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Abstract

The Kohistan–Ladakh Terrane in the NW Himalaya is a remnant of a Cretaceous arc sequence obducted onto the Indian
Ž .margin. This paper presents a geochemical study major and trace elements and Sr, Nd, Pb isotopes of the Mid-Cretaceous

lavas of the Ladakh side of the arc sequence, which were erupted in response to northward subduction of Neo-Tethys
oceanic crust.

Ž .Lavas from the western Ladakh in Pakistan can be divided into three groups which, from north to south, are: 1 the
w Ž . Ž . 208 204Northern Group of back-arc tholeiites 0.5- LarYb -1.4; 0.3- NbrLa -1.4; 4-´Nd-8; 38.66- Pbr Pb-N N

x Ž . w Ž . Ž .38.80 , 2 the Southern Group of arc tholeiites 1.8- LarYb -3.9; 0.1- NbrLa -0.6; 5-´Nd-6; 38.40-N N
208 204 x Ž . w Ž . Ž .Pbr Pb-38.66 , and 3 the Katzarah Formation of tholeiitic Nb-rich lavas 3.4- LarYb -9.8; 1.4- NbrLaN N

x w 208 204 x w-2.1; 3-´Nd-5 , including radiogenic Pb lavas 39.31- Pbr Pb-39.51 and less radiogenic lavas 38.31-
208 204 xPbr Pb-38.55 . Magmas from the eastern Ladakh in India show a simple series of more evolved arc volcanics from

w Ž . Ž .basalts to rhyolites basalts and basaltic andesites: 2.5- LarYb -5.7; 0.4- NbrLa -0.5; 1.8-´Nd-5.5; 38.70N N
208 204 x- Pbr Pb-38.80 . Isotope and trace element data of western Ladakh lavas are compatible with high-degree melting

Ž . wŽ . Ž . 208 20414–21% of a fertile MORB-mantle source. An adakitic lava LarYb s55.8; NbrLa s0.3; ´Nds1.7; Pbr PbN N
x wŽ . Ž . 208 204 xs39.00 and a Mg-poor Nb-rich basalt LarYb s4.6; NbrLa s1.3; ´Ndsy2; Pbr Pbs39.07 are spatiallyN N

associated with the tholeiitic arc lavas. Isotope compositions of all the lavas, and in particular the radiogenic Nb-rich and
adakitic lavas suggest three-component mixing between depleted mantle similar to the Indian MORB mantle, and enriched
components similar to the volcanogenic or pelagic sediments. The geochemical diversity of magma types is attributed to
contribution of melts from the subducted crust and associated sediments, and their subsequent interaction with the mantle.
Such melt–mantle interactions can also be inferred from relicts of sub-arc mantle found in Indian Ladakh. These results lead
to a geodynamic reconstruction of the Kohistan–Ladakh arc as a single entity in the Mid-Cretaceous, emplaced south of the
Asian margin. Slab melting imply subduction of young oceanic crust, as already proposed for the Oman ophiolite farther
west. The fast northward drift of the Indian Plate could have triggered wide-scale inversion of the divergent tectonic regime
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responsible for the opening of the Neo-Tethys Ocean. Our results suggest breaking of the young oceanic crust initiated at the
ridge rather than at passive plate boundaries. q 2002 Elsevier Science B.V. All rights reserved.

Keywords: Ladakh; Island arc; Back-arc; Crustal melting; Nd Sr and Pb isotopes

1. Introduction

Since Permian times, complex tectonic distur-
bances, involving closure of oceanic domains, crustal

aggregation and mountain building occurred in the
peri-Tethys realm to form the present day Himalayan
mosaic. One puzzling problem concerns the origin
and initial geodynamic setting of some parts of this

Ž . Ž . Ž .Fig. 1. Geological setting of the Ladakh series. A General geological map of the Ladakh Terrane. B Enlarged simplified geological
Ž . Ž .maps of 1 Western and 2 Eastern Ladakh areas, with REE normalised patterns of representative lavas from each geological unit.

Ž .Normalisation values are from Evensen et al. 1978 .
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Ž .Fig. 1 continued .

mountain belt. Among these, the geodynamic evolu-
Ž .tion of the Kohistan–Ladakh Terrane Fig. 1A in

the Mid-Cretaceous times remains poorly under-

stood. The Albian–Cenomanian Kohistan–Ladakh
arc-series were built somewhere between the Indian
and Asian plates in response to the subduction of the



( )Y. Rolland et al.rChemical Geology 182 2002 139–178142

Neo-Tethys Ocean during the fast northward drift of
the Indian plate. The series are thought to have been
emplaced either above a north dipping subduction
zone, in an intra-oceanic context, close to the Asian

Žmargin Tahirkeli et al., 1979; Bard et al., 1980;
Thakur and Misra, 1984; Khan et al., 1996; Treloar

