic stratigraphic subdivisions proposed by
Hayden (1904).

The Tamba Kurkur Formation (Srikantia 1981)
(Scythian-Anisian)

The Permian/Triassic boundary is marked by a major
break in sedimentation, of up to several My, and is represented
by a lateritic horizon in Spiti and an angular unconformity
(Hayden 1904, Bhatt et al. 1980, Srikantia 1981, Garzanti et al.
1995). East of Srinagar in Kashmir (Nakazawa et al. 1975,
Baud et al. 1996) and Lossar in the Spiti Valley (Hayden 1904,
Hugo Bucher personal communication), an alternation, about
14m thick, of centimetric-decimetric black shale and limestone
layers (“chocolate limestone™) the Scythian and Anisian Oto-
ceras, Ophiceras and Hedenstroemia beds and about 20 m of
Nodular limestone overlie the unconformity with the underly-
ing Permian Productus Shale (Kuling Formation). They are
followed by the competent Niti Limestone (Diener 1908), the
Middle Triassic “Muschelkalk” of an Anisian to early Ladinian
age that is about 8 m thick.

The Hanse Formation (Srikantia et al. 1980)

Synonyms: Kashmir: Khreu Formation (Nakazawa et al. 1975),
Zanskar: Zangla Formation/Middle Member (Nanda & Singh
1977), Garhwal-Kumaun: Kuti Shales (Heim & Gansser 1939)
(late Ladinian-late Carnian)

The Upper Triassic begins with the Hanse Formation that
is about 350 m thick and consists of alternating regularly strat-
ified dark limestone, dolomite and marl layers deposited under
pelagic to semi pelagic conditions with an important detrital
contribution. Daonella sp. (Daonella shale and limestone,
Hayden, 1904, Bhargava, 1987) indicate a late Ladinian to
Carnian age (Hayden, 1904, Srikantia et al. 1980, Gaetani et al.
1986, Garzanti et al. 1995).

The Nimaloksa Formation (Srikantia et. 1980)

Synonyms: Spiti: Tropites Beds (Hayden 1904, Fuchs 1982),
Sanglung Formation (Bhargava 1987)

(late Carnian-early Norian)

The Hanse Formation is conformably overlain by 300 m
of Carnian to earliest Norian limestone and dolomite with
terrigenous intercalations. Its upper massive member, with
some megalodontids, also called the Zozar Formation (Gae-
tani et al. 1986), forms 150 to 350 m high cliffs in the Zanskar
area.
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The Alaror Group (Garzanti et al. 1995) or Quartzite Forma-
tion (Gaetani et al. 1986)
(Norian)

The Norian Quartzite Series (Gaetani et al. 1986, Jadoul et
al. 1990) are traditionally subdivided into the 100-200 m-thick
Juvavites Beds, the 15-30 m-thick Coral Limestones, the 90-
160 m-thick Monotis Shale, and the 30-100 m-thick Quartzite
Series, originally defined by Hayden (1904). These classical
lithostratigraphic subdivisions, display an upward increase in
sandstone with a coral-bearing carbonate band in the middle
(Bhargava 1987). Crossbed structures in the quartzite layers
are useful polarity markers for structural work.

The brown coloured Norian Juvavites Beds are muddy ter-
rigenous to calcareous shelf sediments with grainstones and
oolitic ironstones in its middle part. Bioclasts, commonly con-
centrated in storm lags, include pelecipods, crinoids, bra-
chiopods, corals, gastropods, ostracods, algae and Juvavites.
They represent a good marker horizon.

The Coral Limestones form a discontinuous marker unit of
grey nodular bioclastic limestones, with interbedded ferrugi-
nous siltstones, phosphate nodules and arkoses.

The Monotis Shale is composed of shelf mudrocks, arenites
and storm deposited sandstones.

The Quartzite Series consists of fine-grained grey arkoses
and green and pinkish quartzarenites with dolomitic to phos-
phatic clasts, bioclasts and some times Megalodons.

The Kioto Formation (Hayden 1904)
(late Norian-Liassic-Aalenian)

The competent subtidal Kioto limestones and dolomites
are 400-900 m thick, contain abundant Neomegalodon in some
beds, and form spectacular cliffs throughout the NW Himalaya
from the Spiti valley to the Zanskar area. They were deposited
on a carbonate platform, ranging from late Norian, Liassic to
Aalenian in age (Gaetani & Garzanti 1991).

The Laptal Beds (Heim & Gansser 1939)
(early Callowian)

The top of the Kioto platform is truncated by a major un-
conformity and after a period of at least 10 m.y. was progres-
sively onlapped by the Ferruginous Oolite of the Laptal For-
mation during the early Callovian global sea level rise (Haq et
al. 1987, Gaetani & Garzanti, 1991). The Laptal Beds are char-
acterized by fossiliferous ironstone intervals enclosing a coars-
ening-upward shale-sandstone sequence deposited on a storm-
controlled inner shelf. In the regions where the Laptal Beds
are missing, the surface of the Kioto carbonates often shows a
zone of red alteration.

The Spiti Shale (Stoliczka 1865)
(Oxfordian-early Berriasian)

After a period of reduced sedimentation and frequent gaps
in the late Callovian to early Oxfordian, the Laptal Beds were
followed until the early Berriasian time by deposition of off-
shore pelites, the Spiti shale, on the slowly subsiding N Indian
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shelf. The thickness of the Spiti Shale varies between 10-30 m
in NW Zanskar and 200 m in the Spiti area to the SE (Gaetani
& Garzanti 1991).

The Giumal Sandstones (Stoliczka 1865)
(Early Cretaceous)

The offshore Spiti Shale is overlain by the Aptian and Al-
bian Giumal Sandstones, which recorded the multiphase
progradation of deltaic clastics on the Zanskar shelf. The Giu-
mal Sandstones form a 200-300 m-thick sequence of grey local-
ly cross or graded-bedded, fine-grained sandstones inter-bed-
ded with black shale. An Early Cretaceous (Valanginian-Al-
bian) volcanic extensional event is indicated by abundant vol-
canic detritus and local basaltic lavas of alkaline and tholeiitic
suites in a large part of the N Indian passive margin, from Zan-
skar in the NW to Nepal in the SE and correlates with the 115
Ma old Rajmahal Traps of north-eastern India. This magma-
tism is related to an Early Cretaceous break up episode that
preceded the final opening of the Indian ocean (Garzanti et al.
1987, Garzanti 1993, Gaetani & Garzanti 1991).

The Chikkim Formation (Stoliczka 1865)
Synonyms: Zanskar: Fatula Limestone (Gaetani et al. 1985)
(Cenomanian-Campanian)

During the Cenomanian, the outer continental terrace was
covered by 100 m light grey to multi-coloured pelagic
foraminiferal limestone that formis the white Chikkim cliff in
the upper Spiti valley (Stoliczka 1865, Hayden 1904) and the
multicoloured Fatula Limestone in Zanskar (Gaetani et al.
1985). This early Late Cretaceous sedimentation marks the
onset of the opening of the Indian ocean and the N directed
drift of India (anomaly 34, 80 Ma, Campanian, Patriat et al.
1982, Patriat & Achache 1984).

Kangi La Shale (Fuchs, 1977)
(Synonym: Goma Shale, Fuchs, 1977)
(Late Cretaceous)

In Zanskar, the Fatula Limestones are overlain by the
Upper Cretaceous Kangi La (Goma) Shales, a 400-600 m-thick
sequence of dark grey marls, calcareous siltstones and sand-
stones in the upper part that was deposited in a bathyal to sub-
littoral environment (Baud et al. 1984, Garzanti et al. 1987).

Stumpa Quartzites (Gaetani & Garzanti 1991)
(Danian)

The Paleogene succession begins with 10-100 m of white,
brown-weathered Stumpa quartzarenites, onlapping an under-
lying unconformity (Garzanti et al. 1987). These coastal sand-
stones have a Danian age (Gaetani et al. 1986).

The Shinge La Formation (Garzanti et al. 1987)
(synonyms: Spanboth Limestone, Fuchs 1982, Dibling Lime-
stone, Garzanti et al. 1987)
(Paleocene)
The carbonate sedimentation on the N Indian shelf ends in



the Late Paleocene with the 200 m-thick open shelf Dibbling
Limestone and oceanward Shinge La pelagic limestone, that is
up to 500 m thick. The latter formed on the outer part of the
continental terrace and was unconformably overlain by 0-120
m of nummulitic Kesi Limestone. These sediments are capped
by an early Eocene hardground (Garzanti et al. 1987).

The Kong Formation (Garzanti et al. 1987)
(synonym: Kong Slates, Fuchs 1982)
(Ilerdian-Ypresian)

The Kong Formation is composed of marine slates and silt-
stones rich in very fine-grained volcanic detritus with num-
mulites and assilinas of an Ilerdian and early Eocene (Ypre-
sian) age. These sediments record the erosion of obducted
oceanic crust and the collision of the Indian passive margin
with Asian active margin. These observations corroborate the
paleomagnetic data, which suggest continental collision at
about 50 Ma (Patriat & Achache 1984)

Paleogene Olistostrome

To the south of Dat in the Karnagh region, the Cretaceous
Giumal Sandstones are overlain by debris-flow conglomerates
containing limestone pebbles of Cretaceous to Paleocene age
(Fuchs 1986, Garzanti et al. 1987, Steck et al. 1993).

The Neotethyan slope

The Lamayuru Formation (Frank et al. 1977, Fuchs 1977)
Synonym: Lamayuru Flysch (Frank et al. 1977, Fuchs 1977),
Markha Unit (Baud et al. 1982).

The sedimentation on the N Indian slope is characterized
by a heterogeneous sequence of turbiditic calcarenites and
marls with rare fossils, strongly deformed during the Hi-
malayan collision (Stoliczka 1865, Lydekker 1883, Frank et al.
1977a, Fuchs 1977, Bassoulet et al. 1980, Bassoulet et al. 1983,
Stutz & Steck 1986, Stutz 1988). Near Lamayuru, the Lamayu-
ru Flysch is composed of a repeated alternation of grey to
black siltstone and calcareous grey siltstone with frequent olis-
tolites, olistolite breccias that contains Jurassic microfossils
(Bassoulet et al. 1983). The Lamayuru Flysch is exposed all
along the Indus suture, from the Dras valley in the NW to the
Tso Morari region in the SE (Fuchs & Linner 1996). In the
Markha valley, Stutz (1988) distinguished and described dif-
ferent formations that range from Early Permian to Late Cre-
taceous in age: they include calcareous grey schists of the
Luchungtse Formation, over 200 m thick, of a probably Permi-
an age, over 200 m of calcarenites and shales of the Late Trias-
sic to Early Jurassic Dolto Formation and 160 m of calcaren-
ites and calcirudites with phosphorite concretions of Middle
Jurassic to Late Cretaceous age. On the Geological map (this
paper), the Lamayuru Formation includes sediments of a Per-
mian to Late Cretaceous age of the Neotethyan slope. Georges
Mascle (personal communication) has suggested Carbonifer-
ous sediments near Karzok Gompa may also belong to these

rocks. Virdi et al. (1978) described Permian conodonts from
the Taglang La region that may also be included. According to
Fuchs & Linner (1996), the Lamayuru Formation of the Shing-
buk La region is followed by dated Cretaceous clastic flysch
with a few foraminiferal marl beds and nummulitic limestones
at the top. Honegger (1983) observed alkaline basaltic sills and
volcanites of a Triassic age in the Lamayuru Flysch of the Suru
Valley region.

Conclusions on the composition and history of the
Pre-Himalayan North Indian continental margin

A palinspastic section of the North Indian continental margin
and typical stratigraphic sections are proposed in Figs. 3 and 4.
The 2.4-3.2 Ga old rocks of the Archaen craton are exposed in
the southern part of the Indian subcontinent (Le Fort et al.
1986). In N India they probably form the basement for the
early Proterozoic siliciclastic sediments and bimodal magmat-
ic series of the Aravalli range and the Lesser Himalaya.
Archean rocks have never been found in the Himalayan
range. The Lesser Himalayan units are mainly composed of
Proterozoic sediments and magmatic rocks. In N India, they
are overlain by the Middle and late Proterozoic sediments of
the Vindhyan Basin a southern equivalent of the Riphean,
Vendian to Early Cambrian Shali limestones, Simla-Dogra
slates, glaciomarine Blaini boulder slates, Krol limestone and
dolomite and Tal sandstone of the Lesser Himalaya and
Simla-Krol belt. In the Shali and Simla region they are over-
lain with an angular unconformity by the Paleocene-Eocene
nummulitic Subathu limestone and slates (Pilgrim & West
1928, Auden 1934, Gansser 1964, Brookfield 1993). The tec-
tonic units of the High Himalaya, the Shikar Beh nappe, the
High Himalayan nappe or Crystalline nappe and the North
Himalayan nappes, are composed of a similar stratigraphic se-
quence of late Proterozoic to Late Cretaceous age, locally
overlain by younger Cenozoic sediments, related to the clo-
sure of the Neo-Tethys ocean. The most difficult task is the re-
construction of the geological environment of the early Pro-
terozoic siliciclastic sediments and bimodal magmatic series of
the Lesser Himalaya, exposed in the Kishtwar and Larji-
Kullu-Rampur windows and in the strongly deformed Lower
Crystalline, Chail and Simla-Runkum nappes of alpine age.
The siliciclastic sediments were intruded in a lower part by
1.84 Ga granitic and 1.80 Ga mafic magmatic rocks. The Nd
depleted mantle model ages on the peraluminous granitic
rocks extend to 2.63 Ga, indicating recycling of the older crust
and Early Proterozoic to Late Archaen sources (Miller et al.
2000). It is difficult to know, whether this sequence suffered
any Proterozoic (Grenville?) orogenic event. Frank et al.
(1995) correlate the Vendian Blaini tillite and the overlying
Kroll carbonate platform of the Lesser Himalaya with the
Manjir tillite and the Upper Haimantas detrital sediments of
the High Himalaya. The abundance of fossils in the Phanero-
zoic makes for very precise stratigraphic interpretation. Fig. 4
proposes a palinspastic cross-section of the Late Triassic
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Neotethyan margin of NW India. The principle features of
this reconstruction are the following:

1.

In contrast to the Alps, where two major angular uncon-
formities cutting through folded and metamorphosed
older rocks testify of the Caledonian and Variscan oro-
genic events, in the Himalaya, no Paleozoic compressional
structures are observed. Gansser’s conclusion (1964): “It
is this conformable sedimentary sequence of Spiti, from
Precambrian onwards, which reflects a calm epeirogenic
pre-Alpine history of the “Tibetan” Himalaya” that is
valid for the whole stratigraphic sequence of the High Hi-
malaya.

The early Proterozoic Rampur Formation forms the base-
ment of the Riphean to Early Cambrian sedimentary se-
quence in the Lesser Himalaya and the Lower Crystalline
nappe.

The Riphean to Early Cambrian sedimentation of the High
Himalayan domain was a long lasting anorogenic detrital
accumulation that is over 10 km thick in the Haimanta se-
quence on the N Indian border (Frank et al. 1995).

The glaciomarine pebbly diamictite of the Manjir Forma-
tion (Middle Haimantas) represents an important strati-
graphic marker horizon of a Vendian age in this monoto-
nous sequence. The Blaini boulder beds in the Lesser Hi-
malayan units are considered to be the lateral equivalent of
the Manjir boulder beds in the High Himalayan units
(Frank et al. 1995, Draganits et al. 1998).

Strong erosion and thermal uplift are indicated by the
angular unconformity at the base of the Ordovician
Thaple conglomerates. The lower crust is intruded by
Ordovician bimodal calc-alcaline but mainly granitic
magmatic rocks at 500 Ma (Girard & Bussy 1999, Wyss
et al. 1999). At this time, the Cimmerian blocks, like
South Tibet and Afghanistan were still attached to the N
Indian continental margin. This Ordovician extensional
event may be related to the Paleo-Tethys rifting
(Stampfli et al. 2001).

Early Carboniferous synsedimentary normal faults and a
basaltic intraplate magmatism are related to transtensional
movements in the N Indian margin suggesting an aborted
Carboniferous rift preceding the main Permian Neo-Tethys
rifting (Vannay 1993, Vannay & Spring 1993).

The emplacement of the Middle Permian Panjal Trap con-
tinental flood basalts preceded the opening of the Neo-
Tethys ocean. The Cimmerian blocks, Afghanistan and S
Tibet, progressively separate from N India. A strong ther-
mal subsidence of the N Indian flexural margin with the
formation of the Permian-Cretaceous carbonate platform
that began in Middle Permian time (Vannay 1993, Stampfli
et al. 2001).

. The Neo-Tethys margin of N India possesses the geom-

etry of an upper flexural margin (Fig. 4, Wernicke 1985,
Voggenreiter et al. 1988). The rift shoulder is exposed
in the Pir Panjal range, between the Mesozoic Tandi
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10.

syncline and the Chamba basin (Gaetani & Garzanti
1991, Steck et al. 1993, Vannay 1993, Stampfli et al.
2001).

During the Early Cretaceous, abundant volcanic detritus
mixed with quartzose siliciclastics in the Albian shelf sand
bodies of the Giumal Sandstone and by a local occurrence
of basaltic lava testify to a major volcanic event affecting
the northern Indian margin, from Ladakh to Nepal (Bor-
det et al. 1971, Raina & Bhattacharyya 1977, Sakai 1983,
Gaetani et al. 1985, Garzanti et al. 1987). This Early Cre-
taceous rifting may be a precursor of the NE-directed
drift of the Indian plate in the Late Cretaceous. In the
Campanian, India began moving away from Africa and
synchronously a convergent plate boundary developed
along the southern Eurasian margin (anomaly 34, 80 Ma,
Senonian; Norton & Sclater 1979, Patriat et al. 1982). The
sedimentary record of the period of convergence is ex-
posed in the youngest (Ypresian and early Lutetian) sedi-
ments of the North Himalayan nappes of the Zanskar re-
gion (Zangla and Lingshed nappes, Garzanti et al. 1987,
Gaetani & Garzanti 1991, Rowley 1996). According to
Jaeger et al. (1989) and Rage et al. (1995) terrestrial fau-
nas of the Cretaceous/Tertiary boundary age (65.7 + 2
Ma) in India are similar to coeval faunas of Eurasia and
have been inferred to imply collision by 65 Ma. The 55
Ma age of the Tso Morari eclogites suggests that in the
NW Himalaya, the subduction of the Indian crust below
Asia is of the same age (55 + 7 Ma Sm-Nd age on grt-gln-
whole rock, 55 + 12 Ma Lu-Hf age on grt-cpx-whole rock
and 55 + <17 Ma U-Pb age on alanite, De Sigoyer et ai.
2000). The rapid drop of the convergence velocity from
about 15 cm/a to 5 cm/a approximately 50 Ma ago in the
early Eocene (Ypresian) (Patriat & Achache 1984) may
be another consequence of the continental collision of
India with Asia.

The time of ophiolite obduction is determined by the first
arrival of volcanic and debris from ocean crust from the
obducted ophiolites and the accreted Dras arc in the
Early Eocene Chulung La Formation of the Zanskar shelf
(Garzanti et al. 1987) and the latest Paleocene and
Eocene Subathu Formation of the Indus-Ganga fore arc
basin (Najman & Garzanti, 2000). Before this time, all de-
tritus deposited on the N Indian shelf was derived from
the Indian passive margin to the N (Garzanti et al. 1987).
At the time of the Early Cretaceous deposition of vol-
canic detritus in Giumal sandstones, the N Indian margin
was still separated from the active Eurasian margin by the
more than 2000 km wide Neo-Tethys ocean. The occur-
rence of Maastrichtian to Ypresian fossils, in the ophi-
olitic melange underlying the Spongtang ophiolite klippe,
proves that the ophiolite obduction onto the Indian pas-
sive margin ended in the late Paleocene (Colchen & Reu-
ber 1987). Thus the classic hypothesis of a Cretaceous
continental collision and ophiolite obduction (Searle 1983,
1986) must be revised.



3. Elements of the Neo-Tethys ocean crust, islands ascs and
the Ladakh bathlith of the Asian margin

Oceanic crust, Spongtang klippe, Karzok unit and blueschists
of the Indus suture zone.

Obducted oceanic lithosphere on top of the North Himalayan
nappes crops out in the Kiogar ophiolite nappe in the Kumaon
(Heim & Gansser 1939, Gansser 1964) and the Spongtang klippe
in Zanskar (Reuber et al. 1987). In the NW Indian Himalaya,
ophiolitic melanges with serpentinites and peridotites, gabbros,
pillow basalts of a MORB composition and Late Jurassic radio-
larian cherts and limestones occur in the two major ophiolitic
melange zones north and south of the Dras-Nindam unit.
Blueschists occur in tectonic melanges with Late Cretaceous
foraminiferal limestones (Honegger et al. 1982, 1989). In the
Spongtang klippe, Reuber et al. (1987) distinguish an upper
thrust sheet consisting of tectonized harzburgites and a lower one
composed of an ophiolitic melange, Dras volcanics and flysch
with Maastrichtian to Paleocene fossils (Garzanti et al. 1987). The
Nidar ophiolites (Fuchs & Linner 1996, Mahéo et al. 2000), com-
prising pillow lavas, gabbros and slightly serpentinized lherzolitic
peridotites, are exposed in the Indus suture zone, north of Ribil.
The Karzok ophiolite, consisting of a chromite and metagabbro
lens, situated on the thrust plane between the Tetraogal and
Mata nappes, crops out on the W shore of the Tso Morari (Steck
et al. 1998). The mafic rocks of the Spongtang klippe, the Nidar
and Karzok ophiolites are considered to be cogenetic. REE pat-
terns and radiogenic Nd isotopic compositions are diagnostic of
an N-Morb like depleted mantle source (Mahéo et al. 2000). The
authors consider the Spongtang, Nidar and Karzog ophiolites as
slices of a same immature intra-oceanic arc. Blueschists occur
along the Indus suture in Ladakh in the form of tectonic thrust
slices and as isolated blocks within mélange units and in tectonic
mélanges associated with Upper Cretaceous foraminiferal lime-
stone (Honegger et al. 1982, 1989). Near Shergol in the Wakha
valley, they lie in a mélange zone between the Dras-Nindam zone
in the north and the Lamayuru zone in the south. The mineral as-
semblage of the metabasic volcanoclastic rock sequence is char-
acterised by lawsonite-glaucophane/crossite-Na-pyroxene-chlo-
rite-phengite-titanite+albite+stilpnomelane. P-T estimates indi-
cate temperatures of 350 to 420°C and pressures around 9-11
kbar. Geochemistry indicates a primary alkaline character of the
blueschists, which suggests an oceanic island or a transition
MORSB type primary geotectonic setting. K/Ar isotopic investiga-
tions yield middle Cretaceous ages (Honegger et al. 1989).

The Dras-Nindam Formation (Bassoulet et al. 1978a & b,
1983, Honegger et al. 1982, Dietrich et al. 1983)
(Callovian-Cenomanian)

The Dras volcanics and their lateral equivalent the shallow-
water volcano-sedimentary Dras-Nindam flysch unit constitute a
major geological zone, which follows the Indus Suture for more
than 400 km between the Karakorum and Leh (Frank et al. 1977a,
Bassoulet et al. 1978 a et b, 1983, 1984, Honegger et al. 1982, Diet-

rich et al. 1983). A 15 km-thick pile of thrust sheets, comprising
volcanics, pyroclastics, volcanoclastic sediments and radiolarian
cherts, are exposed near Dras. Island arc tholeiitic basalts alternate
with dacitic rocks of the calc-alkaline series. Bulk-chemistry, REE-
patterns and relictic primary minerals, such as magnesiochromite,
clinopyroxene, hastingsite hornblende and Ti-magnetite, suggest
that the volcanics belong to island arc tholeiite and calc-alkaline
rock series, typical of present island arcs in the Caribbean and Pa-
cific (Honegger et al. 1982, Dietrich et al. 1983). The associated
flysch sediments yield Callovian to Cenomanian ages (that include
inclusions of Albian to Cenomanian Orbitolina limestones, Wadia,
1937). According to Cannat & Mascle (1990), the volcano-detrital
Nindam flysch deposits have an Aptian to Early Eocene age and
represent the product of the erosion of a volcanic arc.

The Ladakh intrusives of the active Asian margin

Subsequent to the formation of the Upper Jurassic and Lower
Cretaceous Dras volcanic arc of the NW Himalaya, the further
subduction of oceanic crust produced large volumes of mag-
matic rocks of the Ladakh batholith calc-alkaline plutons,
which intruded the Dras volcanics to the west of Kargil and the
southern border of Asia from the Cenomanian to the Lutetian
(Honegger et al. 1982, Cannat & Mascle 1990). To the north of
the Indus-Tsangpo suture zone, the Eurasian plate was bor-
dered over a distance of 2500 km by the 30 to 50 km-wide An-
dean type Transhimalayan (Gangdese) plutonic belt. The
Ladakh intrusives represent a north-western segment of this
belt. In the Ladakh range, the magmatic activity occurred be-
tween 103 and 50 Ma, i.e. between a Cenomanian gabbronorite
of 103 + 3 Ma (concordant U-Pb zircon age) and an Eocene
quartz-diorite of 49.8 + 0.8 Ma (U-Pb zircon age, Weinberg &
Dunlap 2000). These ages are similar to the 94.2 + 1 Ma to 41.1
+ 0.4 Ma U-Pb ages on zircon from samples of the Lhasa-
Xigaze region in Tibet (Schérer et al. 1984). A 103 Ma Ladakh
biotite-granodiorite intruded the Dras volcanics near Kargil,
producing an aureole of contact metamorphism (Frank et al.
1977a). This cordillera type calc-alkaline suite testify to the par-
tial melting of the Asian mantle above the NW-directed under-
thrust Neo-Tethys ocean floor. The Ladakh intrusives are gen-
erally non-metamorphic. Prehnite mineral assemblages in a
shear zone within a diorite near of the village of Chumatang to
the west of Mahe in the Indus Valley are interpreted as a prod-
uct of a post-magmatic hydrothermal activity, rather than of a
regional metamorphic overprint (Schlup et al. 2003).

4. The Himalayan tectonics, metamorphism, magmatism and
sedimentation

The Indus Group (Garzanti & Van Haver 1988)
(synonyms: Indus Molasse, Tewari 1964, Fuchs 1982; Indus
Clastics, Garzanti & Van Haver 1988)
(Late Cretaceous-Neogene)

Late Cretaceous to Neogene sediments were successively
deposited in a fore arc basin of the Ladakh batholith and in an
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intermontane molasse basin. They are exposed over a distance
of 2000 km along the Indus-Tsangpo suture zone, between the
Nanga Parbat in Pakistan and the Namche Barwa syntaxis in
Assam (Mascle et al. 1986). Sinclair & Jaffey (2001) restricted
the use of the term Indus Group to the molasse sediments that
have been deposited during the Tertiary in an intermontane
basin. A simplified synthetic stratigraphic column based on ob-
servations by Dainelli (1933), Tewari (1964), Fuchs (1977,
1979, 1982), Frank et al. (1977a), Bassoulet et al. (1978b, 1982),
Baud et al. (1982), Brookfield & Andrews-Speed (1984); Van
Haver (1984); Bucher & Steck (1987); Searle et al. (1990), Sin-
clair & Jaffey (2001) and Steck et al. (1993) is illustrated in the
palinspastic section of Fig. 5.

The Khalsi Limestone (Bassoulet et al. 1978 a and b, 1984)
and Thar Formation (Van Haver 1984)
(Aptian-Albian)

The oldest sediments in the southern part of the Indus
Group sedimentary sequence are the Aptian-Albian Khalsi
Limestones, up to 50 m thick, exposed S of the Indus river be-
tween Saspul and Nurla that form a tectonic contact with the
ophiolitic melange zone and Nindam Flysch of the Indus su-
ture. The platformal carbonates contain an abundant fauna of
orbitolinas, rudists and nerineas. They are interpreted by
Garzanti and Van Haver (1988) as a limestone platform form-
ing an atoll or deposits of a fore-arc basin perched on the Nin-
dam accretionary wedge in front of the Ladakh batholith. The
Khalsi Limestones are unconformably transgressed by 200 m
of Tar Formation, Late Cretaceous green turbidites, rich in
belemnites with two coarse conglomerate bodies interpreted
as deep-sea fan turbidites of a Maastrichtian and probable Pa-
leocene age, overlain by shallow-water carbonates with gas-
tropods, bivalves and nummulites of the Paleocene Sumdha
Gompa Formation and finally capped by sandstones and
pelites deposited in a deltaic environment and paleosols
(Garzanti & Van Haver 1988).