.et al., 1996 , or above a south dipping subduction
zone, in the oceanic zone of the Dupal anomaly,
about 3000 km to the south of its present position
Ž .Khan et al., 1997 . At present, it is still difficult to
understand whether and how the Kohistan–Ladakh
arc was connected to the Tibetan Asian continental

Ž .arc Lhasa Block , a region in which there is no
evidence of oceanic arc or back-arc basin formations
Ž .Coulon et al., 1986 . West of Ladakh, the Kohistan
arc has generally been interpreted as a unique arc
Ž .Bard et al., 1980; Tahirkeli, 1982 , but it is possible
that more than one arc system existed in view of the
wide initial oceanic realm separating Asia and India
in the Lower Cretaceous and to the long time-span of

Žconvergence before collision Lower Cretaceous–
.Eocene . Located between the Kohistan intra-oceanic

arc and the Tibetan continental arc-series, the Ladakh
region represents a key area for a better understand-
ing of the geodynamic situation of the Asian margin
and Indian Tethyan arc-systems in the Mid-Creta-
ceous times.

Ž .In a previous paper Rolland et al., 2000 , we
presented the geochemical features of the igneous
components of the Northern Ladakh Terrane and

Ž .proposed that during the Mid Cretaceous, i a nar-
row back-arc basin was present, ending progressively

Ž .into Eastern Ladakh, and ii the Eastern Ladakh
lavas developed in an active margin setting with
close similarities to the Tibetan continental arc-rocks.
This implies that the intra-oceanic Kohistan–West-
ern Ladakh arc probably evolved laterally towards an
Andean-type margin in Tibet and that this evolution
could be likely related to an oblique subduction of
the Neo-Tethys ocean along the Asian margin.

In this paper, we present new trace element and
isotopic geochemical data on lavas from the Indo-

Ž .Pakistanis Ladakh, sampled in two areas Fig. 1A,B :
Ž . Ž1 the Skardu area in Pakistan Ladakh Western

. Ž .Ladakh , and 2 the Nubra-Shyok and Teah areas in
India or Eastern Ladakh. These new data allow better
constraints on the geodynamic evolution of the
Indo-Pakistanis Ladakh arc in Mid-Cretaceous times.

These data are expected to provide new insights in
the petrological processes related to the fast north-
ward drift of the Indian Plate and its geodynamic
implications for the peri-Tethyan margins.

2. Geological setting

The Ladakh Terrane, located in both north–east
Pakistan and north–west India, is bounded to the
north by the Northern or Shyok suture zone, and to

Ž .the south by the Indus suture zone Fig. 1A . The
Ladakh series are interpreted as remnants of a wide
volcanic arc separated from its western Kohistan
pendant by the Nanga Parbat–Haramosh spur. The
arc developed as a consequence of the northward
subduction of the Neo-Tethys Ocean along the Indus

Ž .suture zone Tahirkeli et al., 1979; Honegger, 1983 .
Arc-volcanism began during the Mid-Cretaceous, as
suggested by Rb–Sr and Ar–Ar ages of 110 and 90

Ž .Ma, both obtained in Ladakh Scharer et al., 1984¨
Žand Kohistan Treloar et al., 1989; Mikoshiba et al.,

.1999 . These ages have been confirmed by palaeon-
tological associations of Albian–Aptian age in both

ŽKohistan and Ladakh Desio, 1974; Tahirkeli, 1982;
Dietrich et al., 1983; Pudsey, 1986; Reuber, 1989;

.Rolland et al., 2000 .
Ž .According to Khan et al. 1997 , all the rocks of

the Kohistan arc are contemporaneous and represent
different parts of an arc–back-arc system. The Kamila
amphibolites were emplaced in the back-arc basin
while the Chalt boninites and the Chilas lavas repre-
sent the fore-arc and arc, respectively. For Treloar et

Ž .al. 1996 , these different formations succeeded in
time, Kamila amphibolites being the basement of the
arc.

According to various authors, the Ladakh Mid-
ŽCretaceous volcanic and plutonic rocks Dras, Spon-

.tang, Nidar belong to an arc developed above a
Žnorth dipping subduction zone Reibel and Juteau,

1981; Honegger et al., 1982; Dietrich et al., 1983;
.Maheo et al., 2000 . These arc-formations are in-

Žtruded by large granodioritic plutons in Ladakh De
Terra, 1935; Dietrich et al., 1983; Honegger, 1983;

. ŽRaz and Honegger, 1989 , as in Kohistan Tahirkeli
et al., 1979; Bard et al., 1980; Petterson and Wind-