The Miru-Chogdo Flysch (Miru Flysch, Fuchs & Linner 1996;
Chogdo Flysch (Baud et al. 1982)

Synonyms: Jurutze Flysch, Jurutze Marls, Brookfield and
Adrews-Speed (1984), Chogdo Flysch and Chogdo marine
Molasse (Steck et al. 1993), Nummulitic Limestones (including
Sumdha Gompa Formation, Parcha Kanri Conglomerate and
Urucha Marl (Garzanti & Van Haver 1988), Jurutse, Sumda
and Chogdo Formation (Sinclair & Jaffey 2001)
(Cenomanian-early Eocene)

The transition from the open sea fore-arc basin sedimenta-
tion in front of the Ladakh arc to the continued marine sedi-
mentation of the intra continental molasse basin is gradual and
coincides with the deposition of the yellow fine-grained Miru-
Chodgo Flysch with nummulitic limestone lenses of a sup-
posed early Eocene age. The Miru-Chogdo Flysch overlies
with a stratigraphic continuation the Maastrichtian-Paleocene
Tar and Early Eocene Sumdha Gompa Formations and is suc-
ceeded by the continental red shales and red and green con-
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glomerates of the Gongmarula -Sumdo-Hemis-Nurla Molasse.
New observations by Fuchs & Linner (1996) in the Kiari sec-
tion, N of the Tso Morari dome, revealed microfossils such as
Rotalipora cushmani and Dicarinella algeriana of a <middle to
late Cenomanian age and Hedbergella planispira and Glo-
bigerinelloides bollii of an age not older than the Turonian in
the Miru Flysch. These new observations document that the
Chogdo-Miru Flysch facies may also be a lateral equivalent of
the Tar and Sumda Gompa Formations.

The Gongmarula-Hemis-Nurla Molasse
(early Eocene?)

The term Gongmarula-Hemis-Nurla Molasse has been
chosen to designate all the different types of meandering and
braided river sediments and deltaic prograding river fans com-
posed of red and/or green shales, sandstones and conglomer-
ates deposited in the intra-continental Indus Molasse basin,
within the Paleo-Indus valley (Fig. 5). The Gongmarula Mo-
lasse corresponds to red siltstones, which alternates with red or
green sandstones and conglomerates; the Hemis Molasse is
mainly conglomeratic; where as the Nurla Molasse and Sumdo
red Molasse are dominated by shales and sandstones. Many
other formation names have been proposed for the molasse
sediments and there are also major differences between the
stratigraphic columns proposed by different geologists working
in the Indus Molasse (Baud et al. 1982, Brookfield & An-
drews-Speed 1984; Van Haver 1984; Bucher & Steck 1987,
Searle et al. 1990, Sinclair & Jaffey 2001 and Steck et al. 1993).
There is a major difference between the stratigraphic columns
proposed by Garzanti & Van Haver (1988), with the Hemis
Conglomerates at the base and the Nurla Formation on top,
and the succession of Sinclair & Jaffey (2001) with the Nurla
Formation at the base and the Hemis Conglomerates on top.
A palinspastic reconstruction based on a detailed structural
and stratigraphic study of the Martselang-Gongmaru La geo-
logical transect suggests that the coarse Hemis, variegated and
Stok (Gongmaru La) conglomerates and the fine-grained red
Sumdo and Gongmaru La shales and siltstones represent inter-
fingered lateral equivalents within a 4000 m thick pile of mean-
dering and braided river deposits and prograding deltas with
local lakes and marshes (bird foot prints, rain drop marks, etc.
in the Gongmaru La region) (Fig. 5 and Figs. 4-10 in Steck et
al. 1993). Our reconstruction can explain the contradiction be-
tween the stratigraphic columns of Garzanti & Van Haver
(1988) and Sinclair & Jaffey (2001) as well as propositions by
other authors. The detrital sediments contain granitoid peb-
bles of the Ladakh rang, red radiolarites, basalts and chromite
from the obducted Neo-Tethys ocean crust and the Dras is-
land arc and limestone and marble pebbles from the Hi-
malayan range (Van Haver 1984, Bucher & Steck 1987). The
Gongmaru La-Hemis-Nurla Molasse is not dated with fossils.
The molasse sediments, overprinted by a Late Eocene regional
metamorphism, is thus of an Early and Middle Eocene age
(Van Haver et al. 1986). These synorogenic sediments were
deposited in an intramontane Indus basin, over 30 km wide,
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after the Early Eocene. Between Leh and Upshi, the Gong-
marula-Hemis-Nurla Molasse is overthrusted by the Hemis im-
bricate thrust on the autochthonous molasse conglomerates
(Upshi Molasse (Fig. 5); Frank et al. 1977a, Steck et al. 1993),
the SE structural equivalent of the Basgo Formation.

The Basgo Formation (Basgo Unit, Baud et al. 1982)
(Maastrichtian)

On the northern border of the Indus basin, the Ladakh
granitoids are unconformably overlain by alluvial and deltaic
deposits, starting with the 10-200 m of coarse conglomerates of
the Basgo Formation (Basgo-Skinning Formation or Molasse)
changing laterally and locally into lacustrine limestones and
marls with a Maastrichtian ostracod fauna (Van Haver 1984).
It is not clear if the undated autochthonous Upshi Molasse
(Frank et al. 1977a) represents a lateral equivalent of the au-
tochthonous Basgo Molasse or of the younger Nimu Sand-
stones, we have decided to show on our map.

The Nimu sandstones

(synonyms: Nimu grits Brookfield & Andrews-Speed 1984,
Sinclair & Jaffey 2001; Nimu Formation, Van Haver 1984,
Garzanti & Van Haver 1988)

(Paleocene-early Eocene)

The Nimu Sandstones and Temesgang Formation strati-
graphically lie on the Basgo Formation. Garzanti & Van Haver
(1988) consider the two undated units to have different ages, the
Nimu Formation as the younger and Temesgam Formation as
the older sediments of the molasse stratigraphic column. These
two similar formations are represented by the same colour on
our map. The undated Nimu Sandstones, up to 600 m thick, con-
sist of an alternation of mudstones and sandstones, are preserved
in the central part of the Indus basin between Saspul and Upshi.
Near Upshi, they stratigraphically overlie the Ladakh granitoids
(Frank et al. 1977a). Freshwater pelecypods, slumps and tur-
biditic sedimentation indicate a lacustrine environment. The
Indus valley was occupied by a large lake (Van Haver 1984,
Garzanti & Van Haver 1988, Searle et al. 1990). The contact with
the overlying Gongmarula-Hemis-Nurla Molasse is tectonic
(Hemis thrust Frank et al. 1977a, Steck et al. 1993).

The Temesgam Formation (Van Haver 1984)
(Paleocene-early Eocene?)

During the Paleocene and early Eocene, more than 1000 m
alternating fine-grained yellowish pelites and reddish sand-
stones of the Temesgam Formation was deposited in strati-
graphic continuation on the Basgo deltaic sediments. The sedi-
mentary features and occurrence of freshwater pelecypods
suggest that these fine-grained sediments are lateral equiva-
lents of the Nimu Formation.

The Chilling and Butum-Kargil Formations (Honegger 1983)
(Mio-Pliocene?)

The Chilling and Butum-Kargil Formations are composed
of coarse continental conglomerates and sandstones, probably
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deposited during the Mio-Pliocene time on the folded older
Indus Group deposits and the vertical units of the Indus Suture
zone. (Wanlah Conglomerate, Mascle et al. 1986, Cannat &
Mascle 1990).

The tectonics of the sediments of the Indus Group

A major unconformity and erosion gap in the Indus Molasse
profile of the Martselang-Gongmarula transect is interpreted
as evidence for important tectonic movements during the Mo-
lasse deposition (Fig. SC, Steck et al. 1993). Furthermore,
some younger epi-sutural conglomerates unconformably over-
ly folded molasse deposits in the Markha valley (Christan
Talon, personal communication). Major differences in the de-
scription and interpretation of the tectonics of the Indus
Group have led, as mentioned above, to very different and
contradictory stratigraphic columns (Baud et al. 1982, Brook-
field & Andrews-Speed 1984, Cannat & Mascle 1990, Van
Haver 1984; Bucher & Steck 1987; Garzanti & Van Haver
1988; Searle et al. 1990, Sinclair & Jaffey 2001 and Steck et al.
1993). A synthesis based on these divergent proposals is im-
possible, as the differences are often based on incompatible
observations, interpretations and structural concepts. A syn-
thetic stratigraphic column and a palinspastic model of the
Martselang-Gongmarula valley transect (after Steck et al.
1993) are illustrated in Figs. SA and C. This interpretation is
fundamentally different to the structural descriptions and in-
terpretations of the same profile by Baud in Baud et al. (1982),
Van Haver (1984), Garzanti & Van Haver (1988) and Sinclair
& Jaffey (2001). The main difference is due to the fact that
some strongly deformed stratigraphic contacts between very
ductile shale and competent conglomerate or sandstone layers
have been erroneously interpreted as faults by Baud. The
geometry of the Indus Molasse, at a regional scale, is charac-
terised by a succession of open anticlines and synclines of
greater than 1 km wave length, such as the spectacular NE-
striking syncline of Hemis Gompa to the south of Leh (Fig. 9
in Frank et al. 1977a), a molasse fold style that was already
documented by Dainelli (1933, Fig. 39 in Gansser 1964). From
detailed structural analyses up to 3 foldgenerations and two
schistosities related to the NE-verging late Himalayan back
folding and thrusting to the north of the Indus Suture can be
recognized. The Hemis syncline is a second phase A; fold with
a weak axial surface schistosity S,. Early A folds and axial sur-
face schistosity S; were developed in the more ductile shales
and siltstones of the Chogdo Flysch and locally in the younger
red Sumdo Molasse shale and siltstone. Second folds A, with
their axial surface schistosity S, were then back-rotated into
their present vertical position concomitant with a late updom-
ing of the Ladakh batholith to the N and the rotation of the
molasse transgressional surface to the present 60° SW-dipping
position. Local third generation NE-verging open folds A3
were developed after the preceding tilting of the molasse Az
folds and S; schistosity. Detailed geological mapping of the
Indus Suture zone of Eastern Ladakh between the Taglang La,



Ribil and Mahe by Fuchs & Linner (1996) revealed a compli-
cate structure for the Indus Suture zone. They suggest an early
phase of SW-directed imbricate thrusts of the ophiolites with
the overlying autochthonous Miru-Chogdo Flysch and Indus
Molasse. Two such thrust sheets are distinguished in the mid-
dle section of Fig. 7. These early imbricates were then over-
printed by the younger NE-verging folds and thrusts of the
Indus Suture zone.

The metamorphism of the Indus Group

The sediments of the Indus Group are affected by a very low
grade metamorphism: high diagenesis to the NE at the contact
with the Ladakh intrusives which grades up to the anchizone
or prehnite-pumpellyite facies to the SW in the Gongmarula
Molasse (Fig. SC & Plate 4). This zonation is based on illite
crystallinity and prehnite-pumpellyite mineral assemblages
(Plate 4; Van Haver et al. 1986, Steck et al. 1993). The meta-
morphism is related to the NE-directed back thrusts of the N
Himalayan nappes and the NE-verging folds, thrusts and schis-
tosity in the Indus Molasse and the Nyimaling thrust (Fig.7) in
the Nyimaling-Tso Morari dome (Van Haver et al. 1986, Steck
et al. 1993). Based on K-Ar dating of separated micas, Van
Haver et al. (1986) estimated the age of this tectono-metamor-
phic event to be 35-40 Ma. These data are in agreement with
the age of cooling below 300°C of the regional Barrovian
metamorphism of the North Himalayan nappe stack exposed
in the Tso Morari region (De Sigoyer et al. 2000, Schlup et al.
2003). These ages indicate also that the sediments of the Indus
Group, with exception of the Chilling and Butum-Kargil for-
mations of probable Mio-Pliocene age, are not younger than
the Late Eocene. Likewise, their deposition in an epi-sutural
basin is related to the erosion of the Ladakh batholith to the N
and of the accretionary wedge composed by the Late Pale-
ocene — Eocene North Himalayan nappe stack to the S.

The Himalayan nappes

Six phases of nappe emplacement have been distinguished in
the Himalayan range based on new studies of the Leh—-Mandi
transect of the NW Indian Himalaya (Plate 3). From oldest to
youngest, the phases are characterized by the implacement of
the following nappes:

1 The NE-directed Shikar Beh nappe.
The SW-directed North Himalayan nappes composed of

2 The eclogitic Tso Morari nappe and

3 The higher (non eclogitic) units of the N Himalayan nappe
stack

4 The High Himalayan nappe, “Crystalline nappe” or Main
Central thrust (MCT).

5 The Lesser Himalayan nappes or Main Boundary thrust
(MBT.)

6 The Himalayan frontal thrust belt or Active Himalayan
thrust (AHT).

Each nappe stack is responsible for crustal thickening and a
perturbation of the geothermal gradient, due to the under-
thrusting of cold below hotter crustal slices and followed by
thermal relaxation. So each nappe stack has induced its own
orogenic metamorphism that will be described separately.
Plate 4 shows the metamorphic zonation of the NW Indian Hi-
malaya. In the Tso Morari dome only, the high-pressure meta-
morphism restricted to the Tso Morari nappe has been distin-
guished from the zones of the younger Barrovian metamor-
phism related to the entire North Himalayan nappe stack. The
distinction of the other phases of similar Barrovian type meta-
morphism is difficult and hence not represented on the meta-
morphic map. The contact metamorphic aureoles around the
Ordovician granites are likewise not illustrated.

The Shikar Beh nappe

The oldest nappe structure of the Himalayan range is the NE-
directed Shikar Beh nappe (Steck et al. 1993, 1998, 1999, Van-
nay & Steck 1995, Epard et al. 1995, Wyss et al. 1999, Robyr et
al. 2002). Its most spectacular structure is the NE-verging
Tandi syncline of Permian and Mesozoic sediments, exposed in
the Pir Panjal range, south of Tandi, on the left bank of the
Chandra-Chenab river. Early NE-directed folds and thrusts of
the Shikar Beh nappe have been documented over a distance
of 200 km between the Miyar valley and the Lagudarsi La east
of Kiato in the upper Spiti valley (Steck et al. 1999). A medium
pressure regional metamorphism is related to this early Hi-
malayan nappe stack. Kyanite and staurolite assemblages in
metapelites appear between Kalath in the upper Beas valley
and Khoksar in the Chandra valley. The estimated overburden
is about 20 km (Epard et al. 1995). From this area, the degree
of the regional metamorphism decreases gradually NE-ward
down to the anchizone with pumpellyite mineral assemblages
in metabasites south of the Baralacha La. The latter mineral
assemblage crystallised below an overburden of less than 10
km (Frank et al. 1977b, Vannay 1993, Steck et al. 1993). The
metamorphic zonation is explained by a nappe stack thrusted
to the NE (Plate 4, Steck et al. 1993, Vannay, 1993, Epard et al.
1995, Vannay & Steck, 1995, Wyss, 2000). A penetrative SW-
dipping syn-metamorphic stretching lineation and micro- and
mesoscopic scale top-to-the NE shear sense criteria reveal the
NE-directed thrust direction (Fig. 6, Steck et al. 1999, Robyr et
al. 2002, Robyr 2003). The NE-verging folds and thrust of the
Shikar Beh nappe front were in a later stage overprinted by
the SW-directed folds of the younger N Himalayan nappe
front, such as near Batal in the Chandra valley (Fig. 10; Steck
et al. 1993, Wyss et al. 1999) and at the Lagudarsi La in the
Spiti valley (Fig. 7; Steck et al. 1998). The NE-verging Shikar
Beh nappe structures are overprinted by the younger SW-di-
rected folds and schistosities of the High Himalayan nappe
(Fig. 10). The Shikar Beh thrust is older than the about 22 Ma
Early Miocene Main Central thrust at the base of the High Hi-
malayan nappe (Frank et al. 1977b, Hubbard & Harrison
1989). Zircon FT data of Schlup et al. (2003) from the Tso
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Morari region show that the main emplacement of the North
Himalayan nappes occurred before 40 Ma and Vance and Har-
ris (1999) suggest that synkinematic garnets of the nappe front
crystallizeed ~30 Ma ago. In conclusion, the NE-directed
Shikar Beh nappe represents the oldest Tertiary intracontinen-
tal nappe structure of the north Indian crust accreted in the
Himalayan range. This compressional structure has probably
been formed by reactivation of a pre-existing SW-dipping
listric normal fault of the North Indian continental margin. Le
Fort (1997) compares the early NE-directed Shikar Beh
thrusts and folds of the NW Himalaya with the late backfolds
of the Alps, an assumption that is in contradiction with the
structural history.

The N-verging Warwan, Bobang, Bor Zash and Wakha
recumbent folds and N-directed Dras nappe

The tectonic map of the NW Himalaya and geological sections
of Honegger (1983) show the N-verging Bor Zash, Bobang and
Warwan recumbent folds to the NW of the Kisthwar window
and in the Nun-Kun (Suru dome or Suru syntaxis) region
(Plate 2, section 1). Honegger (1983, p. 89 and geological sec-
tions on its Fig. 47) suggests the following mechanism:

“Als Hypothese kann man sich fiir die zusammengefaltete
und gestauchte Struktur dieses Gebietes folgende Entwicklung
vorstellen:

1 Aufrechtstehender Faltenbau

Entwicklung der Decke (Kristallindecke) im Untergrund,

bestehende Faltenstrukturen erhalten NE-Vergenz um

NW - SE laufende Achsen

Einsetzen der Falten mit SW — Vergenz

4 Abdrehen der Warwan Antiklinalen, der Bobang - und
Bor Zash Einheit in N-S Richtung mit Ausbildung des
Suru Domes.

[O¥]

Translation:
One hypothesis would be to imagine the following devel-
opment for the superimposed structures of this region:

1 Vertical folding.
Development of the (Crystalline) nappe at a deeper level,
pre-existing fold structures became NE-vergent with NW-
SE striking fold axes.

3 Starting of SW-verging folds.

4 Rotation of the Warwan anticlines, the Bobang — and Bor
Zash units in a N-§ direction with formation of the Suru
dome.

In other words, Honegger (1983) suggests that the huge Bor
Zash, Bobang and Warwan recumbent folds are early Hi-
malayan folds that have been rotated in their final N-verging
position during SW-directed thrusting of the deep-seated
“Crystalline nappe”.

A different interpretation is proposed for the NE-directed
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young Wakka and Dras thrusts and folds. Gilbert (1986) stud-
ied the N-verging Wakha recumbent fold of Triassic and Lias-
sic sediments and the underlying N-directed Dras nappe. Ac-
cording to Gilbert (1986), Gilbert & Merle (1987) and Gapais
et al. (1992), the Wakha fold nappe represents a late Hi-
malayan structure, postdating the piling up of the units above
the MCT, due to synconvergent spreading of the ductile Hi-
malayan metamorphic rocks. They relate the spreading with
the Early Miocene Zanskar extensional shear zone.

In conclusion, there are strong arguments for the existence
of an early Himalayan NE-directed Shikar Beh nappe stack. It
is also reasonable to propose the same interpretation for the
N-verging Bor Zash, Bobang and Warwan recumbent folds of
the High Himalaya in NW Zanskar. On the other hand, the in-
terpretation of the N-directed Wakha recumbent fold and the
Dras thrust as structures related to the Shikar Beh nappe sys-
tem is improbable. A convincing suggestion is that these
thrusts may be related to a late orogenic synconvergent
spreading to the N of the Early Miocene Zanskar detachment
(Gapais et al. 1992). This type of NE-verging folds are often
developed in the roof of north-dipping faults of the Central
Himalayan extensional detachment system (Pécher 1991, Steck
et al. 1998, Epard & Steck in press). It is proposed that the N-
directed Wakha and Dras thrusts are of the same late phase as
the NE-verging backfolds and thrusts of the Indus Molasse
south of Leh. A major unanswered question remains the exact
age of the different NE-verging structures of the western Zan-
skar region. More radiometric dating and structural work is
needed.

The Barrovian metamorphism (M1) of the Shikar Beh nappe
stack

The amphibolite, greenschist and prehnite-pumpellyite facies
metamorphic zones of the Rohtang Pass - Chandra valley -
Baralacha La transect are related to the stack of the NE-di-
rected Shikar Beh nappe (Plate 4, Steck et al. 1993, Vannay,
1993). The change in the thickness of the actually eroded over-
burden, from over 20 km in the Rohtang La region to less than
10 km in the Baralacha La region, is explained by an over-
thrust in a NE direction, one that is corroborated by the NE-
verging Tandi Syncline of Mesozoic rocks. As well as in the
Miyar valley transect farther to the NW, the regional meta-
morphism is related to the NE-directed structures of the Miyar
thrust zone, a local expression of the Shikar Beh nappe (Steck
et al. 1999, Robyr et al. 2002, Robyr, 2003). In the Kullu valley,
between the Rohtang pass and Mandi, Epard et al. (1995) dis-
tinguished two phases of Barrovian recrystallisation, relicts of
an early metamorphism (M1) and mineral assemblages (M4)
that crystallised syn- and postkinematically with respect to the
High Himalayan nappe emplacement. The metamorphic map
(Plate 4) shows for the Kullu valley the position of the early
isograds of the relictic Shikar Beh nappe M1 metamorphism. It
was not possible to find unaltered mineral assemblages of the
M1 metamorphism for a thermo-barometric microprobe study



because of the overprint by the younger M4 metamorphism of
the Crystalline nappe. Radiometric Ar-Ar dating of horn-
blende of the Shikar Beh M1 metamorphic event was not suc-
cessful, due to Argon overpressure.

The North Himalayan nappes

A stack of N-Himalayan nappes in the Kumaun Himalaya
transect was first described by Heim & Gansser (1939) and,
after the opening of Ladakh to western geologists, in the Zan-
skar region by Bassoulet et al. (1980) and Baud et al. (1982).
Today, the nappe stack model for the so-called Tethys or Ti-
betan zone of the Himalaya is generally accepted (Burg &
Cheng 1984, Stutz & Steck 1986, Searle 1986, Searle et al. 1987,
Steck et al. 1993, 1998, Ratschbacher et al. 1994). Fuchs (1982,
1985, 1986, 1989, Fuchs & Linner 1995, 1996) still believes in a
folded but autochthonous Tethys Himalaya sedimentary se-
quence.

The eclogitic Tso Morari nappe

The deepest unit of the North Himalayan nappe stack is the
Tso Morari nappe, exposed in a tectonic window below the
higher Tetraogal and Mata nappes of the Tso Morari region
(Figs 6, 7 and Plate 3, Steck et al. 1998). The Tso Morari nappe
is composed of over 95 vol. % by the 479 + 2 Ma Ordovician
Tso Morari granite (zircon U-Pb age, Girard & Bussy 1999),
associated with Upper Proterozoic - Cambrian sediments and
cross-cut by mafic dikes. The strongly mylonitic schistosity,
with at least two schistosities and isoclinal fold generations,
and a strong NE-SW directed stretching lineation are parallel
to its upper contact with the overlying Tetraogal and Mata
nappes (Figs 6 & 7). These structures were formed during its
subduction and later extrusion parallel to the plane of under-
thrusting of the Indian crust (Steck et al. 1998). The mecha-
nism of nappe emplacement will be discussed later. A younger
NW-SE oriented streching lineation has been developed dur-
ing late dextral strike-slip movements south of the Indus Su-
ture (Fig. 6).

The high-pressure metamorphism (M2) of the Tso Morari
nappe

The rocks of the Tso Morari unit are strongly mylonitised and
have successively been overprinted by an eclogitic high-pres-
sure metamorphism M2 discovered by Berthelsen (1953) and a
younger Barrovian metamorphism M3 (Plate 4, Fig. 7; De
Sigoyer et al. 1997, Girard 2001). De Sigoyer et al. (1997) ob-
serve the following high-pressure mineral assemblages:
Metabasites: garnet-omphacite-quartz-glaucophane-phen-
gite (Si 3.56)-paragonite-zoisite-rutile.
Fe-rich metapelites: garnet-jadeite-glaucophane-chloritoid-
paragonite-phengite (Si 3.58-3.24)-zoisite-chlorite+biotite,
Mg-rich metapelites contain kyanite — Mg-chlorite,
Intermediate metapelites contain staurolite-kyanite-bi-
otite-chlorite.

P-T conditions of 220 + 3 kbar and 550 + 50 °C have been
identified for the high-pressure metamorphic peak (De Sigoy-
er et al. 1997) and 9 + 3 kbar and 610 + 70 °C for the Barrovian
metamorphism (De Sigoyer et al. 1997, Girard 2001, Schlup et
al. 2003). Mukherjee & Sachan (2001) identified with Raman
spectrometry coesite. This very high pressure SiO; polymorph
occurs optically in close association with garnet and omphacite
as inclusions in radial fractured garnets. This indicates a mini-
mum pressure of 27 Kbars at ~600 °C, pointing to a depth of
subduction of over 90 km (Massone, 1995). The mylonitic Tso
Morari granite is composed of the non-critical mineral assem-
blage: quartz - K-feldspar - albite - oligoclase - garnet (pyr 4-20
— gross 15-35 — Alm+Spess 60-80) — clinozoisite — phengite (Si
3.1-3.28) - biotite - titanite — ilmenite. For an unknown reason
the sodic plagioclase was not transformed into jadeite. Also
the muscovite dehydration dry melting reaction was not at-
tained (Girard 2001). The predominance of this low-density
gneiss (>95 vol. %) in the Tso Morari nappe may explain its
extrusion driven by buoyancy forces. The isograds of the Bar-
rovian regional metamorphism cross-cut and seal the contact
of the lower Tso Morari and the higher Tetraogal and Mata
nappes after their emplacement (Plate 4, Fig. 7, Girard 2001).
The high-pressure mineral assemblages have been dated at 55
+ 7 Ma on garnet-glaucophane-whole rock with the Sm-Nd
method, at 55 + 12 Ma on garnet clinopyroxene-whole rock
with the Lu-Hf method and 55 + 17 Ma on alanite with the U-
Pb method (De Sigoyer et al. 2000). The kinematics of the ex-
humation and emplacement of the eclogitic Tso Morari nappe
will be discussed below together with higher units of the N Hi-
malayan nappe stack or accretionary wedge.

The higher (non eclogitic) units of the North Himalayan
nappe stack

The North Himalayan nappes occupy the northern internal
part of the Himalayan range (Plate 3 and Figs 6, 7). They are
arched down in a vertical root along the Indus-Tsangpo suture
to the NE. Towards the SW, their frontal thrusts coincide with
the crest line of the High Himalaya (Haptaldome, Plate 1), the
Zanskar Crystalline zone between the Nun-Kun to the NW
and the Gianbul dome with the Tertiary Gumburanjun
leucogranite intrusion to the SE. Farther to the SE, the frontal
trusts and folds cross the Baralacha La, the upper Chandra val-
ley, the Kunzum La and follow the high summits south of the
Spiti valley. A great number of thrust units have been defined
in the Tibetan or Tethys zone of the Himalaya by different au-
thors since the discovery of the Zanskar nappes by Bassoulet
et al. (1980). The geometry of the North Himalayan nappe
stack varies along strike and a lateral correlation of the defined
units is difficult because of the numerous gaps in field observa-
tions. Thus, only a few major thrusts of the North Himalayan
nappe stack are documented on the geological map and sec-
tions of this paper (Plate 1, 2 and 3). Between the Baralacha
La and the Pare valley, the frontal thrusts are not continuous
or cylindrical but succeed in an oblique en-échelon array
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(Plate 1, 3 and Fig. 6). A geometric feature that may be ex-
plained by the anti-clockwise rotation of India relative to Asia
during collision, that resulted in a component of dextral trans-
pression. In connection to the Nyimaling-Tsarap nappe of the
Leh - Baralacha La transect and the Mata nappe of the Tso
Morari-Spiti section, it has been demonstrated that the south-
western frontal imbricate thrust and fold structure, of a high
(brittle) tectonic level, gradually pass to the NE and, with in-
creasing tectonic depth, to a ductile shear zone characterised
by recumbent folds (Fig. 7; Steck et al. 1993). It is important to
note, that the Zanskar nappe stack has a thickness of up to 40
km (Fig. 14) and does not represent the thin-skinned fold and
thrust belt with a single basal detachment and pop-up struc-
tures, proposed by Corfield & Searle (2000). The magnitude of
the displacement on the SW-verging folds and thrusts of the
Nyimaling-Tsarap nappe becomes gradually less from NE to
SW, ending in absorption of the displacement at the SW front
of the structure. The mean NE-direction of under thrusting of
the Indian border below Asia is expressed by the generally
SW-verging folds F> and F3, NE-dipping axial surface schistosi-
ties Sz and S3, with a NE-dipping stretching lineation L, and
L3, and related top-to-the SW shear sense criteria (Fig. 6). De-
tailed structural work in the Baralacha La - Lingti valley re-
gion revealed an older generation of E-verging isoclinal folds
F1 with N-plunging fold axis parallel to an intense N-plunging
stretching lineation L; (Fig. 6). Top-to-the S shear criteria in
deformed conglomerates and the porphyritic Permian Yunam
granite dyke to the S of Sarchu indicate a early N-directed un-
derthrusting of India below Asia. A spectacular isoclinal F)-
fold hinge of Carboniferous Lipak marls surrounded by the
white Muth quartzite and the red Thaple conglomerate is ex-
posed N of Kenlung Serai on the Manali-Leh road (Fig. 7;
Epard & Steck in press, sketch drawing by Maurizio Gaetani,
Fig.7 in Baud et al. 1984). This F; recumbent fold is exposed
on both sides of the Yunam valley S of Sarchu (Plate 1). In
older publications, this structure has wrongly be attributed to a
younger F3 fold phase (Spring & Crespo, 1992, Spring, 1993,
Steck et al. 1993); so structures Fi, F2, S1, S2 and Ly, L in Steck
et al. (1993) become F, F3, Sz, S3 and L, L3, and F3, Sz and L3
become Fi, S1 and L; in this paper (Epard & Steck, in press).
The succession of the early N-directed, followed by the main
NE-directed, underthrusting of India below Asia indicate an
anticlockwise rotation of India relative to Asia during an early
stage of continental collision. The SW-front of the SW-direct-
ed shear of the North Himalayan nappes is documented by ro-
tated garnets in the Zanskar Crystalline zone between the
Suru valley to the NW (Gilbert 1986, Vance & Harris 1999)
and in the Zanskar and Kurgiakh valleys to the SE (Patel et al.
1993, Dezes et al. 1999). High level tectonic structures of the
N-Himalayan nappe front are exposed farther to the SE, in the
Baralacha La axial depression of the Himalayan range. In this
region, frontal imbricate thrusts pass gradually to a frontal fold
belt with a frontal absorption of the SW-directed movements
(Plate 3, Fig. 7). The highest unit of the North Himalayan
nappes is the Spongtang ophiolitic klippe. Ophiolitic rocks
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A shortening of about 450 km between India and the Asian backstop is estimated for the period between 56 and 41 Ma.

from Ladakh were already mentioned at the end of the 19t
and the Early 20'" century (Lyddeker 1883, Mac Mahon 1901).
However, modern studies of the Spongtang ophiolitic klippe
started only in the nineteen-seventies with the opening of
Ladakh to western geologists (Fuchs 1977, 1982, Bassoulet et
al. 1980, 1983, Baud et al. 1984, Searle 1986, Reuber 1986,
Reuber et al. 1987, Garzanti et al. 1987, Cannat & Mascle
1990, Searle et al. 1997, Corfield & Searle 2000). In the Spong-
tang region, the geological section 3 on Plate 2, was inspired
mainly by an unpublished geological section (Michel Colchen,
personal communication), which was partially reproduced and
discussed in Cannat & Mascle (1990), and by observations
from Corfield & Searle (2000). Michel Colchen’s geological
section appears, for a structural geologist, to be the most
convincing interpretation when compared to the numerous
propositions by the other above mentioned geologists working
in the area. The Spongtang ophiolite, composed of mantle
harzburgite, tectonically overlies a complex ophiolitic and sed-
imentary mélange with an Upper Campanian to Maastrichtian
matrix, in turn overlying younger Turonian-Ypresian fora-
miniferal limestones of the Fatula, Kangi La, Dibling and Kesi
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formations and Lutetian Kong Slates of the Zanskar nappes
(Reuber et al. 1987, Colchen & Reuber 1987, Corfield &
Searle 2000). According to Corfield & Searle (2000) and
Mahéo et al. (2000), this nappe stack results from an early
phase of Late Cretaceous obduction onto the flysch sediments
of the outer passive Indian margin followed by the final phase
of Early Eocene emplacement on the Indian carbonate shelf.
Mahéo et al. (2000) explain the obduction of the oceanic
lithosphere exposed in the Spongtang klippe, the Nidar and
Karzok ophiolites, with their similar geochemical signature of
an immature arc, by a second zone of underthrusting in the
Neo Tethys oceanic crust, situated to the south of the main
subduction related to the Dras Arc and Ladakh batholith.
About 100 km (>87 km) of crustal shortening in the detached
N-Himalayan nappe stack was estimated by Steck et al. (1993)
using a simple shear model. A similar shortening was estimat-
ed by Corfield & Searle (2000) for the Western Zanskar
nappes. Not that this value is very different to the over estima-
tions proposed by Mc Elroy et al. (1990) based on the wrong
model of a thrust fan that is linked to a single basal detach-
ment.



The Barrovian metamorphism (M3) of the North Himalayan
nappe stack

A regional metamorphism ranging from non-metamorphic
grade (diagenesis) to amphibolite facies grade, with staurolite-
kyanite-sillimanite mineral assemblages, overprints the North
Himalayan nappe stack. The highest grade rocks are exposed
in the footwall of the Zanskar shear zone (Honegger et al.
1982, Gilbert 1986, Herren 1987a & b, Dezes et al. 1999, Searle
et al. 1992, 1999, Vance & Harris 1999), S and W of Sarchu in
the Yunam and Kamirup valleys (Srikantia & Bhargava 1982,
Spring 1993, Epard & Steck in press) and in the Tso Morari
dome (Thakur 1983a, Guillot et al. 1997, De Sigoyer et al.
2000, Girard 2001). The dry-melting muscovite+plagio-
clase+quartz = sillimanite+K-feldspar+melt isograde is reached
only in the Zanskar Crystalline dome (Honegger et al. 1982,
Patifio Douce & Harris 1998). A maximum P and T of about
11.8 kbar and 820°C were estimated in the Zanskar dome in
the Gianbul valley (Dezes et al. 1999, Robyr et al. 2002), and
9-10 kbar and 650-700°C in the western Tso Morari dome (De
Sigoyer et al. 2000, Girard 2001). In the latter area, the iso-
grades cut obliquely through the tectonic contacts of the Tso
Morari, Tetraogal and Mata nappes (Plate 4; Girard 2001). In
the Tso Morari region, the medium pressure Barrovian over-
print was dated between 48 and 45 Ma, 48 + 2 Ma “°Ar-%Ar
age on phengite, 47 + 11 Ma Sm-Nd age on garnet-hornblende
- whole rock and 45 + 4 Ma Rb-Sr age on phengite-apatite -
whole rock (De Sigoyer et al. 2000). Similar “°Ar/3?Ar ages of
~51-47 Ma from white micas that grew along the foliation and
stretching lineation in Triassic phyllites, are recorded from
below the main N-Himalayan thrust in Tibet (Ratschbacher et
al. 1994). Cooling below 300 °C, by uplift and erosion of the
Tso Morari dome, started in the Tso Morari-Kiagar Tso region
at ~40 Ma (zircon fission track ages, Schlup et al. 2003). It was
followed 10 Ma later, 30 km farther to the W, in the highest
grade sillimanite zone rocks of the Tso Morari dome (31.1 +
0.3 Ma “°Ar-Ar age on phengite, 29.3 + 0.3 Ma and 29.0 + 0.4
Ma age on biotite, De Sigoyer et al. 2000). The data of De
Sigoyer et al. (2000), Mukherjee & Sachan (2001) and Schlup
et al. (2003) show that the subduction to a depth of over 90 km
of the Indian granitic crust and exhumation occurred between
55 and 40 Ma (Fig. 8 & 9). These ages also constrain the period
of emplacement of the N-Himalayan nappes. Gilbert (1986)
was the first to recognise that the Miocene extensional Zan-
skar shear zone reactivated the older SW-directed frontal
thrusts and deformed the high-grade metamorphic rocks below
the Zanskar nappe stack. Recently, these observations were
generally confirmed (Patel et al. 1993, Dézes et al. 1999, Walk-
er et al. 1999, Wyss et al. 1999). Using the Sm-Nd method,
Vance & Harris (1999) dated the prograde growth of garnets
in the kyanite zone rocks from the Suru region at 33-28 Ma.
They relate garnet growth to the post-collisional thrusting
south of the suture zone. The data of Vance & Harris (1999)
suggest that the North Himalayan nappe front was still active
at depth, in the stability field of garnet, some 33-28 Ma ago.

High Pressure Metamorphism
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(2000), Epard et al. (1995), Frank et al. (1977b), Mukherjee & Sachan (2001),
Robyr et al. (2002), Schlup et al. (2003) and Spring et al. (1993a & b). Note
that the cooling path of the Yunam dome, in the frontal part of the North
Himalayan Nyimaling-Tsarap nappe (Fig. 9a), is related to the cooling path
of the Zanskar crystalline doming (Gumburanjun granite cooling path on
Fig. 9b). The cooling path from the Kullu Valley transect (Fig 9b) is similar to
the data of Jain et al. (2000) from the same region and to the Umasi La Atholi
transect in the Zanskar crystalline zone (Sorkhabi et al. 1997).

During the same period, the internal part of the North Hi-
malayan nappe in the Tso Morari dome had already been up-
lifted by doming and had cooled below 300°C (Schlup et al.
2003). Prince et al. (2001) dated deformed Early Miocene
leucogranites, derived from fluid-enhanced melting, of the
High Himalaya in Garhwal. Sm-Nd garnet dating indicates a
crystallisation age of 39 + 3 Ma. We suggest that this metamor-
phism belongs to the M3 phase related to the N-Himalayan
nappe stack.

Kinematics of the North Himalayan nappes

A kinematic model of the continental collision between India
and Asia, as well as the formation of the North Himalayan ac-
cretionary wedge between 56 and 33 Ma, is proposed in Fig. 8.
We suggest that the continental collision and subduction of the
North Indian continental margin began ~ 56 Ma ago. Follow-
ing the subduction of the Indian crust to a depth of ~ 90 km, at

Geology of the NW Indian Himalaya 171



NE

NYIMALING-TSARAP
NAPPE

NYIMALING-TSARAP NAPPE FRONT

SHIKAR BEH NAPPE FRONT

SHIKAR BEH NAPPE

HIGH HIMALAYAN NAPPE
(CRYSTALLINE NAPPE)

SwW

¢S5 GIANBUL DOME

i

GUMSUNANJUNM
GRANITE
2221 02Ma

A \G\”‘m

raphitc horizon

~ .
o S
if o / >
e Z

172 A. Steck

SHIKAR BEH NAPPE:

HIGH HIMALAYAN NAPPE

A,S, M1:Bi1, Ga1, Ky1, Sillt

NYIMALING-TSARAP NAPPE: A,S, M3: Ch3, Bi3, Ky3, Sill3

HIGH HIMALAYAN NAPPE:

ROHTANG ANTIKLINE
Rohtang Pass

(CRYSTALLINE NAPPE)

SHOUA DAR ANTICLINE

A,S, M4: Bi4, Gad, Kya, Sill4

(CRYSTALLINE NAPPE)

NE
NYIMALING-TSARAP NAPPE FRONT

o

SHIKAR BEH NAPPE FRONT

PANDOH SYNCLINE B

Fig. 10. Geological sections through the High Himalayan nappe (Crystalline nappe). Three phases of Barrovian regional metamorphism may be distinguished in the High Himalaya: the M1 metamor-

phism of the NE-directed Shikar Beh nappe stack, the M3 metamorphism of the SW-directed Nyimaling-Tsarap nappe stack both of which were transported and folded by the SW-directed High Hi-

malayan nappe under high temperature conditions. The folded isograds of the M4 metamorphism of the High Himalayan nappe (Crystalline nappe) indicate a stage of crystallisation of the SW-extrud-

ing High Himalayan or Crystalline nappe. The upper profile corresponds to section 6 on Plate 2 (Steck et al. 1999, Fig. 2), Robyr et al. 2002). The lower profile, situated near section 7 of Plate 2 was con-

structed from the geological Kullu Valley transect (Epard et al. 1995, Fig. 2) and the Manikaran — Tos Valley - Kun Zam La — Spiti transect (Wyss et al. 1999, Plate 1 and Wyss 2000, Plate 1).

a subduction rate of ~10 cm/a, the granitic Tso Morari slab,
with its eclogitic dikes and coesite (Mukherjee & Sachan
2001), was detached by ductile shear, squeezed out by tectonic
compression between the North Indian plate and the Asian
mantle wedge and moved by buoyancy forces (Chemenda et
al. 1995) along the plane of subduction. The uplift from a
depth of 90 km to 35 km in 7 Ma denotes an uplift rate of ~8
mm/a. Metamorphic fluids, derived from dehydration of antig-
orite and amphiboles of the subducted oceanic crust and man-
tle (Ulmer & Trommsdorff 1995), may have also facilitated the
wet deformation and acted as lubricant for the extrusion of the
Tso Morari slab. Guillot et al. (2000) suggest that serpentinites
were formed on the border of the Asian mantle wedge above
the subduction zone. These serpentinites may acted as a lubri-
cant in the hangingwall of the Tso Morari slab. Some 48 Ma
ago, the Tso Morari slab reached the base of the accretionary
wedge, where it recrystallised along with the higher North Hi-
malayan nappes, under amphibolite facies conditions (De
Sigoyer et al. 2000, Girard 2000). This was followed between
48-33 Ma, by a phase of doming and NE-vergent backfolding
in front of the Asian backstop formed by the Ladakh batholith
(Schlup et al. 2003). The temperature-time and pressure-tem-
perature path of the North Himalayan nappes is shown in Fig.
9a. The late Paleocene and Early Eocene age of the North Hi-
malayan nappes is indicated by the Tso Morari and Mata
nappe cooling curve; whereas the temperature-age path of the
Yunam valley amphibolite facies rocks (between Kenlung
Serai and Sarchu on Fig. 7) does not record the age of the
North Himalayan nappes, but the later Oligocene to Miocene
up-doming, related to the younger extrusion of the High Hi-
malayan nappe.

The High Himalayan nappe or “Crystalline nappe”

The most spectacular structure of the Himalayan range is the
“Crystalline nappe”, named herein the High Himalayan
nappe, which overthrusts the Lower Crystalline nappe and
the Lesser Himalaya along the Main Central thrust (MCT).
The name “Crystalline nappe” was introduced because in the
central and eastern part of the Himalaya, this nappe is com-
posed of high-grade amphibolite facies metamorphic rocks
(Von Léczy 1907). In the NW Himalaya, the degree of the
Tertiary regional metamorphism varies between the
prehnite-pumpellyite facies or anchizone and migmatites of
the sillimanite + K-feldspar zone. The low grade metamor-
phic rocks at a high tectonic level are preserved in a central
Chamba-Baralacha La E-W striking axial depression. The
high grade rocks are exposed due to the two deeply eroded
axial culminations of the Zanskar crystalline dome, with the
Kishtwar tectonic window, and the dome structure around
the Rampur window (or Larji-Kullu-Rampur window). The
stratigraphic column of the High Himalayan nappe comprises
sediments of a Late Proterozoic to Upper Cretaceous ages.
The main metamorphism is of a regional Barrovian type, with
a first phase M1 related to the early Shikar Beh nappe stack,
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the MCT and the degree of internal deformation within the nappe (Hauck et al. 1998). The supposed crustal shortening is of ~220 km.

a second phase M3 related to the North Himalayan nappe
stack and a third phase M4 of crystallisation related to the
emplacement of the High Himalayan nappe. Zones of low-
pressure contact metamorphism are developed around Or-
dovician granite intrusions. SW-verging folds, a generally
NE-plunging stretching lineation, and top-to-the SW shear
structures indicate that the High Himalayan nappe, with the
Main Central Thrust at its base, was formed by ductile de-
tachment of the upper sedimentary cover of the Indian plate
during underthrusting below Asia (Plate 3 & Fig. 6, 10, 11).
The magnetude of displacement on the MCT is at least 100
km, which corresponds to the distance between the frontal
MCT and the internal border of the Rampur window, but
more probably it is in the range of some hundred kilometres.
An exact estimation is not possible (Fig. 11; Hauck et al.
1998, Hodges, 2000).

The tectonic units of the Lesser Himalaya

The tectonic units of the Lesser Himalaya (Lesser Himalayan
Tectogen of Srikantia & Bhargava, 1998) are characterised by
a similar Proterozoic - Lower Cambrian sedimentary se-
quence. In the Shali-Deoban and Simla domains, these rocks
are unconformably overlain or transgressed by the Thanetian-
early Ypresian Kakara Formation and the Ypresian-Lutetian
Subathu Formation (Auden 1934, Gansser 1964, Srikantia &
Bhargava 1998). The Chail nappe exposed in the Larji-Kullu-
Rampur Window consists of Proterozoic sediments, intruded
by or overlying the 1’800 + 13 Ma Rampur basalt and an 1’840
+ 16 Ma metarhyodacite (Miller et al. 2000). No igneous rocks
of this Proterozoic age have been observed in the High Hi-
malaya domain. The nappes of the Lesser Himalaya are over-
thrusted along the Main Boundary thrust (MBT) onto the
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Pliocene to Pleistocene Upper Siwaliks, implying that the
MBT at the base of the Lesser Himalaya is an active thrust
(Tab. 1). Meigs et al. (1995) suggest an initial displacement
along >100 km of the Main Boundary thrust prior to 10 Ma.
They argued that sediment-accumulation curves of the Hi-
malayan foreland basin show an accelerated accumulation rate
and inferred that subsidence began at ~11 Ma and that apatite
fission-track ages and track-length measurements indicate
rapid cooling below ~105°C between 8 and 10 Ma.

The Lower Crystalline nappe (Frank & Fuchs 1970)

The name Lower Crystalline nappe was introduced by Frank
& Fuchs (1970) for a sheet of metamorphic rocks at the base of
the MCT in Nepal. Guntli (1993) and Frank et al. (1995) used
the same name for a tectonic sheet at the base of the High Hi-
malayan or Crystalline nappe overlying the Chail nappe of the
Lesser Himalaya exposed in the Kishtwar and Rampur win-
dows and in front of the High Himalayan nappe. The Lower
Crystalline nappe is a strongly deformed tectonic unit, with
basal mylonites similar to the High Himalayan nappe above
the MCT, but within rocks with Lesser Himalayan stratigraph-
ic affinity. Thoni (1977) named this unit, comprising metasedi-
ments and metagranites exposed in the Larji-Kullu-Rampur
window, the Bajaura nappe. According to these authors, the
Lower Crystalline nappe, or Bajaura nappe, is a basal slice of
the Crystalline nappe. However, the rocks of the Bajaura Fm.
are quite different from the overlying sediments and Ordovi-
cian granites of the High Himalayan nappe and they overlie or
are intruded by Proterozoic 1.8-1.9 Ga intrusives (Miller et al.
2000). The lithology of the Lower Crystalline nappe resembles
rocks in the Chail nappe. For this reason the Lower Crystalline
nappe is here considered as a unit of the Lesser Himalaya (Fig.
4). Like the High Himalayan nappe, the Lower Crystalline
nappe represents a sheet of Tertiary metamorphic rocks that
has been thrust over low grade metamorphic units producing a
reverse metamorphism like in the High Himalayan nappe. This
suggests that this highest unit of the Lesser Himalaya was
metamorphosed in an internal position before it was thrusted
over a distance of more than 100 km in a SW-direction above
other Lesser Himalayan units.

The Barrovian metamorphism (M4) of the High and Lesser
Himalayan nappes

In contrast to the North Himalayan nappe stack, where deeper
tectonic units are generally characterised by high grade meta-
morphism, in the High Himalayan nappe as well as in Lower
Crystalline thrusts, in the Kishtwar window, in the lower
Chenab valley to the W of Doda (Guntli 1993) and in the
Rampur window (Vannay & Grasemann 1998, 2001, Vannay
et al. 1999), high grade metamorphic rocks have been over
trusted above lower grade metamorphic rocks (Plate 4). The
fact that topographically higher regions expose rocks with a
higher grade of metamorphism was discovered in 1878 by von
Léczy (1907, Gansser 1964). This reverse or inverted meta-
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morphism in the High Himalayan nappe overlying low grade
metamorphic rocks lead to the introduction of the name
“Crystalline nappe”. In the Himalaya, the high-grade meta-
morphism has a Tertiary age and overprints, with variable
grade, sedimentary rocks of the Tethyan stratigraphic se-
quence of Late Proterozoic to Early Eocene age. Hence, the
Tertiary crystalline rocks cannot be described as the basement
for the sediments of the Tethys domain. The name “Crystalline
nappe” is equally misleading, because in the Chamba basin of
the NW Himalaya, this tectonic unit is composed of very low-
grade sediments passing gradually to the high-grade amphibo-
lite facies and migmatite zone rocks of the Zanskar crystalline
zone to the N (Plate 4). Considering of these relations indicate
that the neutral term High Himalayan nappe should be intro-
duced as an alternative name to the more than 100 year old
traditional name Crystalline nappe (observed in 1878 by von
Léczy 1907, Gansser 1964). The P-T conditions and the age of
the Barrovian regional metamorphism of the High Himalayan
nappe have been studied by numerous scientists; they are in
the NW Himalaya Frank et al. (1973, 1977), Guntli (1993),
Honegger (1983), Honegger et al. (1982), Kiindig (1989), Patel
et al. (1993), Pognante & Lombardo (1989), Searle (1986),
Searle et al. (1988, 1992, 1999), Staubli (1989), Epard et al.
(1995), Stephenson et al. (2000, 2001), Thoni (1977), Vance &
Harris (1999), Vannay & Grasemann (2001), Vannay et al.
(1999), Wyss (1999, 2000), Wyss et al. (1999), Prince et al.
(2001). On our metamorphic map (Plate 4), it was not possible
to distinguish the metamorphism M4 of the High Himalayan
nappe from the M3 metamorphism of the North Himalayan
nappe front in the Zanskar region and the older M1 metamoi-
phism of the NE-directed Shikar Beh nappe stack. Steck et al.
(1999), Robyr et al. (2002) and Robyr (2003) demonstrated
that the Barrovian regional metamorphism M1 of the southern
part of the Zanskar metamorphic dome was generated by the
Shikar Beh nappe stack. Patel et al (1993), Spring et al. (1993),
Steck et al. (1993), Dezes et al. (1999), Vance & Harris (1999)
and Walker et al. (1999) showed that the Barrovian metamor-
phism M3 of the northern flank of the Zanskar Crystalline
dome was related to the North Himalayan nappes. So this
Zanskar High grade metamorphic zone was formed during
older orogenic events, extruded and transported during the
emplacement of the younger High Himalayan nappe (Fig. 11).
In the Beas (Kullu) valley transect, Epard et al. (1995) demon-
strated that in this region the older transported M1 metamor-
phism of the Shikar Beh nappe stack was over printed by a
younger M4 Barrovian metamorphism of the High Himalayan
nappe. Likewise, the younger isograds of the High Himalayan
nappe metamorphism are passively folded and overthrusted to
the SW (Fig. 10, 11). In the deeper high-grade M4 metamor-
phic zone of the Toss valley transect east of Manikaran (Par-
vati valley), only relicts of the M1 metamorphism are recogniz-
able (Wyss 2000). All these observations indicate that the
tectono-metamorphic processes in the High Himalayan nappe
are complex and that the main metamorphism of the High Hi-
malayan or “Crystalline” nappe corresponds to a pre-existing



transported and folded zone of metamorphic rocks (Fig. 10,
11). The age of cooling by extrusion and erosion of the High
Himalayan nappe is constrained by mica “°Ar-*Ar cooling
ages of 24 to less than 18 Ma (Fig. 9b; Frank et al. 1977b, Hub-
bard & Harrison 1989, Harrison et al. 1992, Hodges et al. 1996,
Schlup et al. 2003). The deeper units of the Lesser Himalaya
(Chail nappe, Simla-Runkun nappes, Panjal unit) are over-
printed only by a low-grade greenschist facies metamorphism
M4 with chlorite and sometimes biotite and stilpnomelane as-
semblages, resulting from the overthrusting and subsequent
heating by the High Himalayan and Lower Crystalline nappe.

The Zanskar shear zone, the Miocene leucogranites, the
Gianbul dome, the Kanjar shear zone and related retrograde
metamorphism (MS)

A zone of NE-directed low-angle normal fault extension has
been reported by several geologists in the central part of the
Himalayan range (Burg & Cheng 1984, Burchfiel & Royden
1985, Burchfiel et al. 1992, Herren 1985, 1987a & b, Gilbert
1986, Searle 1986, Pécher 1991, Patel et al. 1993, Dézes et al.
1999). It was named the South Tibetan detachment by Burch-
fiel & Royden (1985), the North Himalayan detachment by
Pécher et al. (1991) and the Zanskar shear zone by Herren
(1985, 1987a, b) in the NW Indian Himalaya. Due to its central
position in the Himalayan range, Epard & Steck (in press)
named it the Central Himalayan detachment. The Zanskar
shear zone reactivated the older thrust faults of the frontal im-
bricate structure of the North Himalayan nappes (Plate 3, Fig.
6, 7; Gilbert 1986, Patel et al. 1993, Dézes et al. 1999, Robyr et
al. 2002, Epard & Steck in press). In the Zanskar region, the
extension is dated by the synkinematic intrusion of the Gum-
buranjun leucogranite intrusion at 22.2 + 0.2 Ma (U-Pb mon-
azite age), which cooled below 300°C ~19.8 + 0.1 Ma (“°Ar-
¥ Ar mica age) ago (Fig. 8b; Dézes et al, 1999). These original
data were later confirmed by Walker et al. (1999). These ages
corroborate the data from the Nepal Himalaya (Burchfiel et al.
1992, Hodges et al. 1996). The NE-directed extension on the
Zanskar shear zone occurred in the same period as the SW-di-
rected extrusion of the High Himalayan nappe on the MCT
(Frank et al. 1977b, Hubbard & Harrison 1989). Based on a
combined structural and thermo-barometric study, Dézes et al.
(1999) estimated a normal displacement on the supposed 20°
NE-dipping Zanskar shear zone of 35 km. Dezes (1999) also
observed a retrograde M5 metamorphic evolution in the Zan-
skar shear zone, starting from the staurolite-kyanite zone of
the pre-existing Barrovian M2 metamorphism of the North Hi-
malayan nappes, with the successive crystallisation of silliman-
ite, cordierite, andalusite and margarite. Robyr et al. (2002)
and Robyr (2003) observed a similar retrograde metamorphic
evolution in the Khanjar shear zone, on the southern limb of
the uplifted and eroded Gianbul dome: the staurolite-kyanite-
mica assemblage of the M1 Shikar Beh nappe metamorphism
is successively replaced by sillimanite, cordierite and an-
dalusite.

In the Zanskar area, the ductile Zanskar shear zone, about
2 km wide, forms the boundary between the high-grade
rocks of the Zanskar crystalline zone to the south and the
very low-grade rocks of the Zanskar nappes (North Himalayan
nappes) to the north. From the Kurgiakh valley and the
Gumburanjun leucogranite intrusion to the southeast, the
regional metamorphic grade decreases rapidly towards the
Chamba-Baralacha La axial depression in the Himalayan
range (Plate 1 and 4). At a high tectonic level, the Zanskar
shear zone gradually fans out forming the more discrete low-
angle extensional faults of the Tapachan fault zone (Epard &
Steck, in press). Further east, with the en échelon position of
the frontal thrusts of the N-Himalayan nappes, the extensional
low-angle normal faults occur again in a similar en échelon po-
sition (Plate 3, Fig. 5; Steck et al. 1998). Girard et al. (1999,
2001) showed that the Lachalung La and Dutung-Thaktote
fault zones form the contact between anchi- and non-meta-
morphic rocks. An extensional displacement of more than 15
km was estimated for the Dutung-Thaktote normal fault fan
(Fig. 6 and 14).