.ley, 1985 . The earliest intrusions are, as the lavas,
Middle Cretaceous in age. Ages of 101–103 Ma
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Žwere obtained in Ladakh U–Pb ages from Honegger
.et al., 1982; Scharer et al., 1984 , while ages of¨

w Ž;100 Ma were obtained in Kohistan 102 Ma Rb–
.Sr by Petterson and Windley, 1985 and 97–99 Ma

Ž . xU–Pb by Schaltegger et al., 2000 . Igneous rocks
from Kohistan and Ladakh display then similar geo-

Žchemical features Petterson and Windley, 1991; Sul-
livan et al., 1994; Shah and Shervais, 1999; Ahmad

.et al., 1998 . An important plutonic activity lasted
until 25 Ma, with successive emplacement of more
and more differentiated granitoid intrusions. The
geochemical affinities of these plutons indicate that
the Kohistan–Ladakh arc Terrane evolved as an
active margin after its accretion to the Asian plate
Ž .Petterson and Windley, 1991; Treloar et al., 1996 .
The structures of the Kohistan–Ladakh arc are now
obscured by the post accretion plutonism and tecton-
ism. Hence, relicts of the former Cretaceous volcanic
products of the arc are rare and mainly preserved in
north-eastern Kohistan, and in northern and southern
Ladakh.

Ž .Rolland et al. 2000 have distinguished two dif-
ferent units in the Western Ladakh rocks along the

ŽShyok Suture Zone Skardu area, north–east Pak-
. Ž .istan, 1 in Fig. 1A and B : 1 the Northern Group

with volcanic and sedimentary rocks emplaced in a
Ž .back-arc basin, and 2 the Southern Group com-

posed of arc tholeiites. The Northern and Southern
Groups are separated by irregular and curved con-
tacts, limited by ultramafic serpentinised rocks. South
of the Shyok Suture Zone, the Katzarah Formation
consists of metapelitic rocks and rare OIB-type pil-
low-lava interlayers. The tectonic stacking of these
units is contemporaneous to an amphibolite grade
metamorphism caused by the northward subduction
of the arc and back-arc basin sequences under the
Karakoram continental margin during the Late Creta-

Ž .ceous Rolfo et al., 1997; Rolfo, 1998 .
In Eastern Ladakh, along the Shyok Suture Zone

Ž .north–west India; 2 in Fig. 1A and B , four units
Ž .have been recognised Rolland et al., 2000 , which

are from north to south.

Ž .i The AMelange UnitB is exposed in the Nubra´
valley and Pangong Range and is composed of
deformed volcano-sedimentary formations in
which metapelites represent the most abundant

Ž .lithology Rai, 1983 .

Ž .ii The ASedimentary UnitB consists of a thick
pile of Aptian–Albian sandstones with minor
limestone beds, interlayered in its upper part with
basaltic and andesitic flows.
Ž .iii The AVolcanic UnitB overlies the previous
unit and consists of a thick sequence of arc-
volcanic rocks starting with basalts and andesites
and finishing up with dacitic and rhyolitic ign-
imbrites.
Ž .iv The AChang La Ultramafic UnitB, in tectonic
contact with the Volcanic Unit, is composed of
harzburgites and gabbros, well preserved north of

Ž .the Chang La pass Reuber, 1990 .

The sedimentary lithologies associated with the
volcanic rocks are indicative of a west–east evolu-
tion from a marine, carbonated environment in West-
ern Ladakh to a continental, silico-clastic, envi-
ronment in Eastern Ladakh. In Western Ladakh,

Žlithologies and geochemistry of volcanic rocks Fig.
.1B show a north–south evolution from a pristine

back-arc basin to an intra-oceanic arc: the Northern
and Southern Groups, respectively. The back-arc
basin likely ends in Eastern Ladakh, where the lavas
are more differentiated and homogeneous in compo-
sition. These data suggest that the intra-oceanic
Western Ladakh evolves eastwards towards a more

Ž .mature arc Eastern Ladakh which is probably in
Ž .continuity with the Lhasa block Tibetan active

continental margin.

3. Analytical procedures

Ž .Mineral analyses presented in Table 1 were
obtained on a Cameca SX-100 microprobe at the
University Blaise Pascal of Clermont-Ferrand.
Counting time was 10 s per element, the accelerating
potential was 20 kV for a sample current of 20 nA.
Natural silicates were used as standards.

Major element abundances of Western Ladakh
lavas have been obtained using an Inductively Cou-

Ž .pled Atomic Emission Spectrometer ICPAES . Ma-
jor element data of Eastern Ladakh lavas has been
obtained using X-Ray fluorescence at the University
C. Bernard of Lyon. Trace element abundances were
measured using inductively coupled plasma mass
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Ž .spectrometry ICP-MS at the University Joseph
Fourier of Grenoble. Samples selected for major
element analysis by ICPAES and trace elements by
ICPMS were attacked using a microwave heater.