The history and origin of the metamorphism of the High
Himalayan or “Crystalline” nappe

The famous reverse metamorphism in the High Himalayan or
“Crystalline” nappe was discovered in 1878 by von Ldczy
(1907), Gansser (1964). Most new observations in the NW Hi-
malaya have arrived at a conclusion that the high grade meta-
morphic rocks of the so-called “Crystalline nappe” were extrud-
ed with the MCT at its base and the South Tibetan detachment
at its roof (Burchfiel & Royden 1985, Searle & Rex 1989, Péch-
er et al. 1991, Hodges et al. 1992, Chemenda et al. 1995, Grujic
et al. 1996). Based on observations in the Sutlej river transect,
Grasemann et al. (1999) and Vannay & Grasemann (2001)
demonstrated that the emplacement of the Crystalline nappe
occurred through a general shear extrusion, a combination of
pure and simple shear. All these kinematic models do not an-
swer the fundamental question concerning the origin of the
metamorphism. An answer to the question of the origin of the
transported metamorphism of the Crystalline nappe of the NW
Himalaya is found in the work of Epard et al. (1995), Patel et al.
(1993), Vance & Harris (1999), Dezes et al. (1999) and Prince et
al. (2001). Epard et al. (1995) demonstrated that the metamor-
phism in the Kullu valley was created by heating at deep levels
in the early Shikar Beh nappe stack and that these still hot
metamorphic rocks (M1) where then overthrusted on the MCT
during the extrusion of the Crystalline nappe. This observation
is confirmed for the Miyar valley in the southern Zanskar Crys-
talline zone, where the main regional Barrovian metamorphism
is related to the NE-directed structures of the Shikar Beh nappe
(Steck et al. 1999, Robyr et al. 2002, Robyr 2003). Patel et al.
(1993), Vance & Harris (1999) and the Deézes et al. (1999)
demonstrated that the metamorphism of the northern Zanskar
crystalline zone is synkinematic to the frontal thrust of the N-
Himalayan nappes and due to the emplacement of this nappe.
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Vance & Harris (1999) dated the synkinematic crystallisation of
garnet from the Suru region at 33 Ma by the Sm-Nd method.
Prince et al. (2001) dated the crystallisation of early Miocene
leucogranites of the High Himalaya at 39 + 3 Ma by the Sm-Nd
garnet method. We suggest that this anatexis belongs to the M3
metamorphism of the N-Himalayan nappe stack. These ages are
10-15 Ma older then the extrusion of the High Himalayan
nappe. In conclusion, there exists a major difference between
the Barrovian metamorphism M4 of the High Himalayan nappe
and the Barrovian metamorphism M3 of the N-Himalayan
nappes. In the North Himalayan accretionary wedge, the Bar-
rovian regional metamorphisms M3 resulted from the crustal
thickening and subsequent heating of the nappe stack. Whereas
in the High Himalayan nappe, rocks heated and derived from
below the North Himalayan nappe stack (M3 metamorphism),
in the southern Zanskar Crystalline rocks in the Kullu transect,
as well as from the southern Shikar Beh nappe stack (M1 meta-
morphism), were thrusted over the cold rocks of the Lesser Hi-
malaya producing a new nappe stack of hot rocks with a second
Barrovian Metamorphism M4 (Fig. 10).

The progressive emplacement of the High Himalayan
nappe may be divided in three successive phases (Fig. 11):

1. The first phase corresponds to the underthrusting of the In-
dian plate below the N-Indian accretionary wedge with the
ductile shear detachment of the upper Indian crust along a
pre-existing zone of dry melting below the N-Himalayan
and Shikar Beh nappe stacks. This early phase followed the
formation of the N-Himalayan accretionary wedge at least
after 41 Ma.

2. Inasecond phase, the underthrusting was progressively ac-
companied by the extrusion of the Crystalline nappe with
its detachment in the hanging wall from the N-Himalayan
accretionary wedge, by reactivation of its frontal imbricate
thrusts (Dézes et al. 1999, Vance & Harris 1999, Vannay &
Grasemann 2001). The extruding migmatites of the High
Himalayan nappe sheet may be considered as a ductile ma-
terial with a physical behaviour similar to a highly viscous
Newtonian fluid. The driving force acting on the ductile
shear channel, responsible for the channel flow type extru-
sion (Turcotte & Schubert 1982) may be of two types: a
buoyant force and a compressional one between the more
rigid Asian backstop, comprising the Ladakh batholith and
the Asian upper mantle wedge, and the subducting elastic
Indian lithosphere. Beaumont et al. (2001) and Grujic et
al. (2002) have suggested that the gravity difference (buoy-
ant force) between the high temperature migmatites and
the colder crustal rocks of the orogenic lid and the subduct-
ing Indian plate, represents the driving force. The main dif-
ference between our model (Fig. 11) and the Beaumont et
al. (2001) and Grujic et al. (2002) model lies in the localisa-
tion of the migmatite zone below the North Himalayan ac-
cretionary wedge and not below Tibet. This second phase,
responsible for significant uplift and erosion of the High
Himalaya, is dated at 22-18 Ma (Dézes et al. 1999).
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3. In a third phase, the formation of the Gianbul and Haptal
domes of the Zanskar crystalline zone developes as a zone
of up warping at the frontal edge of the North Himalayan
nappes and above a reduced section of the subducting
channel (Robyr et al. 2002). Strong denudation of the
growing High Himalayan range may also have assisted the
extrusion of the High Himalayan nappe.

The Subhimalaya

The geological map of the Subhimalaya, or the Himalayan
frontal thrust belt (Plates 1 and 3), composed of Tertiary mo-
lasse type sediments, was compiled from data in Raiverman et
al. (1983). The Tertiary sediments reach their maximal thick-
ness of 7°000-8’000 m at the inner border of the Indus-Ganga
basin, below the Lesser Himalayan Main Boundary thrust
front (MBT) (Plate 2 and Fig. 12; Raiverman et al. 1983, Bur-
bank et al. 1996, De Celles et al. 1998a, Powers et al. 1998).
The thick sediment accumulation is caused by the flexural
loading of the Indian margin since the latest Paleocene, the
time of the India-Asia continental collision and the beginning
of the detachment and accretion of the N-Himalayan nappes
from the upper part of the under thrusted Indian crust. Ac-
cording to DeCelles et al. (1998a), the stratigraphic sections of
the Subhimalaya of Pakistan, Northern India and Nepal are
very similar and will be described together.

The Subathu Formation (Valdiya 1980)
(Thanetian-Lutetian)
(synonyms: Subathu Formation in N India, Valdiya 1980;
Kohat or Balakot Formation in Pakistan, Bossart & Ottiger
1989; Bhainskati Formation in Nepal, DeCelles et al. 1998a)
Srikantia & Bhargava (1998) note, “During the period,
after the Lower Cambrian Tal sea until the advent of Paleo-
gene transgression, the Lesser Himalaya Tectogen of Hi-
machal Pradesh experienced a phase of non-deposition and re-
mained a positive area; though in some sectors of this tectogen
there was minor incursion of Permian sea as in the “Au-
tochthonous fold belt” bordering the Paleogene Subathu-Mur-
ree zone of Jamu and Kashmir, Darjeeling foothills and
Arunachal sub-Himalaya and also in Salt Range of Pakistan”.
During latest Paleocene (Thanetian) to Middle Eocene (Lutet-
ian) time, sandstones, siltstones, mudstones and nummulitic
limestones, up to 1’500 m thick, of the Subathu Formation
were deposited in a shallow marine environment on the sub-
siding Precambrian Indian crust south of the Neo-Tethys car-
bonate shelf, as shown by a palynoflora and a marine fauna of
large foraminifera (Raiverman et al. 1983, Karunakaran &
Ranga Rao 1976, Mathur 1978, Bossart & Ofttiger 1989).
Subathu equivalents were deposited also on the Riphean Shali
Fm. of the Lesser Himalaya, but are missing, probably due to
erosion, in the High Himalaya (Gansser, 1964). Bossart and
Ottiger (1989) described the Kohat Formation of Pakistan as a
relatively monotonous succession of fining upward cyclothems,
with marls intercalations that contain nummulites and assi-
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-entrant based on surface geology, oil-well seismic reflection data, magneto-
ion by Raiverman et al. (1983, 1993), Lyon-Caen & Molnar, (1985), Powers et

al. (1998), completed by sedimentological and magnetostratigraphic data from the Nepal Himalaya by DeCelles et al. (1998a & b) and Najman & Garzanti (2000).

The illustrated stratigraphic section of the N Indian Subhimalaya is very similar to

lines. Modal analysis of the Subathu sandstones shows that
these sediments were derived from a mixture of sedimentary,
volcanic, and ophiolitic protoliths. Rock fragments of felsitic
volcanites, chert, serpentine and rocks with high-Al to high-Cr
chromian spinel indicate a northern ophiolitic source and do
not favour any contribution from the Deccan Traps (Fig. 12).
The Subathu shallow marine sediments testify to the erosion of
the obducted oceanic crust and immature arc, from the Spong-
tang klippe in Zanskar (Reuber et al. 1992, Mahéo et al. 2000)
and the ophiolitic klippen of the Amlang La - Kiogar region of
the Kumaon Himalaya (Heim & Gansser 1939, Gansser 1964)
that overlies the Eocene North Himalayan nappe stack. This
detrital sedimentation is contemporaneous with the deposition

the East Pakistan and Nepal sections (DeCelles et al. 1998a).

of the marine fluvio-deltaic redbeds of the Early Eocene
(Ypresian and Lutetian) Chulung La and Kong formations
that overlie the Late Cretaceous to Paleocene nummulitic
limestones of the continental shelf exposed in Zanskar
(Garzanti et al. 1987). These Paleocene sediments of the N In-
dian shelf record emplacement of ophiolitic rocks in the North
Himalaya (Garzanti et al. 1987).

The Murree Formation (Wynne 1877, Shah 1977, Bossart &
Ottiger 1989)

(Synonyms: Dagshai and Kasauli Formations, Valdiya 1980,
Najman et al. 1993, and Lower and Upper Dharamsala Forma-
tions in N India (White et al. 2002); Dumri Formation in
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Nepal, Sakai 1983, DeCelles et al. 1998a; Murree Formation
s.s. in Pakistan, Shah 1977, Bossart & Ottiger 1989)
(Oligocene? -early Miocene)

The name Murree Formation was originally used for mo-
lassic red and green siltstones and shales of latest Paleocene to
Miocene age, that crop out through out Pakistan (Wynne
1877). In the Murree Hill station and in the Hazara-Kashmir
syntaxis of Pakistan, these sediments are Eocene. These shal-
low marine and tidal deposits are the lateral equivalents of the
Kohat and Subathu marls and limestones (Bossart & Ottiger,
1989). The Stratigraphical Committee of Pakistan decided that
only the early Miocene continental shales and siltstones of the
Kohat-Potwar Province of Pakistan should be asigned to the
Murree Formation s.s. (Shah 1977, Bossart & Ottiger 1989),
the definition used in this paper. However, it is quite possible
that some Murree sediments on our map (Plate 1), drawn after
Raiverman (1983), belong to the Murree group, as defined by
Wynne (1877).

The top of the Bhainscati Formation in Nepal is marked by
a distinctive, mappable 15 m-thick zone of oolitic ironstone beds
and hematitic siltstone passing gradually upward into a ~5 m-
thick red-and-white mottled paleosol (oxisol zone on Fig. 12;
Sakai 1983). This zone, documented through Nepal and North-
ern India, is related to an Oligocene regression in N India last-
ing 15 m.y. (Valdiya 1980, Najman et al. 1993, DeCelles et al.
1998a, Najman & Garzanti 2000). The basal sandstones of the
Dumri Formation overlie, with a sharp and irregular contact,
the older paleosol and ironstones. The Murree Formation is
composed of clastic, molasse-type sediments, mainly red and
green shales, graywackes and subordinate conglomerates of an
alluvial facies that is more than 2500 m thick (Shah 1977,
Bosshart & Ottiger 1989, Powers et al. 1998, Najman & Garzan-
ti 2000). The age of the continental Murree Formation and its
equivalents is constrained by magnetostratigraphy and detrital
mica Ar-Ar ages (White et al. 2002). Bossart & Ottiger (1989)
and DeCelles et al. (1998) proposed an early Miocene age for
these rocks. The Oligocene period of non-deposition was ques-
tioned by Bhatia & Bhargava (2002) through records of palino-
fossils in the Dharamsala sediments of a late Eocene-Oligocene
age. Their observations may suggest that lake sediments were
deposited in local basins during the period of Oligocene regres-
sion and were later reworked. The Oligocene time span of non-
deposition in the Indian fore land basin corresponds to the a
similar time interval between the emplacement of the North Hi-
malayan nappes between 55 and about 40 (-33?) Ma (Vance &
Harris 1999, Schlup et al. 2003) and the late thrusting and extru-
sion of the High Himalayan nappe or “Crystalline nappe”, be-
tween about 22 and 18 Ma (Frank et al. 1977, Hubbard & Harri-
son 1989, Dezes et al. 1999, White et al. 2002, Schlup et al.
2003). The deposition of the Dagshai Formation, corresponding
to the lower part of the Murree Formation between <30 and
21-17 Ma, indicates erosion of the rapidly exhumed metamor-
phic slab of the High Himalayan nappes on the Main Central
thrust between 22-18 Ma. Detrital modes show that the Dagshai
Formation was predominantly derived from very low-grade
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metamorphic rocks, followed by predominant increasing grade
metapelitic lithic grains, such as garnet and staurolite, and rare
to negligible volcanic and ophiolitic detritus in the main
Dagshai Formation (Najman & Garzanti 2000). The Kausali
Formation is up to 1300 m thick and composed of greenish
grey sandstone with minor claystone dated by early Middle
Miocene plant fossils (Fiestmantel 1882). These fluvial sand-
stones are characterised by abundant metamorphic lithic frag-
ments, detrital micas and zoned amphibolite facies grade gar-
nets and staurolite. The increase in metamorphic lithic frag-
ments illustrates the strong erosion of the rapidly exhumed
High Himalayan metamorphic rocks (Najman & Garzanti
2000). For the periode of 21-13 Ma, about 2000 m of shales and
sandstones of the Murree Formation were deposited with a
mean sedimentation rate of 0.24 mm/a. In the Kangra reentrant
of NW India, the southern shore of the Dharamsala (Murree)
basin is formed by the over 1500 m high Aravalli crystalline
range (Fig. 12; Lyon-Caen & Molnar 1985, Powers et al. 1998).

The Siwaliks or Siwalik Group (Srikantia & Bhargava 1998,
Tandon 1991

(synonym: Ganga Molasse)

(Miocene-Present)

The Siwalik Group is over 5’600 m thick and consitsts of a
coarsening upwards sequence. It is traditionally subdivided in
three members, the 13-10.8 Ma old Lower Siwalik Member, up
to 1’800 m thick, composed of an alternation of sand- and clay-
stone with minor pebble horizons, the 11-4.5 Ma old Middle Si-
waliks, up to 2’100 m thick, composed of sandstone with minor
claystone and conglomerates closer to the MBT and the 4.5-1
Ma old Upper Siwalik Member, over 2’300 m thick, consisting
of conglomerates and an increasing proportion of sandstone,
away from the MBT (Fig. 12; Raiverman et al. 1983, DeCelles et
al. 1998a & b, Harrison et al. 1993, Powers et al. 1998). The
heavy minerals studied in the Nepal Himalayan foreland are
characterised by a distinctly higher grade suite of metamorphic
minerals, like kyanite and sillimanite and granitic lithics derived
from unroofing of medium- to high-grade rocks of the High Hi-
malaya metamorphic zones (Chaudri 1972, Parkash et al. 1980,
DeCelles et al. 1998, Najman & Garzanti, 2000).

The 13-1 Ma, late Miocene to Pleistocene age of the Siwa-
lik Formation is constrained by magnetostratigraphy based on
the time scale of Cande & Kent (1992, Johnson et al. 1983,
Rangao et al. 1988, Appel et al. 1991, Harrison et al. 1993,
Meigs et al. 1995, Powers et al. 1998), volcanic ashes of 10 Ma,
3 Ma, 2 Ma and 1.6 Ma (Burbank & Johnson 1983) and verte-
brate fossils in Nepal (West et al. 1991). The following very
high sedimentation rates may be calculated for the Siwaliks:
Lower Siwaliks 0.83 mm/a, Middle Siwaliks 0.3 mm/a and
Higher Siwaliks 0.6 mm/a).

The Himalayan Frontal thrust belt

The Himalayan Frontal thrust belt is bounded by the Hi-
malayan Foothill boundary (HFB) and covered by recent flu-



vial deposits of the Indus and Ganga fluvial systems to the SW
and the Main Boundary thrust (MBT) to the NE. It is com-
posed of non-metamorphic Cenozoic sediments of the Ganga
foredeep basin (Raiverman et al. 1983, 1993). Balanced and
restored structural cross sections of the thrust belt, illustrated
in Plate 1, 2 and 3 and Fig. 12, are well constrained by seismic
reflection profiles and exploration wells (Raiverman et al.
1983, 1993, Lyon-Caen & Molnar 1985, Tandon 1991, Burbank
et al. 1996, DeCelles et al. 1998 a,b, Powers et al. 1998,
Mukhopadhyay & Mishra 1999). For the Kangra reentrant
(section 7 on Plate 2 and Fig. 12), the surface of detachment
(the active Himalayan thrust AHT) is situated on the base of
the Subathu Formation and dips at an angle of ~9 ° to the NE
(Powers et al. 1998). The depth of the pre-Tertiary basement is
about 8000 m below the Main Boundary thrust (MBT). The
Dharamsala Formation and Lower Siwaliks were deposited on
Riphean-early Vendian dolomites of the Vindhyan basin in a
fore deep basin limited to the south by the Aravalli crystalline
range, more than 1000 m high, composed of Lower Proterozoic
rocks (Fig. 12). The step in the southern Subhimalayan mo-
lasse basin determined the position of the Himalayan Foothill
boundary (Janauri anticline) and the front of the decollement
of the Subhimalaya on the Himalayan Foothill thrust. The
wedge-shaped cross sectional shape of the Neogene Ganga
basin is controlled by the deflection of the Indian plate overly-
ing an inviscid fluid upper mantle below the weight of the
growing Himalayan nappe stack (Lyon-Caen & Molnar, 1985).
The youngest Siwalik strata have an age of ~4 Ma in the Kan-
gra reentrant (Sarkaghat anticline section on Fig. 12) and of 1
Ma in Kashmir (magnetostratigraphy and fission track ages,
Burbank et al. 1996). These periode of 4-1 m.y. of non sedi-
mentation or erosion may indicate the time interval of the ear-
liest detachment of the Ganga Molasse thin-skinned belt. Pow-
ers et al. (1998) estimate a minimum of shortening of 23 km in
the Siwalik basin, SW of the Palampur thrust, that occurred
since 1.9-1.5 Ma, yielding a shortening rate of 14 + 2 mm/yr. As
the displacement of the Palampur thrust is greater than 10 km,
the shortening of the whole Cenozoic Ganga basin is greater
than 33 km. This conclusion is based on the assumption that all
movements occurred in the plane of the NE-SW oriented geo-
logical section and it does not consider possible dextral dis-
placements related to the probable oblique collision between
India and Asia.

The Neogene and Quaternary Himalayan accretionary wedge
and active Himalayan structures

Many field observations and geophysical data support active
deformation in the Himalayan mountain range. According to
Patriat & Achache (1984), the India-Asian convergence is at
the present about 5 cm/yr and about 1/3 — 1/2 of the conver-
gence may be absorbed by shortening in the Himalayan range.
The location of earthquake hypocenters at a depth of about
10-15 km below the Main Central thrust and the related thrust-
type fault plane solutions indicate an Active Himalayan thrust

(AHT) at the base of the Himalayan accretionary wedge (Fig.
13 & 15; Molnar 1990, Avouac et al. 2001, Qin et al. 2001). A
NE-dipping thrust, at the base of the latest Paleocene to pre-
sent day Ganga molasse sediments, is documented by seismic
reflection lines (Fig. 12; Raiverman et al. 1983, Burbank et al.
1996, DeCelles et al. 1998, Powers et al. 1998). No seismic re-
flection survey has been shot in the NW Himalaya between the
MBT and the Indus-Tsangpo suture. An extrapolation of the
seismic reflection data to this area from Nepal and Buthan Hi-
malaya (Hirn et al. 1984, Alsdorf et al. 1998 and Hauck et al.
1998) is questionable. Nevertheless, the INDEPTH TIB-1 data
(Hauck et al. 1998) were extrapolated and used for the con-
struction of a geological profile (Fig. 13). Hauck et al. (1998)
interpret a strong 9°NE-dipping reflection at a depth of about
30 km below the STDS of Nepal to be the active main Hi-
malayan thrust and a second parallel reflection at a depth of
62.5 km to be the Moho discontinuity. At about 100 km south
of the Yarlung Zangbo suture, both the AHT and Moho re-
flections disappear. The surface profile of Fig. 13 corresponds
to the geological section 6 of Plate 2 and was combined with
the deep structures of the INDEPTH TIB 1 data from Buthan.
The study of the Spot satellite images suggests that late anti-
clines in the Himalayan range continue to be uplifted relative
to adjacent synclines. This is evident in the Tso Morari region
where the lowered upper Pfirtse River basin is filled with huge
gravel plains, whereas farther to the N the Mata range is uplift-
ed and strongly eroded. The up warping of this range is also
controlled by the uplift of the footwall of the E-dipping Tso
Morari normal fault. The fault continues to the north in the
conjugate faults of the N-striking active Kiagar Tso graben,
and continues en-échelon in E-dipping and N-striking normal
faults through the Ladakh batholith to the north of Mahe.
Many late Himalayan structures are compatible with active N-
S (or NNE-WSW) compression, W-E (or WNW-ESE) exten-
sion and dextral shear along the NW-SE striking Indus-suture.
For example:

1. The huge W-E striking Chamba basin — Baralacha La
structural depression between the Kishtwar, Zanskar and
Tso Morari domes to the N and the Rampur — Sutley high
to the south and the NNE-dipping Sanku flexure at the
northern border of the Suru syntaxis. These structures also
form type 1 interference patterns (Ramsay 1967) between
older NW-striking domes and backfolds and younger E-
striking folds (Plate 4).

2. The NNE-SSW striking and WNW-dipping Yurdu flexure
between the Kashmir basin to the W and the Zanskar crys-
talline — Kishtwar dome to the E (interpreted as a W-dip-
ping normal fault by Fuchs (1975), (Plate 3 & Fig. 6).

3. The E-dipping Tso Morari normal fault, the NNE-SSW
striking conjugate Kiagar Tso normal faults and the ESE-
dipping normal faults in the Ladakh batholith to the N of
Mahe (Plate 1, 3 and Fig. 6; Steck et al. 1998).

4. The E-dipping flexure at the western border of the Tso Kar
(interpreted as a normal fault by Fuchs & Linner, 1996).
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5. Late NW-striking strike slip structures along the Indus su-
ture (Stutz & Steck 1986, Steck et al. 1993).

6. The Suru syntaxis is the result of the NNE-striking Yurdu
flexure with a sinistral component and the ESE-striking
dextral Sanku flexure (Gilbert et al. 1983).

7. The NNE-striking sinistral Ravi valley reentrant and a sim-
ilar indentation in the Kangra reentrant to the south of
Mandi (Mandi flexure) are interpreted as ESE dipping late
flexure zones.

The structures enumerated above belong to a system of similar
structures of a Pliocene and Pleistocene age, such as the
Thakkhola-Mustang graben in North Nepal and southern
Tibet described by Colchen (1999) and others. Late Pliocene
to Holocene pre-glacial, glacial and alluvial sediments of Kare-
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wa series of Kashmir basin are up to 2’000 m thick and testify
to subsidence in Kashmir basin to the W of the Yurdu flexure
(Plates 1 and 3). We conclude that the Suru dome or Suru syn-
taxis, between the Yurdu and Sanku flexures are of the same
Late Pliocene to Holocene age (Fig. 6). Seeber & Gornitz
(1983) used river profiles along the Himalayan arc as indica-
tors of active tectonics and demonstrated that the MCT re-
mains an active structure at the present. The alluvial plains of
the Gaj, Beas and Sutlej rivers are 10-20 km wide and lie be-
tween the frontal Siwalik anticlines. They suggest important
subsidence of the Ganga foredeep basin in front of the active
Himalayan range. Métivier et al. (1999) showed that the curve
for overall average accumulation rates for Asian sedimentary
basins, since the beginning of the Paloegene, shows an expo-
nential evolution from slow accumulation rates up to the be-



ginning of Oligocene time, after which, the rates quickly in-
crease exponentially. They suggested that extrusion and
crustal shortening are complementary processes. Molnar &
England (1990) suggested that the late Cenozoic global climate
change towards lower temperatures, which increased alpine
glaciations, made the climate stormier and caused perturba-
tions in the air humidity, the vegetation, precipitation and ero-
sion, are a possible cause for late Cenozoic uplift of the Hi-
malayan range. For Whipple et al. (1999) neither fluvial nor
glacial erosion is likly to induce significant peak uplift.

5. Discussion and conclusions on the structural and
metamorphic evolution of the Himalayan range and its
sedimentary record

The age of the India/Asia continental collision

The formation of the Himalayan range started with the conti-
nental collision of India and Asia. The collision is a complex
event, which is constrained by a number of independent data.
The continental collision is preceded by the period of subduc-
tion of the Neo-Tethys oceanic crust below the Asian plate,
documented by the main emplacement of the Ladakh
batholith (Transhimalayan batholith) intrusions between 103-
50 Ma (Honegger et al. 1982, Weinberg & Dunlap 2000) fol-
lowed by later intrusions at 41 Ma (Schérer et al. 1984). Since
65-50 Ma, the Transhimalayan batholith and the Asian mantle
wedge formed the backstop of the growing N-Himalayan
range. Geological evidence shows that the continental collision
of India and Asia started in the region of the NW Himalayan
Nanga Parbat syntaxis about 65 Ma ago, as indicated by a ter-
restrial fauna exchange between India and Asia in Pakistan at
the Cretaceous/Tertiary boundary (Jaeger et al. 1989). Patriat
& Achache (1984) correlate the reduction in convergence ve-
locity between India and Asia from ~15 cm/Ma to the present
day velocity of 5 cm/Ma and the beginning of an anticlockwise
rotation of India ~52 Ma ago (anomaly 23) with the continen-
tal collision. This anticlockwise rotation of India during the
continuation of collision is corroborated by other paleomag-
netic studies (Besse et al. 1984, Klootwijk et al. 1985, Appel et
al. 1995, Schill et al. 2001) and by structural data (Pécher 1991,
Steck et al. 1993, Wyss et al. 1999, Epard & Steck in press). Ev-
idence indicating tectonic uplift in the Zanskar shelf at 57 and
54 Ma ago, corresponding to stratigraphic unconformities at
the base of the Early Eocene Kesi Limestone and the Chulung
La and Kong formations, are also explained by the continental
collision (Van Hinte 1978, Garzanti et al. 1987). The change
from marine to continental sedimentation in the epi-suture
Indus Formation during the Ypresian results also of the conti-
nental collision (Garzanti & Van Haver 1988). The 55 + 15 Ma
radiometric age of the Tso Morari eclogites (De Sigoyer et al.
2000), which crystallised at a depth of over 90 km as indicated
by the crystallisation of coesite (Mukherjee & Sachan 2001),
suggests a beginning of subduction of the Indian continental
crust at this time (Fig. 8, 9). If the convergence rate between

India and Asia was of 14 cm/a, as shown on Fig. 8 (Patriat &
Achache 1984), the time necessary to subduct the Tso Morari
gneiss to a depth of 90 km was ~1 Ma. All these data testify to
an Early Eocene age for the continental collision of India and
Asia, ranging from late Ypresian in the west to the Lutetian in
the east (Rowley 1996).