Ž .Most acid samples SiO )60 wt.% and adakitic2

sample L65 were attacked in a bombe at 3508C for
5 days. Solution trace element abundances were
measured by ICP-MS following procedures de-

Ž .scribed by Barrat et al. 1996 . Trace elements were
spiked with pure Tm, which was used as internal
standard. Major, trace and REE data are presented on
Table 2. Errors on measurements obtained from nine
runs of BHVO standard are given at 2s % on Table

Ž .2. Loss on ignition LOI was determined by heating
the sample at 10008C for 30 min.

Chemical separation of Sr and Nd was carried out
at Joseph Fourier University following the analytical

Ž .procedures of Lapierre et al. 1999 . Samples were
leached in HCl 6N after dissolution and prior to REE
separation. Dissolution of ;0.1 g of samples was
realised in closed teflon screw cap vessels with a
HF-HNO mixture, converted to chlorine form using3

HCl. Chemical separation of Sr was carried out on a
Ž .AG50W 200–400 mesh cationic ion exchange col-

Ž .umn. Nd separation was carried out using 1 ex-
change reverse chromatography AG50WX8 cationic

Ž .ion exchange column followed by 2 H HP or-2

thophosphoric column separation. The Nd and Sr
Ž143 144 87 86isotopic data Ndr Nd and Srr Sr isotopic
.compositions were measured on a Finnigan MAT261

multicollector mass spectrometer at the Geochemical
Laboratory, Paul Sabatier University of Toulouse.
87Srr86Sr was normalised to 8.3752, NBS standard

Ž . 143 144was measured to 0.710250 "15 . Ndr Nd ra-
tio was normalised to a value of 146 Ndr144 Nd of
0.71219; measure of Rennes standard was 0.511965
Ž ."12 .

The chemical separation of lead was done at the
Geochemical Laboratory of Montpellier University
following a procedure modified from Manhes et al.`
Ž .1978 . Total Pb blanks were less than 65 pg for 100
mg. The Pb isotopic ratios were measured on the
MC-ICP-MS P54 at the Ecole Normale Superieure´
Ž .E.N.S of Lyon. Isotopic Pb values of NBS standard
were measured to: 208Pbr204 Pbs36.69035; 207Pbr
204 Pbs15.49303; 206 Pbr204 Pbs16.95323. Errors
on measurements, obtained from five runs of NBS
standard are of 0.02 for 208Pbr204 Pb, of 0.007 for

207Pbr204 Pb, and 0.005 for 206 Pbr204 Pb. Isotopic
data are presented in Table 3.

4. Results

4.1. Petrography and mineral chemistry of the
Ladakh Terrane Õolcanic and ultramafic rocks

Ž .In Western Ladakh Skardu area , pillow-lavas
predominate with some massive lava-flows and tuffs,
and rare pyroclastic lapilli or bomb tuffs interlayers.
Compositions range from basalt to andesitic basalt.
Igneous assemblages have been overprinted by a
medium pressure–medium temperature metamor-
phism. Metamorphic assemblages are albiteqacti-
nolite blue-green amphiboleqcalcite"epidote"
chlorite"biotite, recrystallised in replacement of
primary pyroxene and plagioclase. Nevertheless, the
magmatic minerals can be recognised through the
nature of the recrystallising metamorphic assemblage
and preservation of the initial textures. Thin-grained
tuffs or aphanitic lavas have been totally recrys-
tallised, but most lavas are phyric and present relicts
of plagioclase, pyroxene and more rarely amphibole,
generally defining an intersertal to glomerophyric
texture.

ŽIn Eastern Ladakh Nubra-Shyok and Teah areas,
.on both sides of the Ladakh Batholith , a minor

proportion of volcanic rocks has escaped from meta-
morphic recrystallisation, regionally of greenschist

Ž .grade Rai, 1983 . The metamorphic assemblage
consists of epidoteqcalcite"actinolite. The lavas
range from basalts to rhyolites. Pyroxeneqpla-
gioclaseqspinel is the main assemblage of basalt
and basaltic andesites. In the andesites, centimetre-
sized large plagioclase phenocrysts predominate with
minor oxides and rare clinopyroxene, defining an
intersertal texture. In the dacites, most phenocrysts
are albitic plagioclase and rare quartz. Pyroxene is
absent. Texture is mostly ignimbritic, with minor
proportions of glass. In the rhyolites, abundant clasts
of quartz and K-feldspar and scarce clasts of albite
and biotite define clastic and sometimes welded ign-
imbritic textures.