The geometry of the N-Indian margin before continental
collision

Stratigraphic sections and a palinspastic reconstruction of the
N Indian margin before continental collision are illustrated in
Fig. 3 and 4. Before collision, North India represented a flex-
ural upper plate margin (Wernicke 1985, Steck et al. 1993,
Stampfli et al. 2001), characterised by a regular stratified se-
quence of Lower Proterozoic to Tertiary rocks, crosscut by
listric normal faults related to the Ordovician, Carboniferous
and Late Permian to Early Cretaceous continental extensions.
The Indian crust south of the margin is composed of the >2°500
Ma old Archean craton. Elements of this old craton were
never found in the Himalayan range. The Archaen craton is
overlain by early Proterozoic siliciclastic sediments of the
Rampur Formation that are crosscut by, or overlie 1°800-1°866
Ma bimodal basic and granitic intrusions (Kober 1987, Klotzli
1997, Singh et al. 1994, Miller et al. 2000). Similar rocks are ex-
posed in the Lesser Himalaya. The Rampur Formation repre-
sents a northern equivalent of the Aravalli crystalline base-
ment. The next younger strata, ~1°000-590 Ma, are composed
to the south, in the future Lesser Himalayan units, of an alter-
nation of carbonate and siliciclastic sediments that belong to,
the Lower and Middle Riphean stromatolitic Shali Limestone,
the Upper Riphean-Vendian Simla-Dogra Slates, the Vendian
Blaini glaciomarine boulder slates, the Vendian stromatolitic
Krol limestone and dolomite and the Lower Cambrian silici-
clastic Tal Formation. Outcrops of Permian marine sediments
below the Thanetian-Lutetian Subathus of the Lower Chenab
and Ans valleys testify to a local Permian back shoulder basin
of the Indian continent. The external part of the Indian crust,
the future North and High Himalayan nappes, are mainly com-
posed of siliciclastic sediments that range from 1000-270 Ma
and consist of the Riphean Chamba Fm. (or Lower Haiman-
tas), the Vendian glaciomarine Manjir boulder slate (or Mid-
dle Haimantas) a northern lateral equivalent of the Blaini sed-
iments (or Middle Haimantas), the Vendian — Late Cambrian
Upper Haimantas and locally a fore-bulge basin of the Paleo-
Tethys Indian continent with Ordovician, Silurian, Devonian,
Carboniferous and Lower Permian siliciclastics and carbon-
ates. The Late Proterozoic and Cambrian graywackes were in-
truded during Ordovician extension by granite sheets and
basic dykes of a calc-alkaline suite (Frank et al. 1995, Girard &
Bussy 1999). A carbonate platform, up to 3000 m thick, was
formed on the N Indian shelf during the opening of the Neo-
Tethyan ocean, from the Late Permian to the Ypresian (270-50
Ma)(Gaetani & Garzanti, 1991). It is important to note, that
the units of the High Himalaya are composed of a single strati-
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graphic sequence ranging from Late Proterozoic to Paleocene
age (Hayden 1904, Gansser 1964, Gaetani & Garzanti 1991,
Steck et al. 1993, 1998). A pre-Caledonian-granite high grade
Barrovian metamorphism in the upper Sutlej valley described
by Marquer et al. (2000) is an isolated observation that must
be confirmed by new field observations. In the NW Himalaya
we studied, we never observed pre-Triassic Variscan or Cale-
donian crystalline basements. This is a fundamental difference
between the Himalaya and the Alps (Steck et al. 2001).

The formation of the Himalayan accretionary wedge

The original position of the main thrust sheets of the Hi-
malayan range are indicated 1 through 6 on the palinspastic
section in Fig. 13. The oldest Himalayan thrust sheet is the NE-
directed Shikar Beh nappe (1), which is younger than the Lias-
sic limestone of the Tandi syncline and older than the Eocene
SW-directed North Himalayan nappe front and the SW-verg-
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ing structure of the Miocene High Himalayan nappe. The in-
tracontinental Shikar Beh thrust was probably formed by reac-
tivation of an Ordovician, Permian or Mesozoic intracontinen-
tal, SW-dipping listric normal fault. The successive detachment
of the sediments of the Indian upper crust during underthrust-
ing below the Asian plate is indicated by thrust sheets 2-6.
During underthrusting, the sediments were successively de-
tached from the upper Indian crust and accreted on the Asian
backstop formed by the Ladakh batholith, starting with the
North Himalayan nappes (2) with the external and younger
strata and ending in the Lesser Himalayan MBT containing
deeper and older sediments of the Indian crust (5). The thrust
of the Subhimalayan Ganga molasse (6) and an important seis-
mic activity at a depth of 10-15 km below the MCT (Avouac et
al. 2001) and near the Active Himalayan thrust (AHT) demon-
strate the ongoing Himalayan orogeny. An estimate of the
amount of overburden eroded from the Himalayan accre-
tionary wedge is represented in Fig. 14. The estimate is based
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on thermo-barometric data (Fig. 9) and the metamorphic map
(Plate 4). Schlup et al. (2003) conclude, based on “°Ar/3°Ar
phengite and zircon and apatite FT ages, that the main uplift
and erosion of the N Himalayan nappes occurred between
45-40 Ma and was of 2-5 mm/yr. The uplift rate in the High
Himalaya was first very slow then increasing since about 21
and especially 11 Ma as recorded by the Indus-Ganga Molasse
sediments (Fig. 12). Precise uplift rates for the High and Lesser
Himalayan phases are difficult to estimate. The tectonic evolu-
tion of the Himalayan range is summarised on Fig. 15 and
Tab. 1.

a) Section a) on Fig. 15 illustrates the position of India and
Asia before the final disappearance of the Neo-Tethys
oceanic lithosphere along a NE-dipping subduction zone.
An immature island arc, the future ophiolitic nappe
(Spongtang klippe), was accreted to the Asian margin
(Reuber et al. 1987, Mahéo et al. 2000), the latter com-
posed of the Dras-Nindam accretionary wedge and the

b)

2 N-HIMALAYAN NAPPES
INDUS MOLASSE
2 70-40Ma

3 TSO MORARI
ECLOGITES
> 28 kbar

<55 Ma

LADAKH
=2 BATHOLITH
103-50Ma
(-41Ma)

DRAS NINDAM ARC

Fig. 15. Model for the kinematic evolution
of the NW Himalaya. AHT = Active Himalayan
thrust, HFB = Himalayan Frontal boundary, IS =
Indus Suture, MBT = Main Boundary thrust,
MCT = Main Central thrust, ZSZ = Zanskar
shear zone.

younger 103-50 Ma Ladakh batholith (Transhimalaya
batholith) (Weinberg & Dunlap 2000). The Aptian-Vra-
conian Kalsi limestone was deposited in the forearc basin
above the accretionary prism, and was overlain by the ma-
rine Maastrichtian Basgo Molasse (Garzanti & Van Haver
1988). The Late Cretaceous-Early Eocene marine Miru-
Chogdo flysch is the youngest sediment of the forearc basin
(Fuchs & Linner 1995).

The intracontinental NE-directed Shikar Beh nappe (1) de-
veloped at an early time of continental collision, probably
by reactivation of an older SW-dipping listric normal fault
in the N-Indian margin. The precise age of this nappe is un-
known: it is post Liassic and older than the Eocene frontal
thrust of the N-Himalayan nappe stack (Steck et al. 1993,
1998, 1999, Epard et al. 1995, Wyss et al. 1999, Robyr et al.
2002, Robyr, 2003). The units of the N-Himalayan nappe
stack (2) were successively detached from the upper part of
the underthrust N-Indian crust and accreted to the Asian
margin. The obducted ophiolitic Spongtang klippe forms
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Tab. 1. Chronology of structural, metamorphic,

Ma: 70 65 60 55 50 45 40 35 30 25 20 15 10 5 0
magmatic and sedimentation phases of the NW CRETACEOUS | PALEOCENE | EOCENE | _OUGOCENE | MIOCENE 1 PLIOC.|
Himalaya. 103 Ma + Ladakh intrusives [ -=--ee- = formation/deposition

Indus Molasse:

Tso Morari Nappe:
|

Subathu Formation:

Basgo Molasse

--------2 Miru—Chogdo Flysch

xx M1xx?

| SW-directed Spongtang ophiolite obduction | ++++ = intrusion

~~~~ = deformation

X X x = metamorphism
M1, M2, M3, M4, M5 =

phases of metamorphism

NE-directed Shikar Beh nappe

x M2 x~~x M3 xx

Tso Morari dome and NE-verging backfolds:
SW-directed High Himalayan Nappe and MCT:

X M3 XX~ X~X~X~X~X~X~X~?

SW-directed North Himalayan Nappes
--------------------- | mid-Eo-Oligocene regression -

P~X~X~X~X~X~X M4 X~X~X~X~X~

Zanskar Shear Zone and Haptal-Gianbul dome:  I~-Xx M5 x~ ~ ~ ~ ~ ~ ~ ~ -
Gumburanjun leucogranite: ++

Murree Formation: <9 = el |
Siwalik Formation: [
Main Boundary thrust: I
Kishtwar and Larji-Kullu-Rampur domes:
Subhimalayan thrust (Active Himalayan thrust): Posws
CRETACEOUS | PALEOCENE | EOCENE | OUGOCENE | MIOCENE IpLiOC.|
Ma: 70 65 60 55 50 45 40 35 30 25 20 15 10 5 0

the earliest and highest nappe. At 55 Ma, the Indian conti-
nental crust (3) was subducted to a depth of over 90 km
and recrystallised under eclogite facies conditions with
crystallisation of coesite (De Sigoyer et al. 1997, 2000; > 28
kbar and 700-800°C, Mukherjee & Sachan 2001). The in-
tracontinental or epi-sutural Indus Molasse was deposited
between ~70-40 Ma in a longitudinal basin above the Indus
Suture and the SE border of the Ladakh batholith (Mascle
et al. 1986, Searle, 1986, Garzanti & Van Haver, 1988).
Most igneous clasts were derived from the northern
Ladakh batholith and radiolarite, basalt pebbles and
chrome spinel from the obducted oceanic crust to the S.

Before 48-45 Ma, the eclogitic Tso Morari nappe (3), pre-
dominantly composed of a low density Ordovician granite
gneiss cross-cut by eclogitised basic dykes, was detached
from the Indian crust and migrated, by buoyancy forces,
along the surface of under thrusting crust to be emplaced at
a depth of ~ 30 km below the higher Tetraogal and Mata
nappes of the N-Himalayan nappe stack. Extrusion was
driven by a mechanism similar to that proposed by
Chemenda et al. (1995). Yet the extruding Tso Morari unit
was not rigid, but has suffered a strong pure and simple
shear deformation. The mylonitic fabric suggests that the
Tso Morari slab was progressively squeezed out and moved
by buoyancy force as illustrated on Fig. 8. Between 48-45
Ma, the whole N-Himalayan nappe stack, composed of the
Tso Morari, Tetraogal and Mata nappes, was overprinted
by a Barrovian regional metamorphism, reaching amphi-
bolite facies conditions in the western Tso Morari dome, at
a pressure of 9 + 3 kbar and a temperature of 610 + 70°C
(De Sigoyer et al. 1997, Girard 2001). Between 45-41 Ma
and during the formation and up warping of the Tso

<)
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Morari dome, the amphibolite facies rocks cooled below
300°C to the north of Tso Morari and, at 30 Ma, 30 km far-
ther to the W in the Tso Morari dome (**Ar-3*Ar Mica and
zircon fission track ages, De Sigoyer et al. 2000, Schlup et
al. 2003). During the same period, the frontal thrust of the
N-Himalayan nappe stack, exposed in the NW Zanskar
crystalline zone, was still active with synkinematic crystaili-
sation of garnets at ~33 Ma (Vance & Mahar 1998, Vance
& Harris 1999). The NE-directed backfolds and thrusts of
the N-Himalayan range and of the early Eocene Indus Mo-
lasse produced a 40-35 Ma old anchizonal metamorphism
with prehnite-pumpellyite assemblages in the Indus Mo-
lasse (Baud et al. 1982, Van Haver et al. 1986, Steck et al.
1993). The N-verging Wakha and Dras recumbent folds
near Kargil are probably formed during this phase (Gilbert
& Merle 1987, Gapais et al. 1992). The N-Himalayan nappe
was emplaced and exhumed carrying an ophiolitic nappe
at its top. This event is recorded by ophiolitic clasts and
chrome spinels in the latest Paleocene-Middle Eocene
Subathu sandstone and limestone deposits of the southern
foredeep basin (or back bulge basin, DeCelles et al. 1998 a,
b) of the Eocene N-Himalayan range (DeCelles et al. 1998
a & b, Najman & Garzanti 2000). Only the frontal part of
the Subathu foredeep basin is preserved below the
Miocene Siwaliks and in some erosion relict on the Lesser
Himalayan units. Farther to the NE, there is no evidence
for the Subathu foredeep due to non-deposition or erosion
of the High Himalayan range (Fig. 4). About 41-33 Ma ago,
the formation of the N-Himalayan range was completed
(Vance & Harris, 1999, Schlup et al. 2003). It is charac-
terised by its frontal thrust to the SW and the Nyimaling-
Tso Morari dome and NE-verging molasse backfolds and
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thrusts in front of the Asian backstop to the NE. The short-
ening of the detached upper crustal sediments of Upper
Proterozoic to Ypresian age of the N-Himalayan nappes is
about 100 km (>89 km, Steck et al. 1993). The average ele-
vation of the N-Himalayan range at this time is difficult to
estimate, it was not significant, perhaps of the order of
2000-3000 m elevation.

The Subathu marine transgression in the Himalayan fore-
deep and the Early Eocene epi-suture Indus Molasse sedi-
mentation were followed by a Middle Eocene-Oligocene
regression and general up-warping of the Indian crust (Le
Fort, 1996, DeCelles et al. 1998). This regression was prob-
ably related to an early phase of underthrusting on the
Main Central thrust. The late Eocene-Oligocene time in-
terval between the Subathu and Murree-Siwalik sedimen-
tation in the Himalayan foredeep and the Oligocene period
of non deposition between the Eocene North Himalayan
phase and the late Eocene — Miocene High Himalayan
phase coincide with a period of slow convergence rate be-
tween the Indian and Asian plates (2.5-4 cm/yr between 36
and 30 Ma, Patriat & Achache 1984). The creation of the
High Himalaya nappe started with the late Eocene-
Oligocene deep seated intracrustal detachment and under-
thrusting of the Indian plate below the N Himalayan accre-
tionary wedge (MCT), followed by the Miocene extrusion
of the High Himalaya nappe, which is dated at 22-18 Ma
(Frank et al. 1977, Hubbard & Harrison 1989, Harrison et
al. 1992, Macfarlane 1993, Hodges et al. 1996, Schlup et al.
2003). It is suggested that the position of the intracrustal
MCT was determined by a zone of high-grade amphibolite
ductile crustal rocks, characterised by the dry partial-melt-
ing reaction: muscovite + plagioclase + quartz = K-feldspar
+ sillimanite + biotite + liquid. This zone was situated at
the base of the orogenic lid formed by the pre-existing N-
Himalayan and Shikar Beh nappe stacks. This migmatite
zone is preserved and exposed in the Zanskar Crystalline,
where the temperature increase was buffered by the endo-
gene dry muscovite + plagioclase melting reaction (Honeg-
ger et al., 1982, Patifio Douce & Harris 1998, Robyr et al.
2002). The detachment on the deep crustal MCT and the
formation of the High Himalayan nappe was predeter-
mined by the existence of a deep seated high-grade amphi-
bolite facies metamorphism and muscovite dry melting
metamorphic zone (migmatite zone) in the underthrusted
Indian crust below the pre-existing N-Himalayan accre-
tionary wedge, that produced a very ductile crust. In a later
phase of SW-directed thrusting of the “Crystalline nappe”
on the MCT, a zone of extension, the 22-19 Ma old exten-
sional Zanskar shear zone, developed by reactivation of
the frontal thrusts of the N-Himalayan nappes in the roof
of the nappe. The extruded ductile High Himalayan nappe
is characterised by general shear (pure and simple shear)
deformational structures (Vannay & Grasemann 2001).
Second generation leucogranitic magmas were formed dur-
ing this tectonic decompression, also by a dry muscovite +

plagioclase melting. One such leucogranite, the Gumbu-
ranjun granite, intrudes and dates the Zanskar shear zone
(ZSZ) at 22 Ma (monazite U-Pb age, Deézes et al. 1999,
Robyr et al. 2002). In conclusion, it is the thrusting, folding
and extrusion of older, still hot metamorphic rocks, that
created the inverted metamorphism of the early Miocene
High Himalayan nappe (Epard et al. 1995, Steck et al.
1999, Wyss et al. 1999, Robyr et al. 2002). The displace-
ment on the MCT was greater than 100 km, probably some
hundreds of kilometres, whereas the extension on the ZSZ
was estimated by Dezes et al. (1999) to be only 35 km. The
successive exhumation and erosion of medium- and in a
later phase, of high-grade amphibolite facies rocks, is
recorded in the heavy minerals deposited in the subsiding
Indus-Ganga Molasse foreland basin, with detrital lower
amphibolite facies garnets and staurolite in the early
Miocene Murree Formation and kyanite and sillimanite in
the Late Miocene to Pleistocene Siwalik Formation (Fig.
12; Chaudri 1972, Parkash et al. 1980, DeCelles et al. 1998a
& b, Najman & Garzanti, 2000). The SW shore of the Sub-
himalayan foreland basin molasse migrated southward with
the flexuration of the Indian plate below the Himalayan
deformational front. The subsidence and rise of the aver-
age accumulation rate of the sediments in the Subhi-
malayan foredeep basin of the Indian Subcontinent and in
the surrounding Asian basins increased abruptly at ~21
Ma, with the activation of the MCT and the extrusion of
the High Himalayan nappe and the formation of the High
Himalayan range (Métivier et al. 1999). The subsidence
rate of 0.24 mm/a between 21 —-18 Ma increased to 0.83
mm/a between 13-11 Ma.

The next structurally lower intracrustal thrust is the Main
boundary thrust (MBT), active since about ~11 Ma (Meigs
et al. 1995), that is composed of older rocks of early Pro-
terozoic to Cambrian age (5), with an estimated displace-
ment of over 100 km. The increase of sedimentation in the
subhimalayan Indus-Ganga basin that started some 11 Ma
ago, with a subsidence rate increasing from 0.3-0.6 mm/a
(Fig. 12), may be related to the main uplift of the Hi-
malayan range to its actual hight of over 6000 m and the in-
stallation of the Monsun rain climate. In situ Th-Pb ion mi-
croprobe dating of monazite indicates that the MCT and
MBT remain active (Harrison et al. 1998, Catlos et al.
2002). Large recent sedimentary plains of the Beas and
Sutlej rivers, between the frontal Himalayan foothills, indi-
cate to an ongoing subsidence of the Foothills, in front of
the still active MBT and internal Subhimalayan Molasse
thrusts. The present Himalayan accretionary wedge is lim-
ited at its base by the Active Himalayan thrust (AHT) and
to the N by the Ladakh batholith and Asian mantle wedge
backstop. The nappe structures of the Subhimalayan
Indus-Ganga Molasse sediments (6), with an active detach-
ment at the base of the Eocene Subathus and the Hi-
malayan Foothill boundary (HFB), the imbricated frontal
thrust, with the recent Indus-Ganga alluvial deposits, and
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earthquake epicentres, at a depth of 10-15 km below the
MCT, all indicate an Active Himalayan thrust (AHT) at
the base of the present Himalayan accretionary wedge. The
cross section through the Subhimalayan belt suggests that
this detachment was mainly active in the Quaternary after
the last Siwalik deposits since 2.1-1 Ma ago (Fig. 12). The
average accumulation rate of the sediments in the basins
surrounding the Himalayan range increased exponentially
after the Pliocene, testifying to the present day increased
tectonic activity, uplift and erosion of the Himalayan range
(Métivier et al. 1999).

Estimates of the post-collisional shortening in the Himalaya

Assuming a continental collision at ~50 Ma ago and an average
convergence velocity of 5 cm/yr, the shortening between India
and Asia at the longitude of this study was about 2500 km (Pa-
triat & Achache 1984). Dewey et al. (1989) suggest 1’800 km of
shortening for the western corner of the Himalaya in Pakistan
and 2750 km in Assam. According to Tapponnier et al. (1986),
about 1°000-1°500 km of shortening might have been absorbed
by lateral extrusion in the Asian plate and about the same
amount by subduction and thickening of the Himalayan range
and the Tibetan plateau. Based on flexural modelling of the
elastic Indian lithosphere, Lyon-Caen & Molnar (1985) and
Molnar (1990) estimated the convergence rate between India
and southern Tibet to be 18 + 7 km/Ma, thus for a time interval
of 50 Ma, 900 + 350 km of shortening is calculated. Palinspastic
reconstructions of some Himalayan structures give only par-
tial information on the crustal shortening. Balanced cross sec-
tions indicate about 33 km of shortening for the Subhimalaya
(DeCelles et al. 1998, Powers et al. 1998). Steck et al. (1993)
determined, from a balanced cross section and a simple shear
model, approximately 100 km (>87km) of shortening for the
N-Himalayan Nyimaling-Tsarap nappe and >12 km for the
Indus Molasse. A similar value of shortening of 85 km for the
N Himalayan Zanskar nappes was estimated by Corfield &
Searle (2000). In our kinematic model (Fig. 8) during the peri-
od of continental collision between ~56 and 41 Ma, an approx-
imate shortening of 450 km between India and the Asian back-
stop is estimated. Note that our model is based on supposed
convergence velocities that are in reality unknown. A mini-
mum displacement of the High Himalayan nappe of 100 km is
given by the distance between the internal border of the tec-
tonic Kishtwar and Larji-Kullu-Rampur windows and the
frontal MCT thrust outcrop, and the same value is measured
for the lower Crystalline nappe (Plate 1, Guntli 1993, Frank et
al. 1995). Meigs et al. (1995) estimate about 100 km of dis-
placement on the MBT. In our empirical model for the High
Himalayan nappe formation (Fig. 11), a shortening of over 220
km for the period of 41-18 Ma related to the MCT is suggested.
The resulting average convergence velocity is ~1 cm/a. This ap-
proximation is based on the supposed, but unknown, thrust
length of 220 km. Hauck et al. (1998) estimated a minimum
displacement of 200 km on the MCT in Eastern Nepal. This re-
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sult is based on an area equilibrated palinspastic reconstruc-
tion. But the authors conclude that a complete restoration of
the crust between the Ganga Basin and the Yarlung-Zangbo
suture is presently not possible, for two reasons: (1) because
the actual displacements along the MCT and STD are un-
known and (2) because the degree of internal deformation
within the Greater Himalayan allochthon is unknown and
probably large. We concur with Hauck et al. (1998) and
Hodges (2000) that an estimate of the shortening between
India and the Asian backstop during the Himalayan nappe for-
mation is actually not possible.

Doming and NE-verging backfold structures

In the NW Himalaya, doming and backfold structures were de-
veloped in response to crustal thickening as NE-verging late
conjugate structures of the SW-directed nappes:

1) The 45-40 Ma NE-verging Tso Morari dome of the 55-33
Ma SW-directed N-Himalayan nappe stack, with a distance
of ~110 km between the south-western thrust front and the
backstop at the Indus suture and the 103-50 Ma old Ladakh
batholith,

2) the 22-18 Ma Zanskar crystalline dome and the 24-18 Ma
frontal MCT of the Crystalline nappe at a distance of ~115
km and

3) the active uplift of the Kishtwar and Larji-Kullu-Rampur
dome between 7 Ma and the present and the Himalayan
foothill boundary thrust of the Subhimalaya at a distance
of ~120 km.

The similarity of the exposed structures of the three nappe
stacks suggests a similar deep crustal geometry of the accre-
tionary wedges as well as a similar mechanism of backfold for-
mation. The mechanism of simultaneous forward and retro-
shear movements has been studied both in sandbox experi-
ments (Huiqi et al. 1992, Malavielle et al. 1993, Larroque et al.
1995), and with numerical models (Beaumont et al. 1994,
1996). The sandbox experiments, both by Huiqi et al. (1992)
and Larroque et al. (1995), show, in the case with low basal
friction, that thrusts, folds or thrust faults and conjugate back
folds are developed practically simultaneously. The Janauri
anticline of the Subhimalayan thin-skinned thrust (Fig. 12 and
Plate 2, profile 6 and 7) is an example of this type of structure.
In contrast the models with high basal friction show that the
conjugate back folds develop after a certain amount of thrust-
ing and crustal thickening. The location of the back folds is
forced by the position of the backstop. A good example of this
kind of structure is the North Himalayan accretionary wedge
with the Nyimaling-Tso Morari dome and the back folds and
faults of the Indus Molasse, situated in front of the backstop
formed by the Ladakh batholith and the Asian mantle wedge.
The situation differs in the case of the High Himalayan nappe
with the Haptal-Gianbul dome structure at the frontal edge of
the N-Himalayan nappes and is very different in the case of



the Himalayan frontal thrusts with the probably synchronous
Kishtwar and Larji-Kullu-Rampur domes in the middle of the
High Himalaya. The models of Beaumont et al. (1994, 1996)
and Escher & Beaumont (1997) suggest that the initiation of
up-warping at the backstop may be controlled by reduction in
the convergent material that can be accommodated by the sub-
duction channel. During the late orogenic and active Hi-
malayan phase of dextral transpression between India and
Asia, the dome structures continue to be uplifted and are often
limited by younger normal faults and flexures such as the N-
stricking Tso Morari fault and the Tso Kar and Yurdi flexures.
The latter is together with the WNW-striking Sanku flexure
responsible for the active uplift of the Suru syntaxis (Suru
dome).

Conclusion

In conclusion, the Himalayan range was built up during the
convergence of the Indian and Asian plates by a typical succes-
sion of orogenic phases (Mascle 1985, Le Fort 1996, Hodges
2000), where the preceding phase influences the next younger
one. The main phases of the NW Himalaya are enumerated in
the following list:

1) The Late Cretaceous and Paleocene Transhimalayan
batholith phase (protohimalayan phase, Hodges 2000),
characterised by the 103-50 Ma Andean type Ladakh mag-
matism, the accretion of the Dras-Nindam arc, the accre-
tion and later obduction of the Spongtang immature island
arc forming the southern active border of Asia and forearc
sediment deposition. The Transhimalayan batholith, to-
gether with the Asian mantle wedge, form the Asian back-
stop for the Himalayan range.

2) The Shikar Beh phase: the intra continental NE-verging
Shikar Beh range of an unknown, probably late Paleocene
age,

3) The Eocene North Himalayan phase (eohimalayan phase,
Hodges 2000) creating the SW-directed North Himalayan
accretionary wedge.

4) The late Eocene-Miocene High Himalayan phase (neohi-
malayan phase, Hodges 2000): The zone of dry intra-crustal
melting below the North Himalayan range and the Shikar
Beh nappe stack determined the future position of the
Main Central thrust at the base of the High Himalayan or
“Crystalline” nappe.

5) The late Miocene to present Lesser Himalayan phase, with
the formation of the deep-seated intracrustal Main bound-
ary thrust.

6) The active Subhimalayan phase with the Subhimalayan
thrust in front and the Active Himalayan thrust at the base
of the present Himalayan accretionary wedge.

Acknowledgments

Financial support by the Foundation of the 450" Anniversary of the Univer-
sity of Lausanne and the Dr. Joachim de Giacomi Foundation of the Swiss
Academy of Natural Sciences are gratefully acknowledged. The Lausanne
earth science Himalaya research project was sponsored by the Swiss National
Science Foundation and the Herbette Foundation of the Faculty of Sciences of
the University of Lausanne for more than twenty years. The reviewer Clark
Burchfiel and Jean-Pierre Burg are thanked for their critical reading of the
manuscript.

REFERENCES

AGRARWAL, R.P. 1993: Geology and Biostratigraphy of the Upper Siwalik of
Samba area, Jammu Foothills. J. Himalayan Geol. 4, 227-236.

ALSDORF, D., BROWN, L., NELSON, K.D., MAKOVSKY, Y. KLEMPERER, S. &
ZHAO, W. 1998: Crustal deformation of the Lhasa terrane, Tibet plateau
from Project INDEPTH deep seismic reflection profiles. Tectonics 17,
501-519.

APPEL, E., MULLER, R. & WIDDER, R.W. 1991: Paleomagnetic results from
the Tibetan sedimentary series of the Manang area (north central Nepal).
Geophys. J. Int. 104, 255-266.

APPEL, E., PATZELT, A. & CHOUKER, C. 1995: Secondary palaeoremanence of
Tethyan sediments from the Zanskar Range (NW Himalaya). Geophys. J.
Int. 122: 227-242.

ARGAND, E. 1924: La tectonique de I'Asie. Congr. géol. int. Bruxelles 1922,
XllIe session, 171-372.

AUDEN, J.B. 1934: The Geology of the Krol belt. Rec. Geol. Surv. India 67/4
357-454.

AVOUAC, J.P., BOLLINGER, L., LAVE, J., CATTIN, R. & FLouzAT, M. 2001: Le
cycle sismique en Himalaya. C.R. Acad. Sci. (Paris) 333, 513-529.

AzMmI, RJ. & PANCHOLIL, V.P. 1983: Early Cambrian (Tommotian) conodonts
and other shelly microfauna from the Upper Krol of Mussoorie Syncline,
Garhwal Lesser Himalaya, with remarks on the Pricambrian-Cambrian
boundary. Himalayan Geol. 11, 360-372.

BAGATI, T.N. 1990: Lithostratigraphy and facies variation in the Spiti basin
(Tethys), Himachal Pradesh, India. J. Himalayan Geol. 1, 35-47.

BAGATI, T.N. 1991: Evolution of the Tethyan sedimentary basin in the western
Himalaya. In: S.K. TANDON, C.C. PANT & S.M. CASSHYAP (eds.): Sedi-
mentary basins of India, tectonic context. Gyanodaya Prakashan, Nainital,
218-235.

BASSOULET, J.P., BELLIER, J.P., COLCHEN, M. MARCOUX, J. & MASCLE, G.
1978a: Découverte de Crétacé supérieur calcaire pélagique dans le Zan-
skar (Himalaya du Ladakh). Bull. Soc. géol. France, 7/20, 961-964.

BASSOULET, J.P., COLCHEN, M., MARCOUX, J. & MAsCLE G. 1978b: Une trans-
versale de la zone de I'Indus de Khalsi a Phothaksar, Himalaya du
Ladakh. C.R. Acad. Sci. (Paris) 286, série D, 563-566.

BASSOULET, J.P., COLCHEN, M., JUTEAU, TH., MARCOUX, J. ET MASCLE, G.
1980: L’édifice des nappes du Zanskar (Ladakh-Himalaya). C.R. Acad.
Sci. (Paris) 290D, 389-392.

—  COLCHEN, M., JUTEAU, T., MARCOUX, J., MASCLE, G. & REIBEL, G. 1983:
Geological studies in the Indus Suture Zone of Ladakh (Himalaya). In:
GupTA, VJ. (Ed.): Stratigraphy and Structure of Kashmir and Ladakh,
Himalaya. (p. 96-124). - Hindustan. Publ. Corp., Delhi.

BASSOULET, J.P., COLCHEN, M., GILBERT, E., MARCOUX, J., MASCLE, G.,
SUTRE, E. & VAN HAVER, T. 1984: L’orogéne himalayen au Crétacé.
Mém. Soc. géol. France, N.S. 147, 9-20.

BAUD, A., ARN, R., BUGNON, P., CRISINEL, A., DOLIVO, E., ESCHER, A., HAM-
MERSCHLAG, J.G., MARTHALER, M., MAssON, H., STEck, A. & TIECHE,
J.C. 1982: Le contact Gondwana-péri-Gondwana dans le Zanskar oriental
(Ladakh, Himalaya). Bull. Soc. géol. France, 24, 341-361.

BAUD, A., ATUDOREI V. & SHARP, Z. 1996: Late Permian and Early Triassic
Evolution of the Northern Indian margin: Carbon Isotope and Sequence
Stratigrapgy. Geodynamica Acta 9, 57-77.

—  GAETANI, M., GarzaANTI, E., Fors, E., NICORA, A. & TINTORI, A. 1984:

Geological observations in southeastern Zanskar and adjacent Lahul area
(northwestern Himalaya). Eclogae geol. Helv. 77, 171-197.

Geology of the NW Indian Himalaya 187



BeaumonT, C., ELLis, S., HAMILTON, J. & FuLLSACK, P. 1996: Mechanical
model for subduction-collision of Alpine-type compressional orogens.
Geology 24, 675-678.

FULLSACK, P. & HAMILTON, J. 1994: Styles of crustal deformation in compres-
sional orogens caused by subduction of the underlying lithosphere.
Tectonophysics 232, 119-132.

JaMIESON, R.A., NGUYEN, M.H. & LEE, B. 2001: Himalayan tectonics ex-
plained by extrusion of a low-viscosity crustal channel coupled to focused
surface denudation. Nature 414, 738-742.

BECCALUVA, L., OHNENSTETTER, D. & OHNENSTETTER, M. 1973: Geochemical
discrimination between ocean floor and island arc tholeiites; application
to some ophiolites. Ofioliti 4, 67-72.

BERGERAT, F. 1987: Paléo-champs de contrainte tertiaires dans la plate-forme
européenne au front de 'orogéne alpin. Bull. Soc. géol. Fr. 8, 611-620.

BERTHELSEN, A. 1951: A geological section through the Himalaya. Medd.
dansk geol. Foren. (Kgbenhavn) 12, 102-104.

BERTHELSEN, A. 1953: On the geology of the Rupshu district, N.W. Himalaya.
Medd. dansk geol. Foren. (Kgbenhavn) 12, 351-414.

BESSE, J., COURTILLOT, V., Pozzi, J.P., WESTPHAL, M. & ZHou, Y.K. 1984:
Palaecomagnetic estimates of crustal shortening in the Himalayan thrusts
and Zangpo suture. Nature 311, 621-626.

BHARGAVA, O.N. 1980: The tectonic windows of the Lesser Himalaya. Hi-
malayan Geol. 10, 135-155.

BHARGAVA, O.N. 1980: Outline of the stratigraphy of Eastern Himachal
Pradesh, with special reference to the Jutogh Group. In: VALDIA K.S. &
BHATIA S.B. (Ed.): Stratigraphy and correlations of Lesser Himalayan
Formations., Hindustan Publ. Corp. New Delhi, 117-125.

BHARGAVA, O.N. 1987: Lithostratigraphy microfacies and palaecoenvironment
of Scythian-Dogger Lilang Group, Spiti valley, Himachal Himalaya. J. Pal.
Soc. India 32, 92-107.

BHAT, M.I. & LE Forr, P. 1992: Sm-Nd age and petrogenesis of Rampur
metavolcanic rocks, NW Himalayas: Late Archaen relics in the Hi-
malayan belt. Precambrian Res. 56, 191-210.

—  ZAINUDDIN, S.M. 1979: Origin and evolution of Panjal volcanics. Hi-
malayan Geol. (Dehra Dun) 9, 421-461.

BHATIA, S.B. (1980): The Tal Tangle. In Bathia & Valdiya (eds): Stratigraphy
and correlations of Lesser Himalayan Formations. Hindustan Publishing
Corporation, Delhi, 79-98.

BHATIA, S.B. 2000: Faunal and floral diversity in the Subathu-Dagshai Pas-
sage Beds: a Review. Himalayan Geology, 21, 87-97.

BHATIA, S.B. & BHARGAVA, O.N. 2002: Age and provenance of the Paleogene
sediments of the Himalayan, Foreland Basib: paleontological constraints.
Abstracts: 17" Himalaya-Karakorum-Tibet Workshop, India, 2-4.

BHATT, D.K. 1975: On the Quaternary geology of the Kashmir Valley with
special reference to stratigraphy and sedimentation. In: Recent geological
studies in the Himalayas, Miscellaneous Publications, Geol. Surv. India.
24/1, 188-203.

—  MATHUR, A.K. 1990: Small shelly fossils of Precambrian-Cambrian
boundary beds from the Krol-Tal succession in Nainital syncline, Lesser
Himalaya. Curr. Sci. 59, 218-222.

— FucHs, G., PRASHRA, K.C., KRYSTYN, L. ARORA, R.K. & GOLEBIOWSKI,
R. 1980: Additional ammonoid layers in the Upper Permian sequence of
Spiti. Bull. Indian Geol. Assoc. (Chandigarh) 13, 57-61.

- MAMGAIN, V.D., MISRA, R.S. & SRIVASTAVA, J.P. 1983: Shelly microfau-
na of Tommotian (Lower Cambrian) age from chert-phosphorite member
of Lower Tal Formation, Maldeota, Dehradun, U.P. Geophytology 13,
116-123.

- MATHUR, A.K. 1990: Small shelly fossils of Precambrian-Cambrian
boundary beds from Krol-Tal succession in the Nainital syncline, Lesser
Himalaya. Curr. Sci. 59, 218-222.

BLONDEAU, A., BASSOULET, J.P., COLCHEN, M., HAN ToN LIN, MARCOUX, J.,
MascCLE, G. & VAN HAVER, T. 1986: Disparition des formations marines a
I’Eocene inférieur en Himalaya. Sci. Terre Mém., Nancy 47, 103-111.

BONHOMME, M. & GARZANTI, E. 1991: Age of metamorphism in the Zanskar
Tethys Himalaya (India). Géol. alp. (Grenoble), Mém. H. S. 16, 15-16.

BORDET, P., COLCHEN, M., KRUMMENACHER, D., LE FORT, P., MOUTERDE, R.
& REMY, M.1971:Recherches géologiques dans I'Himalaya du Nepal, ré-
gion de la Thakkola. Centre natl. Rech. Sci. Paris, 279p.

188 A. Steck

BOSSART, P. & OTTIGER, R. 1989: Rocks of the Murree formation in northern
Pakistan: indicators of descending foreland basin of late Paleocene to
middle Eocene age. Eclogae geol. Helv. 82, 133-165.

BotT, M.H.P. 1982: The interior of the earth: its structure, constitution and
evolution. Edward Arnold, Durnham.

BousQUET R., GOFFE, B., HENRY, P., LE PICHON, X. & CHOPIN. C. 1997: Kine-
matic, thermal, and petrological model of the Central Alps: Lepontine
Metamorphism in the upper crust and eclogitisation of the lower crust.
Tectonophysics 273, 105-127.

BROOKFIELD, M.E. 1993: The Himalayan passive margin from Precambrian to
Cretaceous times. Sediment. Geol. 84, 1-35.

BROOKFIELD, M.E. & ANDREWS-SPEED, C.P. 1984: Sedimentology, petrogra-
phy and tectonic significance of the shelf, flysch and molasse clastic de-
posits across the Indus suture zone, Ladakh, NW India. Sediment. Geol.
40, 249-286.

BUCHER, H. & STECK, A. 1987: Stratigraphy and tectonics of the Indus basin:
the Martselang-Gongmaru La section (Ladakh). Terra Cognita 7, 112.
BURBANK, D.W., BECK, R.A. AND MULDER, T. 1996: The Himalayan foreland
basin. In: YIN, A. & HARRISON, T.M. (Ed.): The Tectonic Evolution of

Asia, p. 149-188.

BURCHFIEL, B.C., CHEN ZHILIANG, HODGES, K.V., LIu YUPING, ROYDEN,
L.H., DENG CHANGRONG & XU JIENE 1992: The south Tibetan detach-
ment system, Himalayen Orogen: Extension contemporaneous with and
parallel to shortening in a collisional mountain belt. Spec. Pap. geol. Soc.
Amer. 269, 1-41.

BURCHFIEL, B.C. & ROYDEN, L.H. 1985: North-south extension within the con-