Unaltered phenocrysts are present in only few
basaltic andesites of the Nubra-Shyok area. There-
fore mineral analyses of the more differentiated lavas
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have not been possible. Mineral analyses of basaltic
andesite lavas are presented in Fig. 2. Plagioclase is
Ca-rich with frequent increase of the anorthite con-

Ž .tent from core to rim Ans0.4–0.8 , defining
Ž .an inverse zoning Fig. 2A . Spinel is a Ti-rich

ulvospinel. Pyroxenes display diopsidic to augitic¨
Ž .compositions a in Fig. 2B , with frequent inverse

zoning, defined by the increase of enstatite correlated

with a decrease of ferrosillite contents from core to
Žrim. Most Ladakh pyroxenes this study and Dietrich

.et al., 1983 plot in the orogenic and alkaline fields
Ž . Ž .of Leterrier et al. 1982 b in Fig. 2B . However, the

compositions of Eastern Ladakh pyroxenes appear to
be more tholeiitic and closer to the non-orogenic

Ž .fields than southern Ladakh Dras pyroxenes of
Ž .Dietrich et al. 1983 .

Ž . Ž .Fig. 2. Mineral chemistry of Eastern Ladakh basaltic andesites. A Composition of plagioclase in the albite–anorthite– orthose diagram,
Ž . Ž . Ž .and profiles of a single plagioclase grain. B,a Composition of pyroxene in the enstatite–ferrossilite– wollastonite diagram; and B,b

Ž .pyroxene plots in discrimination diagrams of Leterrier et al. 1982 . In the discrimination diagrams, using the cations Ca vs. TiqCr,
NaqCa vs. Ti and Ca vs. Al, the fields represent 5% level confidence for alkali and calc-alkali basalt data compiled by Leterrier et al.
Ž . Ž .1982 . Eastern Ladakh pyroxenes are compared to Dras pyroxenes of Dietrich et al. 1983 .
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The Chang La Ultramafics are exposed north of
Ž .the Chang La pass in Eastern Ladakh 2 in Fig. 1B .

Ž .Peridotites mainly dunites are composed of triple-
jointed 80–90% olivine, 5–10% of irregular and

Želongated orthopyroxene and 3–5% of large 0.1–0.5
. Žmm and isolated spinel grains clinopyroxene has

.not been observed . Minerals have tight composi-
tional ranges, shown in Table 1. Olivine is Mg-rich
Ž . ŽFo: 93.7–94.2 , orthopyroxene is also Mg-rich En:

. Ž .89.8–91.6 and Al O -poor 0.9–1.6% , spinel has2 3
Ž Ž . .very high Cra Crr CrqAl s0.85 and low Mga

Ž 2q Ž 2q 2q. .Mg r Mg qFe s0.2–0.4; Table 1 .

Table 1
Representative mineral analyses of Chang La ultramafics

Orthopyroxene Olivine Spinel Spinel
Ž . Ž .ns3 ns8 rim core
ns1 ns6

SiO 57.7 41.5 0.1 –2

Al O 1.2 – 3.0 4.12 3

MgO 36.3 52.5 – 6.5
FeO 4.1 5.8 71.5 47.2
Fe O 1.0 – –2 3

MnO 0.2 0.1 1.4 0.3
Cr O 0.1 – 0.1 38.62 3

TiO – – 17.4 –2

NiO – 0.4 – 0.3
CaO 0.1 – – –
Na O – – – –2

K O – – – –2

Total 100.6 100.3 93.4 97.0

0
Nb. Oxy. 6.0 4.0 32.0 32.0
Si 2.0 1.0 – –
Al 0.0 – 1.0 1.4
Ti – – 3.7 –

3qFe 0.0 – 11.2 5.8
2qFe 0.1 0.1 5.8 5.4

Mg 1.9 1.9 – 2.7
Ca – – – –
Mn – – 0.3 0.1
Cr – – – 8.6
Ni – – – 0.1
Na – – – –

Jadeite 2.1 Fo 94.0 Mga – 0.3
Woll. 0.2 Cra – 0.9
Ens. 91.0
Ferro. 6.8

Woll: wollastonite; Ens: enstatite; Ferro: ferrosilite; Mgas
Ž 2q . Ž .Mgr MgqFe ; CrasCrr CrqAl .

We have used the following reaction for the
calculation of temperature and oxygen fugacities
Ž . Ž .DlogfO : 6Fe SiO olivine qO s3Fe Si O2 2 4 2 2 2 6
Ž . Ž .orthopyroxene q2Fe O Spinel , from the calibra-3 4

Ž .tions of Nell and Wood 1991 and Balhaus et al.
Ž .1991 . Temperature calculations of 1100"308C are

Žobtained at a nominal pressure of 13 kbar mean
pressure value of spinel-bearing mantle field at T;

.11008C; Jaques and Green, 1980 . Accurate DlogfO2

calculations depend on the determination of the fer-
ric iron content of spinel, derived stoichiometrically,
and are thus sensitive to errors in the measure of
M3q cations such as Al. Nevertheless, Wood and

Ž .Virgo 1989 have argued that electron microprobe
analysis yields precise enough data to obtain DlogfO2

values. DlogfO calculations gave high values, 2–3.32
Ž .log units above the fayalite–magnetite–quartz FMQ

buffer.