vergent Himalayen region. Geology, 13, 679-682.

BURG, J.P. & CHENG, G.M. 1984: Tectonics and structural zonation of south-
ern Tibet, China. Nature (London) 311, 219-223.

CaBY, R., PECHER, A. & LE ForT, P. 1983: Le grand chevauchement central
himalayen: nouvelles données sur le métamorphisme inverse a la base
de la dalle du Tibet. Revue de Géol. Dynam. Géogr. Phys. Paris 24,
89-100.

CANDE, S.C. & KENT, D.V. 1992: A new geomagnetic polarity time scale for
the Late Cretaceous and Cenozoic:. J. Geophys. Res. 97, 13917-13951.

CANNAT, M. & MAscLE G. 1990: Réunion extraordinaire de la Société
géologique de France en Himalaya du Ladakh. Bull. Soc. géol. France 4,
553-582.

CATLOs, E.J., HARRISON, T.M., MANNING, C.E., GROVE, M., RAl, S.M., Hus-
BARD, S.M. & UPRETI, B.N. 2002: Records of the evolution of the Hi-
malayan orogen from in situ Th-Pb ion microprobe dating of monazite:
Eastern Nepal and western Garhwal. J. Asian Earth Sci. 20: 459-479.

CHAUDHRI, R.S. 1972: Heavy mineral markers from the Siwalik Formations of
Panjab Himalaya. Geol. Mag. 105, 421-430.

CHEMENDA, A.L, MATTAUER, M., MALAVIELLE, J. & BOKUN, A.N. 1995: A
mechanism for syn-collisional rock exhumation and associated normal
faulting: Results from physical modelling. Earth planet. Sci. Lett. 132,
225-232.

CHOUBEY, V.M., SHARMA, K.K. & RAMESHWAR, R. 1994: Crustal anatexis and
petrogenesis of the granitoid rocks, Chor region, Himachal Himalaya. J.
Himalayan Geol. S, 1-9.

COLCHEN, M. 1999: The Thakkhola-Mustang graben in Nepal and the late
Cenozoic extension in the Higher Himalayas. J. Asian Earth Sci. 17,
683-702.

— LE ForT, P. & PECHER, A. 1986: Geological research in the Nepal Hi-
malaya: Annapurna-Manaslu-Ganesh Himal, notice of the geological map
on 1/200°000. Cent. Nat. de la Recherche Sci. Paris.

- MascLE, G. & DELAYGUE, G. 1994: Lithostratigraphy and age of the for-
mations in the Tso Morari dome. J. of the Nepal Geol. Soc. 10. 23.

- REUBER, 1. 1987: Obduction of the Spongtang klippe traced by strati-
graphic data of the underlying melange, Ladakh-Himalaya. Terra Cognita
7,111

CoRFIELD, R.I. & SEARLE, M.P. 2000: Crustal shortening estimates across the
north Indian continental margin, Ladakh, NW India. In: KHAN, M.A |
TRELOAR, P.J., SEARLE, M.P. & JAN, M.Q. (eds.), Tectonics of the Nanga
Parbat syntaxis and the Western Himalaya. Geol. Soc. London Spec. Publ.
170, 395-410.



—  SEARLE, M.P. & GREEN, O.R. 1999: Photang thrust sheet: an accretionary
complex structurally below the Spongtang ophiolite constraining timing
and tectonic environment of ophiolite obduction, Ladakh Himalaya, NW
India. J. geol. Soc. London 156, 1031-1044.

DAINELLI, G. 1933-1934: Spedizione italiana de Filippi nell’Himalaia, Cara-
corum e Turchestan cinese (1913-1914). Ser. 2, Risultati geologici e geo-
graphici. Vol. 2, La serie dei Terreni, 1, 1-458, 2, 459-1105. Zanichelli,
Bologna.

DECELLES, P.G., GEHRELS, G.E., QUADE, J. & OJHA, T.P. 1998a: Eocene-early
Miocene foreland basin development and the history of Himalayan thrust-
ing, western and central Nepal. Tectonics 17, 741-765.

- GEHRELS, G.E., QUADE, J., OJHA, T.P. & Kapp, P.A. 1998b: Neogene
foreland basin deposits, erosional unroofing, and the kinematic history of
the Himalayan fold-thrust belt, western Nepal. Geol. Soc. Amer. Bulletin
110, 2-21.

—  GiLes, K.A. 1996: Foreland basin systems. Basin Research 8, 105-123.

DE SIGOYER, J., GUILLOT, S., LARDEAUX, .M. & MAscLE G. 1997: Glauco-
phane-bearing eclogites in the Tso Morari dome (eastern Ladakh, NW
Himalaya). European J. of Mineral. 9, 1073-1083.

—  CHAVAGNAC, V., BLICHERT-TOFT, J., VILLA, .M., Luals, P., GUILLOT, S.,
Cosca, M. & MascLE G. 2000: Dating the Indian continentalk subduction
and collisional thickening in the northwest Himalaya: Multichronology of
the Tso Morari eclogites. Geology 28, 487-490.

DEWEY, J.F., CANDE, S. & PrtmMaN III, W.C. 1989: Tectonic evolution of the
India/Eurasia Collision Zone. Eclogae geol. Helv. 82, 717-734.

DEZEs, P. (1999): Tectonic and metamorphic evolution of the Central Hi-
malayan domain in southeast Zanskar (Kashmir, India), Mém. géol. n°
32, Lausanne.

- VANNAY, J.C, STECK, A., Bussy, F. & Cosca, M. 1999: Synorogenic ex-
tension; quantitative constraints on the age and throw of the Zanskar
Shear Zone (NW Himalayas). Geological Society of America Bulletin
111, 364-374.

DIENER, C. 1908: Ladinic, Carnic and Noric faunae of Spiti. Palaeont. Indica, s.
15,v. 5, Mem. 3, 157 pp., Calcutta.

DIETRICH, V.J., FRANK, W. & HONEGGER, K. 1983: A Jurassic-Cretaceous is-
land arc in the Ladakh-Himakayas. J. Volc. Geotherm. Res. 18, 405-433.

DRAGANITS, E. 2000: The Muth Formation in the Pin Valley (Spiti, N-India):
Depositional environment and Ichnofauna of a Lower Devonian Barrier
Island System. Ph.D. thesis, University Vienna.

—  GRASEMANN, B., FRANK, W., MILLER, CH. & WIESMAYR, G. 1998: The
sedimentary protoliths of the HHC in the Chamba-Lahul area, NW-Hi-
malayas, India. HKT-workshop Abstracts, Geol. Bull. Univerity of Pe-
shawwar, 31, 58-60.

- Mawson, R, Talent, J.A. & Krystyn L. 2002: Lithostratigraphy, conodont
biostratigraphy and depositional environment of middle Devonian
(Givetian) to Early Carboniferous (Tournaisian) Lipak Formation in the
Pin Valley of Spiti (NW India). Rivista Italiana Paleont. Strat. 108, 7-35.

ELuioTT, T. 1986: Deltas. In: Reading, H.R. (Ed.): sedimentary environments
and facies, Blackwell Sci. Publ. Oxford, 113-154.

EPARD, J.-L., STECK, A., VANNAY, J.-C. & HUNZIKER J. 1995: Tertiary Hi-
malayan structures and metamorphism in the Kulu Valley (Mandi-Khok-
sar transect of the Western Himalaya) — Shikar Beh Nappe and Crys-
talline Nappe. Schweiz. mineral. petrogr. Mitt. 75, 59-84.

—  MASSON, H., PERRIN, M., Asis-LoPEZ, M. & CASTELLA, J. 1997: Le logiciel
POLYPLI: un support pour I'interprétation et la modélisation des terrains
profonds. Documents du BRGM, 274, 33-36.

- STECK, A. in press: The eastern continnation of the Zanskar shear zone
Eclogae geol. Helv.

ESCHER, A. & BEAUMONT, C. 1997: Formation, burial and exhumation of base-
ment nappes at crustal scale: a geometrc model based on the Western
Swiss-Italian Alps. J. Struct. Geol. 19, 955-974.

— Masson, H. & STeck, A. 1988: Coupes geologiques des Alpes occiden-
tales suisses. Mém. Géol. 2, Lausanne.

FIESTMANTEL, O. 1882: Note on the remains of palm leaves from the Tertiary
Murree and Kasauli beds in India. Geol. Surv. India Records, 15, 51-53.

FOSTER, G., VANCE, D., ARGLES, T. & HARRIS, N. 2002: The Tertiary collision-
related thermal history of the NW Himalaya. J. metamorphic Geol. 20,
827-843.

FrRANK, W., BAUD, A., HONEGGER, K. & TROMMSDORFF, V. 1987: Compara-
tive studies on profiles across the northwest Himalayas. In: SCHAER, J.-P.
& RODGERS, J. (Ed.): The anatomy of mountain ranges (p. 261-275). -
Princeton Univ. Press, Princeton New Jersey.

— Fucns, G. 1970: Geological investigations in west Nepal and their signifi-
cance for the geology of the Himalayas. Geol. Rdsch. 59, 552-580.

- GANSSER, A. & TROMMSDORFF, V. 1977a: Geological observations in
the Ladakh area (Himalayas). A preliminary report. Schweiz. mineral.
petrogr. Mitt. 57, 89-113.

—  GRASEMANN, B., GUNTLI, P. & MILLER, C. 1995: Geological Map of the
Kishtwar-Chamba-Kulu Region (NW Himalayas, India). Jb. Geol. Bun-
desanstalt, Wien 138/2, 299-308.

- HOINKES, G., MILLER, C., PURTSCHELLER, F., RICHTER, W. & THONI, M.
1973: Relations between metamorphism and Orogeny in a Typical Sec-
tion of the Indian Himalayas. Tschermaks Mineral. Petrogr. Mitt. 20,
303-332.

—  THONI, M. & PURTSCHELLER, F. 1977b: Geology and petrography of Kulu-
South Lahul area. Colloq. int. CNRS (Paris) 268, 147-160.

- BHARGAVA, O.N. & BERTLE, R. 2001: The Geology of Chakrata. J. Asian
Earth Sci. 19/3A, 18.

- BHARGAVA, O.N., MILLER, CH. & BANERJEE, D.N. 2001: A review of the
Proterozoic in the Himalaya and the Northern Indian Shield. J. Asian
Earth Sci. 19/3A, 17-18.

Fuchs, G. 1975: Contributions to the geology of the North-Western Hi-
malayas. Abh. Geol. Bundesanstalt, Wien 32, 59 p.

— 1977: The Geology of the Karnali and Dolpo Regions, Western Nepal. Jb.
Geol. Bundesanstalt, Wien 20, 165-217.

- 1979: On the Geology of western Ladakh. Jb. Geol. Bundesanstalt, Wien
122, 513-540.

— 1981: Outline of the Geology of the Himalaya. Mitt. Osterr. Geol. Ges.
Bd. 74, 1001-127.

—  1982: The geology of western Zanskar. Jb. Geol. Bundesanstalt, Wien 125,
1-50.

—  1983: The Chail Thrust and Chail Nappes in the Himalaya. In Himalayan
Shears (ed. Saklani, P.S.) Himalayan Books, 33—41.

— 1986: The geology of the Markha — Khurnak region in Ladakh (India).
Jahrb. Geol. Bundesanstalt Wien, 128, 403-437.

— 1987: The geology of Southern Zanskar (Ladakh)-Evidence for the au-
tochthony of the Tethys zone of the Himalaya. Jb. Geol. Bundesanstalt,
Wien 130, 465-491.

- 1989: Arguments for the autochthony of the Tibetan Zone. Eclogae geol.
Helv. 82, 685-692.

— & LINNER, M. 1995: Geological Traverse Across the Western Himalaya —
a Contribution to the Geology of Eastern Ladakh, Lahul, and Chamba.
Jb. Geol. Bundesanstalt, Wien 138, 655-685.

— & LINNER, M. 1996: On the Geology of the Suture Zone and Tso Morari
Dome in Eastern Ladakh (Himalaya). Jb. Geol. Bundesanstalt, Wien 139,
191-207.

- & SHINA, A K. 1978: The Tectonics of the Garhwal-Kumaun Lesser Hi-
malaya. Jb. Geol. Bundesanstalt, Wien 121, 219-241.

GAETANI, M., CASNEDI, R., Fois, E., GARZANTI, E., JADOUL, F., NICORA, A. &
TINTORI, A. 1985: Stratigraphy on the Tethys Himalaya in Zanskar,
Ladakh. Riv. ital. Paleont. (Stratigr.) 91/4, 443-478.

- CasNepl, E., Fors, E., GARZANTI, E., JADOUL, F., NICORA, A. & TINTORI,
A. 1986: Stratigraphy of the Tethys Himalaya in Zanskar, Ladakh - Initial
report. Riv. ital. Paleont. Stratigr. 91, 443-478.

— & GARzANTI E. 1991: Multicyclic history of the northern India continen-
tal margin (Northwestern Himalaya). Bull. amer. Assoc. Petroleum. Geol.
75/9, 1427-1446.

— GarzanTl, E. & TINTORI, A. 1990: Permo-Carboniferous stratigraphy in
SE Zanskar and NW Lahul (NW Himalaya, India). Eclogae Geol. Helv.
83, 143-161.

GANSSER, A., 1964: Geology of the Himalayas. John Wiley, London 289pp.

GAPAIS, D., PECHER, A., GILBERT, E. & BALLEVRE, M. 1992: Synconvergence
spreading of the Higher Himalaya Crystalline in Ladakh. Tectonics 11,
1045-1056.

GARZANTI, E. 1993: Sedimentary evolution and drowning of a passive margin
shelf (Giumal Group; Zanskar Tethys Himalaya, India): paleoenviron-

Geology of the NW Indian Himalaya 189



mental changes during final break-up of Gondwanaland. In: TREALOR P.J.
& SEARLE M.P. (eds.) - Himalayan tectonics. Geol. Soc. Spec. Publ. 74,
277-298.

- Baub, E. & MascLE, G. 1987: Sedimentary record of the northward flight
of India and its collision with Eurasia (Ladakh Himalaya, India). Geody-
namica Acta, 1, 297-312.

- Casnepl, R. & Jooul, F. 1986: Sedimentary evidence of a Cambro-Or-
dovician orogenic event in the Northwestern Himalaya. Sediment. Geol.
48, 237-265.

- Japboul, F. Nicora, A. & BERRA, F. 1995: Triassic of Spiti (Tethys Hi-
malaya, N India). Riv. ital. Paleont. Stratigr. 101, 267-300.

- VAN HavVEer, T. 1988: The Indus clastics: fore-arc basin sedimentation in
the Ladakh Himalaya (India). Sediment. Geology, 59, 237-249.

GILBERT, E. 1986: Evolution structurale d’une chaine de collision: structures et
déformations dans le nord de la plaque indienne en Himalaya du Ladakh.
Ph.D. thesis, Université de Poitiers.

- COLCHEN, M., MAsCLE, G., REIBEL, G., REUBER, [. & VAN HAVER, T.
1983: Multiphased tectonics in the Indus Suture Zone, Ladakh Himalaya.
Terra Cognita, 3, 266.

- & MERLE, O. 1987: Extrusion and radial spreading beyond a closing chan-
nel. J. struct. Geol. 9, 481-490.

GIRARD, M. 2001: Metamorphism and tectonics of the transition between non
metamorphic Tethyan Himalaya sediments and the North Himalayan
Crystalline Zone (Rupshu area, Ladakh, NW India). Mem. Geol. (Lau-
sanne) 35

- & Bussy, F. 1999: Late Pan-African magmatism in the Himalaya: new
geochronological and geochemical data from the Ordovician Tso Morari
metagranites (Ladakh, NW India). Schweiz. Mineral. Petrogr. Mitt. 79,
399-417.

- STECK, A. & THELIN, P. 1999: The Dutung-Thaktote extensional fault
zone and nappe structuresdocumented by illite crystallinity and clay-min-
eral paragenesis in the Tethys Himalaya between Spiti river and Tso
Morari, NW India. Schweiz. Mineral. Petrogr. Mitt. 79, 419-430.

- THELIN, P. & STECK, A. 2001: Synorogenic extension in the Tethyan Hi-
malaya documented by tectonics and the Kiibler index, Lachung La area,
NW India. Clay Minerals 36, 237-247.

GOEL, R.K. & NAIR, N.G.K. 1977: The Spiti Ordovician-Silurian succession. J.
Geol. Soc. India 18, 47-48.

GOTHAN, W. & SAHNI, B. 1937: Fossil plants from the Po series of Spiti N.W.
Himalaya. Rec. Rec. Geol. Surv. India 22, 195-206.

GRASEMANN, B., FrRITZ, H. & VANNAY, J.C. 1999: Quantitative kinematic flow
analysis from the Main Central Thrust Zone (NW-Himalaya, India): im-
plications for a decelerating strain path and the extrusion of orogenic
wedges. J. Struct. Geol. 21, 837-853.

GRIESBACH, C.L. 1891: Geology of the Central Himalaya. Mem. geol. Surv.
India (Calcutta) 23, 1-232.

GRruiIC, D., CASEY, M., DAVIDSON, C., HOLLISTER, L.S., KUNDIG, R. PAVLIS,
T. & ScHMID, S. 1996: Ductile extrusion of the Higher Himalayan Crys-
talline in Bhutan: evidence from quartz microfabrics. Tectonophysics 260,
21-43.

- HoLLSTER, L.S. & PARrrIsH, R.R, 2002: Himalayan metamorphic se-
quence as an orogenic channel: insight from Bhutan. Earth planet. Sci.
Lett. 198, 177-191.

GuILLOT, S., LARDEAUX, J.M., MASCLE, G. & COLCHEN, M. 1995: Un nouveau
témoin du métamorphisme de haute-pression dans la chaine himalayenne:
les eclogites rétromorphosées du Ddme du Tso Morari, (Est Ladakh, Hi-
malaya). C.R. Acad. Sci. (Paris) 320, 931-936.

DE SIGOYER, J., LARDEAUX, J.M. & MAsCLE G. 1997: Eclogitic metasediments
from the Tso Morari area (Ladakh Himalaya): Evidence for continental
subduction during India-Asia convergence. Contrib. Mineral. Petrol. 128,
197-212.

HaTtToRI, K.H. & DE SIGOYER, J. 2000: Mantle wedge serpentinization and ex-
humation of eclogites: Insights from eastern Ladakh, northwest Himalaya.
Geology 28, 199-202.

GunNTLI, P. 1993: Geologie und Tektonik des Higher und Lesser Himalaya im
Gebiet von Kishtwar, SE Kashmir (NW Indien). Dissertation Nr 10211
der ETH Ziirich, 198 S., Ziirich 1993.

190 A. Steck

GurraA, K.R., GERGAN, J.T. & KuMAT, S. 1983: Geochemistry of the volcanic
rocks of the Northwestern Himalaya and its bearing on tectonics-a riview.
In: SINHA, A K. (Ed.): Contemporary Geoscientific Researches in Hi-
malaya (Dehra Dun) 2, 9-18.

Haq, B., Hardenbol, J. & Vail, P.R. 1987: Chronology of fluctuating sea levels
since the Triassic (250 My ago to the present). Science 235, 1 156-1 167.

HARRISON, T.M., CopLAND, P., KipD, W.S.F. & YIN, A., 1992: Raising Tibet.
Science, 255, 1663-1670.

— CoprLAND, P., HALL, A., QUADE, J., BURNER, S., OJHA, T.P., & KiIpD,
W.S.F. 1993: Isotopic preservation of Himalayan/Tibetan uplift, denuda-
tion, and climatic histories in two molasse deposits, J. Geol. 101, 157-173.

- GROVE, M., LOVERA, O.M. & CaTLOS, E.J. 1998: A model for the origin
of Himalayan anatexis and inverted metamorphism. J. Geophys. Res. 103,
NO. B11, 27017-27032.

- RYERSON, F.P., LE FORT, P., YIN, A., LOVERA, O.M. & CATLOS, E.J. 1997:
A Late Miocene-Pliocene origin for the central Himalayan inverted meta-
morphism: Earth Planet. Sci. Lett. 146, E1-E7.

- GROVE, M., LOVERA, O.M. & CaTLOS, E.J. 1998: A model for the origin
of Himalayan anatexis and inverted metamorphism. J. geophys. Res. 103,
27,017-27,032.

Hauck, M.S., NELsoN, K.D., BRowN, L.D., ZHAo, W. & Ross, A.R. 1998:
Crustal structure of the Himalayan orogen at 90° east longitude from Pro-
ject INDEPTH deep reflection profiles. Tectonics, 17, 481-500.

HAWKESWORTH, C.J., KEMPTON, P.D., RODGERS, M.W., ELLAM, R M. & VAN
CALSTEREN, P.W. 1990: Continental mantle lithosphere and shallow level
enrichment processes in Earth’s mantle. Earth and Planet. Sci Lett. 96,
256-268.

HAYDEN, H.H. 1904: The Geology of Spiti, with parts of Bashar and Rupshu.
Mem. Geol. Surv. India. 36, 1-129.

HEemm, A. & GANSSER, A. 1939: Central Himalaya, geological observations of
the Swiss expedition 1936. Mém. Soc. Helv. Sci. nat. 73, 1-245.

HENRY, P., & LE PicHON, X. & GOFFE B. 1997: Kinematic, thermal and petro-
logical model of the Himalayas: constraints related to metamorphism
within the underthrust Indian crust and topographic elevation. Tectono-
physics 273, 31-56.

HERREN, E. 1985: The deformation style in the Higher Himalaya rock se-
quence-A case study in Zanskar (NW Himalaya). Himalayan Workshop
Abstract Vol. University of Leicester.

— 1987 a: Northeast-southwest extension within the higher Himalayas
(Ladakh, India). Geology 15, 409-413.

— 1987 b: Structures, Deformation and metamorphism of the Zanskar area.
Ph.-D. thesis, ETH-Ziirich.

HIRN, A., LEPINE, J.-C., JOBERT, G., SAPIN, M., WITTINGER, G., XIN, X.Z.,
Yuan, G.A., JING, W.X., WEN, T.J,, Bal, X.S., PANDEY, M.R. & TATER,
J.M. 1984: Crustal structure and variability of the Himalayan border of
Tibet. Nature (London) 307, 23-27.

HobgaEs, K.V. 2000: Tectonics of the Himalaya and southern Tibet from two
perspectives. GSA Bulletin 112, 324-350.

—  Parrish, R., Housh, T., Lux, D., Burchfiel, B.C., Royden, L. & Chen, Z.
1992: Simultanous Miocene extension and shortenign in the Himalayan
orogen. Science 258, 1466-1470.

—  Parrish, R.R. & Searle, M.P. 1996: Tectonic evolution of the central An-
napurna Range, Nepalese Himalayas. Tectonics 15: 1264-1291.

HONEGGER, K.H. 1983: Strukturen und metamorphose im Zanskar Kristallin.
Ph.D. thesis, ETH-Ziirich.

—  DIETRICH, V., FRANK, W., GANSSER, A., THONI, M. & TROMMSDORFF, V.
1982. Magmatism and metamorphism in the Ladakh Himalayas (the
Indus-Tsangpo suture zone). Earth planet. Sci. Lett. 60, 253-292.

- LE Forrt, P, MAsCLE, G. & ZIMMERMANN, J.L. 1989: The blueschists
along the Indus Suture Zone in Ladakh, NW Himalaya. J.metamorphic
Geol. 7, 57-72.

HUBBARD, M.S. & HARRISON, T.M., 1989: “*Ar/3°Ar constraints on deforma-
tion and metamorphism in the Main Central Thrust zone and Tibetan
Slab, eastern Nepal Himalaya, Tectonics 8: 865-880.

HUGHES, N.C. & JELL, P.A. 1999: Biostratigraphy and biogeography of Hi-
malayan Cambrian trilobites. Geol. Soc. America Spec. Paper 328,
109-116.



HuiQl, L., McCLAy, K.R. & PowkeLL, D. 1992: Physical models of thrust
wedges. In: McCLAY, K.R. (ed.): Thrust Tectonics. Chapman & Hall,
London, 71-81.

Japoul, F., GarzanTl, E. & Fois, E. 1990: Upper Triassic- lower Jurassic
stratigraphy and paleogeographic evolution of the Zanskar Tethys Hi-
malaya (Zangla Unit). Riv. ital. Paleont. (Stratigr.) 95, 351-396.

JAEGER, J.J., COURTILLOT, V. & TAPPONNIER, P. 1989: Paleontological view of
the ages of the Deccan Traps, the Cretaceous/Tertiary boundary, and the
India-Asia collision. Geology 17, 316-319.

JAIN, A.K. & ANAND A. 1988: Deformational and strain patterns of an intra-
continental collision ductile shear zone-an example from the Higher
Garhwal Himalaya. J. Struct. Geol. 10, 717-734.

- KUMAR, D., SINGH, S., KUMAR, A. & LAL, N. 2000: Timing, quantification
and tectonic modelling of Pliocene-Quaternary movements in the NW Hi-
malaya: evidence from fission track dating. Earth Planet. Sci. Lett. 179,
437-451.

- PaTEL, R.C. 1999: Structure of the Higher Himalayan Crystallines along
the Suru-Doda Valleys (Zanskar), NW Himalaya. Gondwana Research
group Memoir 6, 91-110.

JHINGRAN, A.G., KoHLI, G.& SHUKLA, B.N. 1952: Geological notes on the tra-
verse to the Spiti-valley (Punjab). Jointly with 39 Royal Danish Expedi-
tion to Central Asia 1950. Geol. Surv. India (unpublished report).

JoHNSON, G.D., OpDYKE, N.D., TANDON, S.K. AND NANDA, A.C. 1983: The
magnetic polarity stratigraphy of the Siwalik group at Haritalyangar
(India) and a new last appearance datum for Ramapithecus and Sivapi-
thecus in Asia. Paleogeography, Palaeoclimatology, Palacoecology 44,
223-249.

JOHNSON, M.R.W. 2002: Shortening budgets and the role of continental sub-
duction during India-Asia collision. Earth-Science Reviews 59, 101-123.

KAKAR, R.K. 1988: Geology and tectonic setting of Central Crystalline rocks
of Southern part of Higher Himachal Himalaya. J. Geol. Soc. India 31,
243-250.

KANWAR, S.S. & AHLUWALIA, A.D. 1979: Lithostratigraphy of Upper Paleo-
zoic tethyan sequence in Chandra Valley near Bara Lacha La, district
Lahul and Spiti, Himachal Pradesh, India. Contr. Himalayan Geol.
(Delhi) 1, 147-153.

KAPOOR, H.M. 1977: Lower Gondwana of Nishadbagh, Kashmir and its signif-
icance. Geophytology 7, 188-196.

KARUNKARAN, C. AND RANGA RAO, A. 1976: State of exploration for hydro-
carbons in the Himalayan region. Contributions to stratigraphy and struc-
ture. New Delhi Himalayan Geology Seminar, 1-72.

KroTzLi, U.S. 1997: Zircon evaporation TIMS: Method and procedures. Ana-
lyst 122, 1239-1248.

Krootwuk, C.T., CONAGHAN, P.J. & PowL, C. MCA. 1985: The Himalayan
arc, oroclinal bending and back-arc spreading. Earth Planet. Sci. Lett. 75,
167-183.

- GeE, ], PEIRCE, J.,, SMITH, G. & MCFADDEN, P. 1992: An early India-Asia
contact: Paleomagnetic constraints from the Ninetyeast Ridge. ODPLeg
121. Geology 20, 395-398.

KOBER, B. 1987: Single-zircon evaporation combined with Pb + emitter bed-
ding for 207Pb/206Pb-age investigations using thermal ion mass spectrom-
etry, and applications to zirconology. Contrib. Mineral. Petrol. 96, 63-71.

KOHLSTEDT, D.L., Evans, B. & MACKWELL, S.J. 1995: Strength of lithosphere:
Constraints imposed by laboratory experiments. J. Geophys. Res. 100,
17587-17602.

KUNDIG, R. 1989: Domal structures and High grade metamorphism in the
Higher Himalayan Crystalline, Zanskar region, north-west Himalaya,
India. Journal of metamorphic Geology 7, 43-55.

KUMAR, G., JosHI, A. & MATHUR, V.K. 1987: Redlichid trilobites from the
Tal Formation, Lesser Himalaya, India. Curr. Sci. 56, 659-663.

- LaL, N, JaN, A.K. & SOrkHABI, R.B. 1995: Late Cenozoic-Quaternary
Thermo-Tectonic history of Higher Himalayan Crystalline (HHC) in
Kishtwar-Padar-Zanskar region, NW Himalaya: Evidence from fission
track ages. J. Geol. Soc. India 45, 375-391.

— RaINA,B.K., BHARGAVA, O.N., MAITHY, P.K. & BABU, R. 1984: The Pre-
cambrian-Cambrian boundary problem and its prospects, Northwest Hi-
malaya, India. Geol. Mag. 121, 211-216.

KWATRA, S.K., BHANOT, V.B., KAKAR, R.K., KANsAL, A K. 1986: Rb-Sr radio-
metric ages of the Wangtu Gneissic Complex, Kinaur district, Higher Hi-
machal Himalaya. Bull. Indian Geol. Assoc. 19, 127-130.

LAL, N, MEHTA, Y.P., KUMAR, D., KUMAR, A. & JaIN, A.K. 1999: Cooling
and exhumation history of the Mandi granite and adjoining tectonic units,
Himachal Pradesh, and estimation of closure temperature from external
surface zircon. Gondwana Res. Group Mem. 6, 207-216.

LANGE, R.L. & CARMICHAEL, L.S.E. 1990: Thermodynamic properties of sili-
cate liquids with emphaseis on density, thermal expansion and compress-
ibility. In: NicHoLS, J. & RIsseL, J.K. (Ed.): Modern methods of igneous
petrology: Understanding magmatic processes. Reviews in mineralogy 24,
Miner. Soc. America, 25-64.

LARROQUE, C., CALASSOU, S., MALAVIEILLE, J. AND CHANIER, F. 1995: Exper-
imental modelling of forearc basin development during accretionary
wedge growth. Basin Research 7, 255-268.

LEe ForTt, P. 1975: Himalayas: the collided range. Present knowledge of the
continental arc. Amer. J. Sci. 275A, 1-44.

—  1986: Metamorphism and magmatism during the Himalayan collision. In:
COWARD, M.P. & RiEs, A.C. (Eds): Collision tectonics. Geol. Soc. Spec.
Publ. (London) 19, 152-172.

— 1997: Evolution of the Himalaya. In A. Yin & T.M. Harrison (Eds.), The
Tectonic Evolution of Asia. P. 95-109.

— DEBON, F., PECHER, A., SONET, J., VIDAL, P. 1986: The 500 Ma magmatic
event in Alpine sothern Asia, a thermal episode at Gondwana scale, Sci-
ences de la Terre. Mémoire (Nancy) 47, 191-209.

LYDEKKER, R. 1878: Geology of Kashmir, Kishtwar and Panghi. Rec. geol.
Surv. India 11, 31-64.

—  1883: The geology of Kashmir and Chamba territories and the British dis-
trict of Khagan. Mem. geol. Surv. India 22, 344 pp.

LyoN-CAEN, H. & MOLNAR, P. 1985: Gravity anomalies, Flexure of the Indian
plate, and the structure, support and evolution of the Himalaya and
Ganga basin. Tectonics, 4/6, 513-538.

MACFARLANE, A.M. 1993: Chronology of the tectonic events in the crystalline
core of the Himalaya, Langtang National Park, Central Nepal. Tectonics
12, 1004-1025.

MAHEO, G., BERTRAND, H., GUILLOT, S., MASCLE G., PECHER, A., PICARD, C.
& DE SIGOYER, J. 2000: Témoind d’un arc immature téthysien dans les
ophiolites du Sud Ladakh (NW Himalaya, Inde). C.R. Acad. Sci. (Paris),
Earth and Planet. Sci. 330, 289-295.

MALAVIEILLE, J., LARROQUE, C. & CALAssOU, S. 1993: Modélisation expéri-
mentale des relations tectoniques/sédimentation entre bassin avant-arc et
prism d’accretion. C.R. Acaf. Scie. (Paris) 316, 1131-1137.

MAKOVSKY, Y., KLEMPERER, S.L., LIYAN, H. & DeYuAN, L. 1996: Structural
elements of the southern Tethyan Himalaya crust from wide-angle seismic
data. Tectonics, 15/5, 997-1005.

MANICKAVASAGAM, R.M., JAIN, AK., SINGH, S. & ASOKAN, A. 1999: Meta-
morphic evolution of the northwest Himalaya, India: Pressure-temmpera-
ture data, inverted metamorphism, and axhumation in the Kashmir, Hi-
machal, and Garhwal Himalayas. Geol. Soc. America Spec. Paper 328,
179-198.

MARGERIE, DE E. & HEIM ALBERT, 1888: Les dislocations de I'écorce ter-
restre. J. Wurster, Ziirich.

MARQUER, D., CHAwLA, H.S., CHALANDES, N. 2000: Pre-alpine high grade
metamorphism in the High Himalaya. Eclogae gel. Helv. 93, 207-220.
MascLE, G.H. 1985: L'Himalaya résulte-t-il du télescopage de trois chaines?

Bull. Soc. géol. France 8, t.I. 3, 289-304.

HERAIL, G., VAN HAVER, T. & DELCAILLAU, B. 1986: Structure et évolution
des bassins d’épisuture et de périsuture liés a la chaine Himalayenne.
BCREDP 10, 181-203.

MassoNE, H.J. 1995: Experimental and petrogenetic study of UHPM. In
CoLEMAN, R.G. & WANG, X. (Ed.): Ultrahigh pressure metamorphism,
Cambridge University Press, 33-95.

MATHUR, N.S. 1978: Biostratigraphical aspects of the Subathu Formation, Ku-
maun Himalaya. In Recent Researches in Geology, Hindustan Publishing
Corp. (India), Delhi, 5, 95-112.

MATHUR, A.K., MISHRA, V.P. & MEHRA, S. 1996: Systematic study of plant
fossils from Dagshai, Kasauli and Dharamsala Formations of Himachal
Pradesh, Paleont. Indica, N.S. 50, 1-121.

Geology of the NW Indian Himalaya 191



MATTE, P., TAPPONNIER, P., ARNAUD, N., BOURJOT, L., AvOUAC, J.P., VIDAL,
P., QING, L., YUSHENG, P. & Y1, W. 1996: Tectonics of Western Tibet,
between the Tarim and the Indus. Earth planet. Sci Lett. 142, 311-330.

MCELHINNY, M.W. 1979: The earth: its origin, structure and evolution. Acade-
mic press, London.

MCELROY, R., CATER, J., ROBERTS, 1., PECKHAM, A. & BOND, M. 1990: The
structure and stratigraphy of SE Zanskar, Ladakh Himalaya. J. geol. Soc.
(London), 147, 989-997.

Mc KeNzIE, D.P. & SCLATER, J.C. 1971. The evolution of the Indian Ocean
since the Late Cretaceous. Geophys. J. r. astron. Soc. 24, 437-528.

MEebpLicoTT, H.B. 1864: On the geological structure and relations of the south-
ern portion of the Himalayan range between the rivers Ganges and
Ravee. Mem. Geol. Surv. India. 111, 2, 1-206.

MEIGS, A.J., BURBANK, D.W., AND BECK, R.A. 1995: Middle-late Miocene
(>10Ma) formation of the Main Boundary thrust in the western Himalaya.
Geology 23, 423-426.

MEHTA, P.K. 1977: Rb/Sr geochronology of the Kulu-Mandi belt: its implica-
tion for the Himalayan tectogenesis. Geol. Rdsch. 66, 156-175.

- 1978: Rb/Sr geochronology of the Kulu-Mandi belt: its implication for the
Himalayan tectogenesis-a reply. Geol. Rdsch. 68, 383-392.

METIVIER, F., GAUDEMER, Y., TAPPONNIER, P. & KLEIN, M. 1999: Mass accu-
mulation rates in Asia during the Cenozoic. Geophys. J. Int. 137, 280-318.

MipDLEMISS, C.S. 1887: Physical geology of West British Garhwal. Rec. geol.
Surv. India, 20/1, 26-40.

- 1910: A revision of the Silurian-Trias sequence in Kashmir. Rec. geol.
Surv. India 40, 206-260.

MILLER, C., KLOTZLI, U., FRANK, W., THONI, M. GRASEMANN, B. 2000: Pro-
terozoic crustal evolution in the NW Himalaya (India) as recorded by
circa 1.80 Ga mafic and 1.84 Ga granitic magmatism. Precambrian Res.
103, 191-206.

MisrA, D.K. 1993: Tectonic setting and deformational features in Satluj and
Beas Valley of Himachal Pradesh. Indian J. petrol. Geol. 2, 81-92.

- GURURAIJAN, N.S. 1994: The closure of Rampur window in Satluj Valley
of Himachal Pradesh: Some new observations. J. Himalayan Geol. S,
127-131.

MOLNAR, P. 1990: A review of the seismicity and the rate of underthrusting
and deformation at the Himalaya. J. Himalayan geol. 1, 131-154.

- ENGLAND, P. 1990: Late Cenozoic uplift of mountain ranges and global
climate change: chikken or egg? Nature (London) 346, 29-34.

- LyoN-CaEeN, H. 1989: Fault plane solutions of earthquakes and active tec-
tonics of the Tibetan plateau and its margins. Geophys. J. Int. 99, 123-153.

- TAPPONNIER, P. 1975: Cenozoic tectonics of Asia: effects of a continental
collision. Science 189, 419-426.

MUKHERIEE, B.K. & SAcHAN, H.K. 2001: Discovery of coesite from Indian
Himalaya: A record of ultra-high pressure metamorphism in Indian Con-
tinental Crust. Current Science 81, 1358-1361.

MUKHOPADHYAY, D.K., BHADRA, B.K., GHOsH, T.K. AND SRIvAsTAVA, D.C.
1997: Ductile shearing and large-scale thrusting in the Main Central
Thrust Zone, Chur-Peak area, Lesser Himachal Himalaya. J. geol. Soc.
India, 50, 5-24.

- MIsHRA, P. 1999: A balanced cross section across the Himalayan foreland
belt, the Punjab and Himachal footills: A reinterpretation of structural
styles and evolution. Proc. Indian Acad. Sci. (Earth Planet. Sci.), 108,
189-205.

NaBHoLz, W.K. & VoLL, G. 1963: Bau und Bewegung im gotthardmassivis-
chen Mesozoikum bei Ilanz (Graubiinden). Eclogae geol. Helv. 56,
755-808.

NaHA, K. & RAY, S.K. 1971: Evidence of overthrusting in the metamorphic
terrane of the Simla Himalayas. Amer. J. Science 270, 30-42.

- RAY,S.K. 1972: Structural evolution of the Simla Klippe in the Lower Hi-
malayas. Geol. Rdsch. 61, 1050-1086.

NaJMAN, Y., CLIFT, P., JOHNSON, M.R.W. & ROBERTSON, A.H.F. 1993: Early
stages of foreland basin evolution in the Lesser Himalaya, N India, in Tre-
loar, P.J. & Searle, M.P., (eds.) Himalayan tectonics. Geol. Soc. London
spec. Publ. 74, 541-558.

- BICKLE, M. AND CHAPMAN, H. 2000: Early Himalayan exhumation: Iso-
topic constraints from the Indian foreland basin. Terra Nova, 12, 28-34.

192 A. Steck

- GaRrzanTl, E. 2000: Reconstructing early Himalayan tectonic evolution
and paleogeography from Tertiary foreland basin sedimentary rocks,
northern India. Geol. Soc. Amer. Bull. 112, 435-449.

- PRINGLE, M., GODIN, L. & OLIVER, G. 2001: Dating of the oldest conti-
nental sediments from the Himalayan foreland basin. Nature 410,
194-197.

Nakazawa, K. & Kapoor, H.M. 1973: Spilitic pillow lava in Panjal Trap of
Kashmir, India. Memoires of the faculty of sciences, Kioto University, Se-
ries of Geology and Mineralogy, 39, 83-98.

- 1985: The Permian and Triassic systhems in the Tethys-their paleogeogra-
phy. In NaAkazAawA, K & DICKINS, J.M. (eds.) The Tethys- her paleogeog-
raphy and palebiogeography from Paleozoic to Mesozoic. Tokio, Tokai
University Press, 93-111.

- KAPOOR, H.M., IsH1, K., BANDO, Y., OKIMURA, Y. & TOKUOKA, T. 1975:
The Upper Permian Lower Triassic in Kashmir, India. Mem. Faculty Sci-
ences Kioto University, Geology-Mineralogy 42, 1-106.

NANDA, M.M. & SINGH, M.P. 1977: Stratigraphy and sedimentation of the
Zanskar area, Ladakh and adjioning parts of the Lahul region of Hi-
machal Pradesh. Himalayan Geol. (Dehra Dun) 6, 365-388.

NICORA, A., GAETANI, M. & GARZANTI, E. 1984: Late Permian to Anisian in
Zanskar (Ladakh, Himalaya). Rend. Soc. Geol. Ital. 7, 27-30.

NORTON, I.O. & SCLATER, J.G. 1979: A model for the evolution of the Indian
Ocean and the breakup of Gondwanaland. J. Geophys. Res. 84/10,
6803-6830.

OcHhs 111, F.A. & LANGE, R. A. 1999: The density of hydrous magmatic liquids.
Since 283, 1314-1317.

OKAYA, N., CLOETINGH, S. & MUELLER, S. 1996: A lithospheric cross-section
through the Swiss Alps-I1. Constraints on the mechanical structure of a
continent-continent collision zone. Geophys. J. Int. 127, 399-414.

OLpHAM, R.D. 1883: Note on the geology of Jaunsar and the Lower Hi-
malayas. Rec. Geol. Surv. India 14, 193-198.

~  1888: The sequence and correlation of the Pre-Tertiary Sedimentary for-
mations of the Simla region of the Lower Himalayas. Rec. Geol. Surv.
India 21, 130-143.

PAacHAURI, A.K. 1972: Stratigraphy, correlation and tectonics of the area
around Purola, Uttarkashi and Dehra Dun districts, U.P. Himalayan
Geol. 2, 371-387.

PaNT, C.C. & SHUKLA, U.K. 1999: Nagthat Formation: An exemple of a pro-
gradtional, tide-dominated Proterozoic succession in Kumaun Lesser Hi-
malaya, India. J. Asian Earth Sci. 17, 353-368.

PAREEK, H.S. 1983: The Himachal and Panjal Traps; a geochemical appraisel.
In: SINHA, A.K. (ed.): Contemporary Geoscientific researches in Hima-
laya (Dehra Dun), 2, 1-8.

PARKASH, B., SHARMA, R.P. & Roy, A K. 1980: The Siwalik Group (molasse):
Sedimants shed by collision of continental plates. Sedimentary Geology
25,127-159. <

PARRISH, R.R. & HODGES, K.V. 1996: Isotopic constraints on the age and
provenance of the Lesser and Greater Himalayan sequences. Nepalese
Himalaya. Geol. Soc. Amer. Bull. 108, 904-911.

PATEL, R.C,, SINGH, S., ASOKAN, A., MANICKAVASAGAM, R M. & JaIN, A.K.
1993: Extensional tectonics in the Himalayan orogen. In: TRELOAR, P.J. &
SEARLE, M.P. (eds), Himalayan tectonics. Geol. Soc. Spec. Publ. 74,
445-459.

PATINO DOUCE & HARRIS, N. 1998: Experimental constraints on Himalayan
Anatexis. J. Petrol. 39, 689-710.

PATRIAT, P. & ACHACHE, J. 1984: India-Eurasia collision chronology has im-
plications for crustal shortening and driving mechanism of plates. Nature
(London) 311, 615-621.

- SEGOUFIN, J., SCHLICH, R., GOSLIN, J., AUZENDE, J.M., BEUZART. P., BON-
NIN, J. & OuIVET, J.L. 1982: Les mouvements relatifs de I'Inde, de
I’ Afrique et de I’Eurasie. Bull. Soc. géol. France, 24, 363-373.

PauL, S.K. & PAauL, R. 1999: Northeast-southwest extensional Tethyan Shear
Zone within compressional regime of the Himalaya, Lahaul-Spiti, India.
Gondwana Research Group Memoir 6, 135-144.

PECHER, A. 1977: Geology of the Nepal Himalaya: deformation and petrogra-
phy in the Main Central Thrust zone. Colloq. int. CNRS n° 268, 301-318.

- 1991: The contact between the higher Himalaya Crystallines and the Ti-



betan sedimentary series: Miocene large-scale dextral shearing. Tectonics,
10, 587-598.

-~ LE FoRrT, P. 1989: Stretching lineation trajectories in the crystalline pile of
central Nepal, Sth Himalaya-Tibet-Karakorum Workshop, Milano, Abstr.
vol. p. 39.

PIERCE, J. 1978: The northward motion of India since the Late Cretaceous,
Geophys. J. r Astron. Soc. 52, 277-311.

PILGRIM, G.E. & WEST, W.D. 1928: The structure and correlation of the Simla
rocks. Mem. Geol. Surv. India, 53, 140pp.

POGNANTE, U. & LOMBARDO, B. 1989: Metamorphic evolution of the High Hi-
malayan Crystallines in SE Zanskar, India. J. metamorph. Geol. 7, 9-17.

- CasteLul, D., BENNA, P, GENOVESE, G., OBERLI, F., MEIER, M. &
TONARINI, S. 1990: The crystalline units of the High Himalayas in the
Lahul-Zanskar region (northwest India): metamorphic-tectonic history
and geochronology of the collided and imbricated Indian plate. Geol.
Mag. 127, 191-116.

PoweRs, P.M., LiLLIE, RJ. & YEATS, R.S. 1998: Structure and shortening of
the Kangra and Dehra Dun reentrants, Sub-Himalaya, India. Geol. Soc.
Amer. Bull. 110, 1010-1027.

PRINCE, C., HARRIS, N. & VANCE, D. 2001: Fluid-enhanced melting during
prograde metamorphism. J. geol. Soc. London, 158, 233-241.

Qin, C. Papadimitriou, E.E., Pazachos, B.C. & Karakaisis, G.F. 2001: Time-de-
pendent seismicity in China. J. Asian Earth Sci. 19, 97-128.

RAGE, J.C., CAPPETTA, H. HARTENBERGER, J.L., JAEGER, J.J., SUDRE, J.,
VIANEYLIAUD, M., KUMAR, K. PRASAD, G.V.R. & SaHNI, A. 1995: Colli-
sion age. Nature (London) 375, 286.

RAINA, V.K. & BHATTACHARYYA, D.P. 1977: The Geology of part of the
Chharap and Sarchu Valleys, Lahaul and Spiti District, Himachal Prade-
sch. Golden Jubilee Volume: Geol., Min. & Met. Soc. of India 1974,
129-142.

RAIVERMAN, V., KUNTE, S.V. & MUKHERIJEA, A. 1983: Basin Geometry, Ceno-
zoic Sedimentation and Hydrocarbon Prospects in North Western Hi-
malaya and Indo-Gangetic Plains. Petroleum Asia J. 6, 67-92.

- SRIVASTAVA, P. & Prasap, D.N. 1993: On the Foothill Thrust of
Northestern Himalaya. J. Himalayan Geol. 4, 237-256.

RAMESHWAR, R.D., SHARMA, K.K. & CHOUBEY, V.M. 1991: J. Himalayan
Geol. 2, 39-46.

RAMsAY, J.G. 1967: Folding and Fractering of rocks. McGraw-Hill, New York.

RANGA RAO, A, DHAR, C.L., RAvL, J., RAO, S.V. & SHAH, S.K. 1982: Contri-
butions to the stratigraphy of Spiti. Himalayan Geol. 12, 98-113.

—  AGARWAL, R.P., SHARMA, U.N., BHALLA, M.S., AND NANDA, A.C. 1988:
Magnetic polarity stratigraphy and vertebrate palaeontology of Upper Si-
walik Sub-group of Jammu Hills, India. J. geol. Soc. India, 31, 361-385.

RATSCHBACHER, L., FRISCH, W. & GUANGHUA, L. 1994: Distributed deforma-
tion in southern and western Tibet during and after the India-Asia colli-
sion. J. Geophys. Res. 99, 19917-19945.

RATTAN, S.S. 1973: Stratigraphy and sedimentation of the Chamba area West-
ern Himachal
Pradesh. Himalayan Geol. 3, 231-248.

- 1974: On the Manjir conglomerate of the Chamba area Western Himachal
Pradesh. Himalayan Geol. 3, 231-248.

- 1978: Salooni Formation: The Permo-Carboniferous sequence of the
Tethys Himalayan belt in the Chamba area., western Himachal Pradesh,
India. Recent Res. Geol. 7, 322-338.

- 1985: Flysch sedimentation in the Chamba area, Himachal Pradesh. Cur-
rent Trends Geol. 5, 43-54.

REUBER, I. 1989: The Dras arc: two successive volcanic events on eroded
oceanic crust. Tectonophysics 161, 93-106.

—  COLCHEN, M. & MEVEL, C. 1987: The geodynamic evolution of the South-
Tethyan margin in Zanskar, NW-Himalaya, as revealed by the Spongtang
ophiolitic melanges. Geodinamica Acta, 1, 283-296.

ROBYR, M. 2002: Thrusting, extension, and doming in the High Himalaya of
Lahul-Zanskar area (NW India): structural and pressure-temperature
constraints. Mém. géol. Lausanne, 40, 126 pp.

- VANNAY, J.-C., EPARD, J.-L. & STECK, A. 2002: Thrusting, extension, and
doming during polyphase tectonometamorphic evolution of the High Hi-
malayan Crystalline Zone in NW India. J. Asian Earth Sci. 21, 221-239.

RowLy, D.B. 1996: Age of initiation of collision between India and Asia: A re-
view of stratgraphic data. EPSL. Earth Planet. Sci. Lett. 145, 1-13.

Sakal, H. 1983: Geology of the Tansen Group of the Lesser Himalaya in
Nepal. Memoir of the Faculty of Sciences, Kyushu University, Series D. 5,
27-74.

SAKLANI, P.S. 1993: Geology of the Lower Himalaya (Garhwal). Internat.
Books and Periodicals supply Service, Delhi, 246pp.

SCHARER, U., HAMET, J.U. & ALLEGRE, C.J. 1984: The Transhimalaya
(gangdes) plutonism in the Ladakh region: a U-Pb and Rb-Sr study. Earth
and Planetary Science Letters, 67, 327-339.

ScHILL, E. APPEL, E., ZEH, O., SINGH, V.K. & GAUTAM, P. 2001: Coupling of
late-orogenic tectonics and secondary pyrrhotite remanences: towards a
separation of different rotation processes and quantification of rotational
underthrusting in the western Himalaya (northern India). Tectonophysics
337, 1-26.

ScHrLup, M. 2003: Exhumation history of the western Himalaya: The Rupshu-
Lahul-Kullu geochronological transect (NW India). Ph.D thesis, Universi-
ty of Lausanne, 173pp.

-~ CARTER, A., COSCA, M. AND STECK, A. 2003: Exhumation history of east-
ern Ladakh revealed by “*Ar/*Ar and fission track ages: The Indus river-
Tso Morarti transect, NW Himalaya. J. geol. Soc. London, 160, 1-15.

ScoTesg, C.R., GAHAGAN, L.M. & LARsSON, R.L. 1988: Plate tectonic recon-
structions of the Cretaceous and Cenozoic ocean basins. Tectonophysics,
155, 27-48.

SEARLE, M.P. 1983: Stratigraphy, structure and evolution of the Tibetan
Tethys zone in Zanskar and the Indus suture zone in the Ladakh Hi-
malaya. Royal Soc. Edinburgh Transactions, Earth Sci. 73, 203-217.

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

- CoOPER, D.J.W. & REX, A.J. 1988: Collision tectonics of the Ladakh-Zan-
skar Himalaya. In: SHACKLETON, R.M., DEWEY, J.F. & WINDLEY, B.F.
(eds.): Tectonic evolution of the Himalayas and Tibet. London Royal Soc.
117-149.

- REX, AJ. 1989: Thermal model for the Zanskar Himalaya. J. metam.
Geol. 7, 127-134.

- WARTERS, DJ., REX, D.C. & WILSON, R.N. 1992: Pressure, temperature
and time constraints on Himalayan metamorphism from eastern Kashmir
and western Zanskar. Geol. Soc. London. J. 149, 753-773.

—  WINDLEY, B.F., CowARD; M.P., CooPER, D.J.W., REX, A.J., REX, D., TIN-
DONG, L., XUCHANG, X., JAN, M.Q., THAKUR, V.C. & KUMAR, S. 1987:
The closing of Tethys and the tectonics of the Himalaya. Bull. geol. Soc.
Amer. 98, 678-701.

- CorFIELD, R.I., STEPENSON, B. & MCCARRON, J. 1997: Structure of the
North Indian continental margin in the Ladakh-Zanskar Himalayas: im-
plications for the timing of obduction of the Spongtang ophiolite, India-
Asia collision and deformation events in the Himalaya. Geol. Mag. 134,
297-316.

- PIcKERING, K.T. & COOPER, D.J.W. 1990: Restoration and evolution of
the intermontane Indus molasse basin, Ladakh Himalaya, India. Tectono-
physics, 174, 301-314.

- WATERS, D.J., DRANSFIELD, M.W., STEPHENSON, B.J., WALKER, C.B.,
WALKER, J.D. & REX, D.C. 1999: Thermal and mechanical models for the
structural and metamorphic evolution of the Zanskar High Himalaya. In:
Mac NiocalLL, C. & RyaN, P.D. (eds.) Continental tectonics. Geol. Soc.
London, spec. Publ. 164, 139-156.

SEEBER, L. & GORNITZ, V. 1983: River profiles along the Himalayan Arc as in-
dicators of active tectonics. Tectonophysics 92, 335-367.

SHAH, 1. 1977: Stratigraphy of Pakistan. Geol. Survey of Pakistan Memoirs 12,
138p.

SHARMA, K.K. 1977: A contribution to the geology of the Sutluy Valley, Kin-
naur, Himachal Pradesh, India. In Colloques internationaux du C.N.R.S.
No 268-Ecologie et géologie de 'Himalaya, 369-379.

SHARMA, V.P. & RASHID, S.A. 2001: Geochemical evolution of peraluminous
paleoproterozic bandal orthogneiss NW, Himalaya, Himachal Pradesh,
India: implications for the ancient crustal growth in the Himalaya. J.
Asian Earth Sci. 19, 413-428.

Geology of the NW Indian Himalaya 193



SINCLAIR, H.D. & Jafrrey, N. 2001: Sedimentology of the Indus group,
Ladakh, northern India: implications for the timimg of initiation of the
palaeo-Indus River. J. geol. Soc. London 158, 151-162.

SINGH, K.P. 1979: Deformation history of the rocks around Sarahan Bushair,
Himachal Pradesh. In: SakLani, P.S. (Ed.): Structural Geology of the
Himalaya, 163-182.

SINGH, K. 1991: Strain variation in the Berinag Thrust Sheet and its relation-
ship with the Main Central Thrust in the Yamuna and Tons valleys,
Garhwal Himalaya. J. Himalayan Geol. 2, 71-78.

- 1993: Reverse and oblique slip movement along the Chamba Thrust,
Northwest Himalaya: Implications for tectonic evolution. J. Himalayan
Geol. 4, 143-148.

SINGH, M.P., NANDA, M.M. & SINHA, P.K. 1976: The Ralakung volcanics of
the Zanskar Valley (Laddakh), its geological setting, petrography, petro-
chemistry and a comparative study with the Panjal volcanics of the NW
Himalaya. Geol. Surv. India Misc. Publ. (Calcutta) 41, 218-228.

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

- CLAESSON, S., JAIN, AK., SIOBERG, H., GEE, D.G., MANICKAVASAGAM,
R.M., ANDREASSON, P.G. 1994: Geochemistry of the Proterozoic peralu-
minous granitoids from the Higher Himalayan Crystalline (HHC) and Ju-
togh nappe, NW Himalaya, Himachal Pradesh, India. J. Nepal Geol. Soc.
10, 125.

SINHA, A.K. 1981: Geology and tectonics of the Himalayan region of Ladakh,
Himachal, Garwhal-Kumaun and Arunachal Pradesh: A review. In Za-
gros-Hindu kush-Himalaya Geodynamic evolution. In: Gueta, HK. &
DELAvY, F.M. (Ed.), Geodynamics ser. 3, 122-148.

- 1987: Tectonic zonation of the Central Himalaya and the crustal evolution
of collision and compressional belts. Tectonophysics 134, 59-74.

Misra, D K. & PauL, S.K. 1997: Geology and Tectonic features of Kulu and
Spiti-Lahaul sector of NW Himalaya. Himalayan Geol. 18, 1-15.

Sorkhabi, R.B., Jain, A.K., Tetsumaru, 1., Fukui, S., Lal, N. & Kumar, A. 1997:
Cooling age record of domal uplift in the core of the Higher Himalayan
Crystallines (HHC), southwest Zanskar, India. Proc. Indian Acad. Sci.
(earth Planet. Sci.) 106, 169-179.

SPRING, L. 1993: Structures gondwaniennes et himalayennes dans la zone tibé-
taine du Haut Lahul - Zanskar oriental. Mém. géol. (Lausanne) 14, 148p.

—  CRESPO, A. 1992: Nappe tectonics, extension and metamorphic evolution
in the Indian Tethys Himalaya. Tectonics, 11, 978-989.

- Bussy, F., VANNAY, J.C., HUON, S. & CoscA, M. 1993a: Permo-Carbonif-
erous “alkaline” granitic magmatism in the Indian High Himalaya (Upper
Lahul - SE Zanskar): geochimical characterization and geotectonic impli-
cations. In: TRELOAR, P.J. & SEARLE, M.P. (eds.): Himalyan tectonics.
Geol. Soc. spec Publ. (London), 74, 251-264.

- Stutz, E., THELIN, P., MARCHANT, R., MAssON, H. & STECK, A. 1993b.
Inverse métamorphic zonation in very low-grade Tibetan series of SE
Zanskar and its tectonic consequences (Himalaya, NW India). Schweiz.
mineral. petrogr. Mitt. 73, 85-96.

SRIKANTIA, S.V. 1981: The lithostratigraphy, sedimentation and structure of
Proterozoic-Phanerozoic formations of Spiti basin in the Higher Himalaya
of Himachal Pradesh, India. In: SINHA, A.-K. (Ed.): Contemporary geo-
scientific researches in Himalaya. (Dehra Dun) 31-48.

- GANEsaN, T.M,, Rao, P.N,, SINHA, P.K. & TIRKEY, B. 1980: Geology of
Zanskar area, Ladakh Himalaya. Himalayan Geol. (Dehra Dun) 2,
1009-1033.

— BHARGAVA, O.N. 1982: An outline of the structure of the area between
the Rohtang pass in Lahaul an the Indus Valley in Ladakh. Geol. Surv.
India, misc. Publ. 41/3, 193-204, Calcutta.

- BHARGAVA, O.N. 1983: Geology of the Paleozoic sequence of the Kash-
mir Tethys Himalayan basin in the Lidder Valley, Jammu and Kashmir. J.
geol. Soc. India 24, 363-377.

— BHARGAVA, O.N. 1998: Geology of Himachal Pradesh. Geol. Soc. India
(Bangalore), 406 pp.

STAUBLI, A. 1989: Polyphase deformation and the development of the Main
Central Thrust (MCT) at the Kishtwar window, NW-India. J. metamor-
phic Geol. 7, 73-93.

194 A. Steck

STAMPFLI, G.M., MOSAR, J., FAVRE, P., PILLUIT, A. & VANNAY, J.C. 2001:
Permo-Mesozoic evolution of the western Tethys realm: the Neo-Tethys
East Mediterranean Basin connection. In: P.A. ZIEGLER, W. CAVAZZA,
A.H.F. ROBERTSON & S. CRASQUIN-SOLEAU (eds.), Peri-Tethys Memoir 6:
Peri-Tethyan Rift/Wrench basins and passive margins. Mém. Mus. Natn.
Hist. Nat., Paris ISBN, 186, 51-108.

STECK, A. 1984: Structures de déformation tertiares dans les Alpes centrales
(transversale Aar-Simplon-Ossola). Eclogae geol. Helv. 77: 55-100.

- HUNZIKER, J. 1994: The Tertiary structural and thermal evolution of the
Central Alps-compressional and extensional structures in an orogenic
belt. Tectonophysics 238, 229-254.

- EpARD, J.L. & ROBYR, M. 1999: The NE-directed Shikar Beh Nappe: A
major structure of the Higher Himalaya. Eclogae geol. Helv. 92, 239-250.

- SPRING, L., VanNAY, J.C., MassoN, H., BUCHER, H., Stutz, E.,
MARCHANT, R. & TIECHE, J.-C. 1993: Geological transect across the
North-western Himalaya Eastern Ladakh and Lahul (A model for the
continental collision of India and Asia). Eclogae geol. Helv. 86, 219-263.

- EPARD, J.-L., VANNAY, J.-C., HUNZIKER, J., GIRARD, M., MORARD, A. &
ROBYR, M. (1998): Geological transect across the Tso Morari and Spiti
areas: The nappe structures of the Tethys Himalaya. Eclogae geol. Helv.
91,103-121.

- Eprarp, J.L., ESCHER, A. GOUFFON, Y. & MassoN, H. 2001: Carte
géologique des Alpes de Suisse occidentale 1:100000. Carte géologique
spéciale N°123, notice explicative. Office féd. Eaux Géologie (Berne),
73p.

STEPHENSON, B.J., WATERS, D.J. & SEARLE, M.P. 2000: Inverted metamor-
phism and the main central thrust: Field relations and thermo-barometric
constrtaints from the Kishtwar Window, NW Indian Himalaya. J. meta-
morph. Geol. 18, 571-590.

—  SEARLE, M.P., WATERS, D.J. AND REX, D.C. 2001: Structure of the Main
Central Thrust zone and extrusion of the High Himalayan deep crustal
wedge, Kishtwar-Zanskar Himalaya. J. Geol. Soc. London 158, 637-652.

STERN, R.J. 1994: Arc assembly and collision in the Neoproterozoic East
African orogen. Annual Review of Earth and Planetary Sciences, 22,
319-351.

StoLiczkA, F. 1865: Geological sections across the Himalayan Mountains.
Mem. geol. Surv. India (Calcutta) 5, 1-154.

Stutz, E. A., 1988: Géologie de la chaine de Nyimaling aux confins du Ladakh
et du Rupshu (NW-Himalaya, Inde). Mém. Géol. (Lausanne) 3.

- STECK, A. 1986: La terminaison occidentale du Cristallin du Tso Morari
(Haut-Himalaya; Ladakh méridional, Inde). Eclog. geol. Helv. 79,
253-269.

SUTRE, E. 1990: Les formations de la marge Nord-Neotethysienne et les
mélanges ophiolitiques de la zone de suture de 'Indus en Himalaya du
Ladakh, Inde. These de doctorat Univ. Poitiers, (inédit.).

TANDON, S.K. 1991: The Himalayan Foreland: Focus on Siwalik Basin. In Sed-
imentary basins of India: Tectonic context. Eds. S.K. TANDON, C.C. PANT,
S.M. CassHYAP, 171-201.

TAPPONNIER, P., PELTZER, G. & ARMIIO, R. 1986: On the mechanics of colli-
sion between India and Asia. In: COwARD, M.P. & RIEs, A.C. (eds), Colli-
sion Tectonics, Geol. Soc. London, Spec. Publ. 19, 115-157.

THAKUR, V. C. 1983a: Deformation and metamorphism of the Tso Morari
crystalline complex. In: THAKUR V.C. & SHARMA, K K. (Eds.): Geology of
the Indus Suture Zone of Ladakh (p. 1-8). — Wadia Inst. of Himalayan
Geol. (Dehra Dun).

- 1983b: Paleotectonic evolution of Indus-Tsangpo Suture Zone in Ladakh
and southern Tibet. In: THAKUR V.C. & SHARMA, K.K. (Ed.): Geology of
the Indus Suture Zone of Ladakh, Wadia Inst. of Himalayan Geol.
(Dehra Dun). 195-204.

- 1984: Tectonic framework of the Indus and Shayok suture zones in East-
ern Ladakh, Northwest Himalaya. Tectonophysics 101, 207-220.

- & Misra, D.K. 1984: Tectonic framework of the Indus and Shyok suture
zones in Eastern Ladakh, Northwest Himalaya. Tectonophysics 101,
207-220.

- ViIRrDI, N.S. 1979: Lithostratigraphy, structural framework, deformation
and metamorphism of the southeastern region of Ladakh, Kashmir Hi-
malaya, India. Himalayan Geol. 9, 63-78.



THOHNI, M. 1977: Geology, structural evolution and metamorphic zoning in
the Kulu Valley (Himachal Pradesh, Himalayas, India) with special refer-
ence to the reversed metamorphism. Mitt. Ges. Geol. Bergbaustud.
Osterr. 24, 125-187.

THOMPSON, R.N., MORRISON, M. A, HENDRY, G.L. & PARRY, S.J. 1984: An as-
sessment of the relative roles of crust and mantle in magma genesis: an el-
emental approach. Phil. Trans. Roy. Soc. London A 310, 549-590.

TiwARl, A.P. 1984: Stromatolites and Precambrian and Lower Cambrian bios-
tratigraphy of Lesser Himalaya, India. Proc. 5" Ind. Geophytological
Conf., Lucknow 1983, Spl. Publ. 71-79.

- GAUR, R.K. & AMETA, S.S. 1978: A note on the geology of a part of Kin-
naur district, Himachal Pradesh. Himalayan Geol. 8, 574-582.

TrIPATHI, C., JANGPANGI, B.S., BHATT, D.K., KUMAR, G. & RAINA, B.K. 1984:
Early Cambrian brachiopods from « Upper Tal », Mussoorie Syncline,
Dehradun District, U.P. Geophytology, 14, 221-227.

Trivepl, J.R., KEwaL, K.S. & GopaLaN, K. 1986: Widespread caledonian
magmatism in Himalaya and its tectonic significans. Terra Cognita, 6, 144.

TROMMSDORFF, V., DIETRICH, V. & HONEGGER, K. 1987: The Indus Suture
Zone: Paleotectonic and Igneous Evolution in the Ladakh-Himalayas. In:
SCHAER, J.-P. & RODGERS, J. (Ed.): The anatomy of mountain ranges (p.
261-275). -Princeton Univ. Press, Princeton New Jersey.

TurcoTg, D.L. & SCHUBERT, G. 1982: Geodynamics — Applications of contin-
uum physics to geological problems. John Wiley & Sons, New York.
ULMER, P. & TROMMSDORFF, V. 1995: Serpentine stability to mantle depths

and subduction-related magmatism. Science 268, 858-861.

U.S. ARMY MAP SERVICE, 1962: India and Pakistan, 1:250000, Washington
D.C. (USA).

VALDIYA, K.S. 1980: Geology of Kumaun Lesser Himalaya. Dehra Dun, India,
Wadia Institute of Himalayan Geology, 291p.

- 1995: Proterozoic sedimentation and Pan-African geodynamic develop-
ment in the Himaléaya. Precambrian Res. 74, 35-55.

VANCE, D. & HARRISs, N. 1999: Timing of prograde metamorphism in the Zan-
skar Himalaya. Geology 27, 395-398.

VAN HAVER, T. 1985: Etude stratigraphique, sédimentologique et structural
d’un bassin d’avant arc: exemple du bassin de I'Indus, Ladakh, Himalaya.
Ph.D. Thesis, University of Grenoble.

—  BASSOULET, J.P., BLONDEAU, A. & MASCLE, G. 1984: Les séries détri-
tiques du bassin de I'Indus au Ladakh: nouvelles données stratigraphiques
et structurales. Riv. ital. Paleont. (Stratigr.) 90, 87-102.

- BONHOME, M.G., MASCLE, G. & APRAHAMIAN, J. 1986: Analyse K/Ar de
phyllites fines des formations détritiques de I'Indus au Ladakh (Inde).
Mise en évidence de I'dge Eocene supérieur du metamorphisme. C. R.
Acad. Sci. (Paris) Serie I1, 302(6): 325-330.

VAN HINTE, J.E. 1978: Geohistory analysis: applications of micropaleontology
in exploration geology. Bull. amer. Assoc. petroleum Geol. 62, 201-222.

VANNAY, J.C. 1993: Géologie des chaines du Haut-Himalaya et du Pir Panjal
au Haut Lahul (NW Himalaya, Inde): Paléogéographie et tectonique,
Mém. géol. (Lausanne) 16, 1-148.

- GRASEMANN, B. 1998: Inverted metamorphism in the High Himalaya of
Himachal Pradesh (NW India): phase equilibria versus thermobarometry.
Schweiz. Mineral. Petrogr. Mitt. 78, 107-132.

—  GRASEMANN, B. 2001: Himalayan inverted metamorphism and syn-con-
vergence extension as a consequence of general shear extrusion. Geol.
Mag. 138, 253-276.

- SHARP, Z.D. & GRASEMANN, B. 1999: Himalayan inverted metamorphism
constrained by oxygen isotope thermometry. Contrib. Mineral. Petrol.

137, 90-101.

- SPRING, L. 1993: The geochemistry of the continental basalts within the
Tethyan Himalaya of Lahul-Spiti and SE Zanskar (NW India). Geol. Soc.
spec. Publ. (London) 74, 237-249.

- STECK, A. 1995: Tectonic evolution of the High Himalaya in Upper Lahul
(NW Himalaya, India). Tectonics 14, 253-263.

VIRrDI, N.S. 1976: Stratigraphy and structure of the area around Nirath, Dist.
Simla, Himachal Pradesh. In: JHINGRAN, A.G. & VERMA, P.K. (eds.):
Himalayan Geology 6, 163-175.

- 1979: Status of the Chail Formation vis-a-vis Jutogh-Chail relationship in
the Himachal Lesser Himalaya. Himalayan Geol. 9/1, 111-125.

— THAKUR, V.C. & Azmi, R.J. 1978: Discovery and Significence of Permian
Microfossils in the Tso Morari Cristallines of Ladakh, J&K, India. Hi-
malayan Geol. 8, 993-1000.

VOGGENREITER, W., HOTZEL, H. & MECHIE, J. 1988: Low-angle detachment
origin for the Red Sea Rift System? Tectonophysics 150, 51-75.

VoN Loczy, 1907: Beobachtungen im &stlichen Himalaya (vom 8. Bis 28.
Febr. 1878). Foldr. Kozlem. 35, 1-24.

Wabia, D.N. 1934: The Cambrian - Trias sequence of North Western Kash-
mir (parts of Muzaffarabad and Barumula districts). Rec. Geol. Surv.
India 69, 60-63.

- 1937: The Cretaceous volcanic series of Astor/Deosai, Kashmir, and its in-
trusions. Rec. Geol. Soc. India 72/2, 151-161.

WALKER, J.D., MARTIN, M.W., BOWRING, S.A., SEARLE, M.P., WATERS, D.J. &
HobgGes, K.V. 1999: Metamorphism, melting and extension: age con-
straints from the High Himalayan slab of southeast Zanskar and north-
west Lahaul. J. Geol. 107, 473-495.

WEINBERG, R.F. & DunLapr, W.J. 2000: Growth and Deformation of the
Ladakh Batholith, Northwest Himalayas: Implications for Timing of Con-
tinental Collision and Origin of Calc-Alcaline Batholiths. J. Geol. 108,
303-320.

WERNICKE, B. 1985: Uniform-sens normal simple shear of the continental
lithosphere. Canad. J. Earth Sci. 22, 108-125.

WEST, W.D. 1939: Structure of the Shali windownear Simla. Rec. Geol. Surv.
India 74, 133-163.

WEST, R.M., HUTCHISON, J.H. & MUNTHE, J. 1991: Miocene vertebrates from
the Siwalik Group, western Nepal. J. of vertebrate Paleontology 11,
108-129.

WHITE, N.M., PRINGLE, M., GARZANTI, E., BICKLE, M., NAJAN, Y. CHAPMAN,
H. & FRrIenD, P. 2002: Constraints on the exhumation and erosion of the
High Himalayan Slab, NW India, from foreland basin deposits. Earth
planet. Sci Lett. 195, 29-44.

WYNNE, A.B. 1878: On the geology of the Salt Range in Punjab. Mem. geol.
Surv. India 14, 1-314.

Wyss, M. 1999: Structural geology and metamorphism of the Spiti valley-east-
ern Lahul-Parvati valley area, Himachal Himalaya (India). Ph.-D. thesis,
Lausanne, 183pp.

—  2000: Metamorphic evolution of the northern Himachal Himalaya: phase
equilibria constraints and thermobarometry. Schweiz. Mineral. Petrogr.
Mitt. 80, 317-350.

HERMANN, J. & STECK, A. 1999: Structural and metamorphic evolution of the
northern Himachal Himalaya, NW India (Spiti-eastern Lahul-Parvati val-
ley traverse). Eclogae geol. Helv. 92, 3-44.

Yin, A. & T.M. Harrison 2000: Geological evolution of the Himalayan Tibetan
orogen. Annu. Rev. Earth Planet. Sci. 28, 211-280.

Manuscript received December 19, 2002
Revision accepted April 29, 2003

Geology of the NW Indian Himalaya 195



Plate 1: Geological map of the NW Indian Himalaya
Plate 2: Geological sections through the NW Indian Himalaya
Plate 3: Tectonic map of the NW Indian Himalaya

Plate 4: Metamorphic map of the NW Indian Himalaya
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