4.2. Geochemical study of the Ladakh Õolcanic rocks

Thirty-one samples of Western Ladakh and 16
samples of Eastern Ladakh have been selected for
major and trace element analyses. Part of the data is

Ž .presented in Rolland et al. 2000 , and eleven addi-
tional samples are presented in Table 2. Fifteen
samples of Western Ladakh and nine samples of
Eastern Ladakh were selected for Nd, Sr and Pb
isotopic analyses, presented in Table 3. All these
analyses are summarised in Table 4, for each geolog-
ical unit.

4.2.1. Alteration, hydrothermal and metamorphic ef-
fects

In a first approach, we will investigate the mobil-
ity of Sr, Nd, Th, U and Pb, on which the isotopic
study is based. Since zirconium is an incompatible

Ž .element for basaltic to andesitic lavas that has
generally been shown to remain stable during alter-
ation or weathering processes, it has been used as
reference to study the mobilities of Sr, Nd, Th, TiO2

Ž .and Pb Pearce et al., 1992; Fig. 3 . The concentra-
tion of zirconium normally increases in response to
magmatic processes such as fractional crystallisation,
excepted in the most differentiated lavas in which

Ž .zircon has fractionated. SiO vs. Zr Fig. 3A and2
Ž . Ž .TiO vs. Zr Fig. 3B plots show that: i there exists2
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different SiO values for similar Zr and TiO con-2 2
Ž .tents, and ii the rocks cluster into three groups with

limited overlap. Group 1 has low Zr, very low TiO2

and high SiO contents, group 2 has high Zr, rela-2

tively high TiO and intermediate SiO contents, and2 2

group 3 has transitional Zr, TiO and low to rela-2

tively high SiO . The differences between the three2

groups reflect magmatic processes rather than alter-
ation process, because both Ti and Zr are generally
assumed to be relatively immobile during alteration
and weathering.

Ž .Sr does not correlate with Zr Fig. 3C but most
of the analysed samples cluster into two groups

Ž .defined by low to transitional 50–180 ppm and
Ž .high 250–340 ppm Zr contents at similar ranges of

Sr. Part of the scattering of Sr data may be due to Sr
mobility andror plagioclase fractional crystallisation
processes. Plagioclase fractionation is petrographi-
cally shown by tiled porphyritic intersertal textures
in andesitic lavas. Further, plagioclase shows a high
partition coefficient for Sr and Al, which appear to

Ž 2be correlated the correlation coefficient, R , is of
.;0.8 in most series . The Nd and Th vs. Zr plots

Ž .Fig. 3D–E illustrate a positive correlation though
scattering exceeds the uncertainty range of measure-
ments for some samples. In order to investigate the
relative mobility of Pb and U with respect to Th, the
Ladakh lavas have been plotted in U and Pb vs. Th

Ž .diagrams Fig. 3F–G . The lavas display a linear
trend in the U–Th plot suggesting that U was not
mobilised relative to Th. In the Pb vs. Th diagram,
the lavas are highly scattered but some samples of
the Southern Group and the Eastern Ladakh lavas

Ž .define two trends 1 and 2 in Fig. 3G .
These observations show the following.
Ž .i Sr and Pb could have been mobilised during

the alteration and metamorphism experienced by
Ladakh lavas.

Ž .ii Nd shows less variation, which indicate that
alteration processes may have less affected Nd iso-

Žtopic ratios. Considering the scale of sampling N-
.Ladakh, 250=100 km , and duration of volcanism

Ž .20 Ma , its variations could be ascribed to magmatic
processes rather than alteration.

Ž . Žiii Some samples L58, L117, L118, L413 and
.LK9b have been more intensely affected by alter-

ation processes than the other studied lavas, spread-
ing frequently out of the trends or fields.

In order to analyse the effects of alteration on the
geochemical features of Ladakh samples, and partic-
ularly concerning their isotopic ratios, two of these

Ž .latter volcanic rocks L117 and L118 are compared
Ž .to an unaltered sample L116 . L117 and L118 have

been sampled in a zone of silicification and sulphur
Ž .pyrite, chalcopyrite impregnation, in a fracture zone
crosscutting the Southern Group of Western Ladakh
Ž .Fig. 1B . L117, sampled in the core of a 1–10-m
thick silicification zone is a fine-grained recrys-
tallised aphyric quartz–albite rock, characterised by

Ž .a very high silica content 72.8 wt.%; Table 2 .
L118, sampled 10 m away from the visible silicifica-
tion zone, shows also a fine-grained recrystallised
matrix composed of quartz and epidote with quartz-
and calcite-filled vesicles. Its high silica content
Ž .63.3 wt.% suggests that silicification remains im-
portant outside of the visible zone of alteration.
L116, sampled at approximately 100 m from the
zone, shows a primary intersertal structure, with
epidotised plagioclase, amphibolitised pyroxene and
a chloritised glassy matrix, typical of greenschist
grade metamorphism occurring in the rest of the

Ž .series. Its silica content 55.5 wt.% is close to the
Ž .mean of the series 54 wt.% . Hydrothermal alter-

ation is also evidenced by anomalous major element
contents of samples L117 and L118 with respect to
the other silica-rich lavas found in Eastern Ladakh
Ž .Fig. 4 . L117 displays a particularly high Na O2

Ž .content 6.2 wt.% , while L118 is depleted in K, Na,
Al, Mg and enriched in Ca and Ti. In Fig. 5, the
trace element contents of L117 and L118 are com-
pared to those of unaltered L116. Relative to L116
sample, L117 is depleted in most High Field Strength
Ž .HFS elements except marked Nb, Ta, Zr and Hf
enrichments, and shows paradoxical depletions in

Ž .LREE and enrichments in LILE Fig. 5A,B . These
relative depletions are difficult to explain through
differentiation processes, as depletion in LREE rarely
correlates with silica enrichment. Preferential deple-
tion of the most mobile LREE, and immobility of the

Ž .most compatible HREE Yb and Lu , could be ex-
plained by corrosive hydrothermal fluid alteration.
Hydrothermal recrystallisation of albite can explain
the relative enrichment in LILE, for which it has
high partition coefficients, increasing with silica en-

Žrichment Sr: 15.6; Rb: 0.11; Ba: 1.5; values for
.rhyolites in Nash and Crecraft, 1985 . The Nb, Ta,
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Table 2
Major and trace element analysis of most representative Ladakh volcanic rocks. Oxide values are normalised to 100% on anhydrous basis.
Samples L199, L156, L174, L157, L116, L124, L118, L59, L175, L179, L573, L575 and LK 15 are representative analyses from Rolland et

Ž .al. 2000 , presented for comparison with complementary analyses from this study

Area Western Ladakh

Sample L199 L156 L174 L157 L173 L116 L124 L118 L117 L55 L59 L65 L144

Type A basalt A basalt A basalt Andesite Basalt Andesite Mg-rich H L H L Nb–TiB TD AD HMS
Unit NG NG NG NG SG SG SG SG SG SG SG SG SG
Locality Skoro Bauma Bauma Bauma Bauma Kussomik Muchilu Muchilu Muchilu Thalle

lungma Harel Harel Harel Harel pass

( )wt.%
SiO 54.58 52.54 52.47 59.22 51.61 55.50 52.55 63.27 72.79 48.61 71.27 59.94 51.402

TiO 0.99 0.82 1.26 0.46 0.59 1.40 0.75 1.13 0.52 1.60 0.41 1.06 0.892

Al O 12.23 14.19 16.74 14.58 19.89 16.19 18.53 14.13 15.54 16.61 12.57 17.39 13.862 3

Fe O 1.73 1.81 1.63 1.18 1.51 1.81 1.53 1.14 0.19 1.93 0.99 0.95 1.562 3

FeO 8.80 9.24 8.31 6.01 7.70 9.26 7.83 5.82 0.96 9.86 5.06 4.86 7.94
MnO 0.16 0.16 0.18 0.13 0.17 0.23 0.51 0.19 0.03 0.21 0.11 0.09 0.17
MgO 8.43 8.23 7.02 7.06 4.94 3.23 9.59 0.47 1.38 6.44 2.17 2.50 9.81
CaO 9.62 7.57 8.00 7.11 9.89 8.77 7.91 13.14 1.29 12.22 3.69 5.52 8.62
Na O 2.65 4.96 4.21 4.06 2.63 2.16 0.54 0.24 6.20 2.06 3.22 4.31 1.982

K O 0.72 0.41 0.08 0.13 0.98 1.01 0.11 0.08 1.05 0.13 0.41 2.76 3.312

P O 0.08 0.07 0.10 0.05 0.11 0.44 0.16 0.39 0.04 0.33 0.08 0.62 0.462 5

LOI 2.70 1.04 2.17 2.01 4.14 0.93 5.23 1.39 0.60 2.71 2.78 0.58 2.69

( )ppm
Ba 5 28 20 20 147 111 10 9 135 60 44 759 500
Rb 10.12 8.32 0.89 0.69 18.64 20.89 2.17 2.19 26.08 2.78 5.63 62.28 60.02
Sr 111 262 128 115 441 481 219 954 202 451 238 1132 453
Ta 0.18 0.31 0.12 0.04 0.06 0.46 0.17 0.39 0.92 1.28 0.05 0.77 0.24
Th 0.32 0.31 0.08 0.17 0.70 2.23 0.96 1.60 3.17 1.09 0.23 6.37 2.18
Zr 60 55 89 44 44 149 70 116 286 126 43 308 72
Nb 2.6 4.5 1.4 0.4 0.9 7.0 2.8 4.7 14.1 15.8 0.6 17.5 3.8
Y 26.29 16.87 31.16 11.87 15.27 49.94 17.16 35.08 30.83 27.94 15.85 15.51 16.48
Hf 0.90 0.89 1.16 0.69 0.51 3.74 1.36 2.17 2.24 0.80 0.45 5.81 2.11
Co 129.45 56.41 33.43 40.67 34.68 58.53 78.36 58.98 40.43 193.06 35.18 26.51 45.11
U 0.30 0.07 0.06 0.08 0.22 0.76 0.34 0.51 0.61 0.38 0.47 1.94 0.74
Pb 0.29 0.97 – 0.33 2.47 5.92 2.93 5.59 1.86 8.89 2.49 15.35 5.94
Cs 0.29 4.55 0.22 0.19 1.01 0.53 0.11 0.09 0.69 0.02 0.75 2.10 1.37
La 3.57 3.46 2.21 1.34 5.36 15.40 6.58 11.08 2.61 13.07 2.56 49.09 14.53
Ce 8.70 7.67 7.72 3.61 11.38 37.98 14.97 27.04 6.58 30.61 5.54 98.66 32.21
Pr 1.32 1.07 1.40 0.59 1.58 5.48 2.06 3.90 0.97 3.98 0.89 11.29 4.34
Nd 6.60 4.99 7.61 3.21 7.09 26.24 9.48 18.85 4.82 17.40 4.61 41.17 18.57
Sm 2.34 1.64 2.77 1.09 1.84 7.21 2.61 5.24 1.74 4.30 1.54 6.62 4.20
Eu 1.08 0.59 1.03 0.45 0.65 2.07 0.73 1.54 0.69 1.43 0.51 1.74 1.27
Gd 2.83 2.39 3.80 1.53 2.0629 7.16 2.54 5.15 2.33 4.23 1.73 5.15 4.09
Tb 0.58 0.48 0.74 0.28 0.36 1.30 0.46 0.94 0.54 0.68 0.35 2.48 0.54
Dy 4.18 3.34 4.97 1.85 2.30 7.51 2.67 5.36 3.85 4.02 2.24 0.43 2.93
Ho 1.00 0.76 1.09 0.40 0.52 1.58 0.55 1.11 0.91 0.86 0.50 1.07 0.58
Er 2.61 2.19 2.97 1.14 1.46 4.75 1.61 3.24 2.92 2.16 1.53 0.15 1.58
Yb 2.35 2.17 2.58 1.11 1.37 4.38 1.46 2.90 2.98 1.92 1.44 0.83 1.42
Lu 0.34 0.34 0.37 0.17 0.20 0.66 0.23 0.43 0.43 0.30 0.21 0.12 0.22

NG: Northern Group; SG: Southern Group; KF: Katzarah Formation; H L: hydrothermalised lava; TD: tholeiitic dacite; A basalt: Andesitic
basalt; Nb–TiB: High Nb–Ti basalt.



( )Y. Rolland et al.rChemical Geology 182 2002 139–178 149

Eastern Ladakh

L175 L179 L573 L575 L318 L424 L317 L320 L344 LK 15 L399 BHVO certifiate
Ž .standard errors %

Ž .Nb–TiB Nb–TiB Nb–TiB Nb–TiB Basalt Basalt Andesite Andesite Dacite Rhyolite diorite
KF KF KF KF
Shigar Shigar Katchoura Teah Tangyaar Teah Teah Deskhit Deskhit Chang la

50.97 50.36 48.96 53.91 51.56 51.84 57.91 61.94 68.52 79.10 – –
2.07 2.49 0.83 0.77 1.05 1.73 1.66 0.84 0.53 0.12 – 2.75 1.2

12.21 16.93 15.47 12.30 17.98 21.34 14.98 17.91 13.90 11.37 – 13.53 0.7
1.68 1.86 1.26 1.09 1.56 1.44 1.76 1.00 1.00 0.16 – 11.23 1.0
8.59 9.49 6.41 5.57 7.95 7.36 8.97 5.11 5.12 0.81 – 0.17 0.7
0.17 0.19 0.26 0.12 0.22 0.15 0.20 0.18 0.07 0.12 – 7.23 0.9

11.79 5.63 9.05 13.16 6.10 3.22 3.38 3.92 2.77 0.10 – 11.01 0.8
9.28 8.58 15.90 11.50 10.66 7.72 5.86 2.82 3.46 1.02 – 2.22 1.9
2.73 3.49 1.35 1.11 2.37 3.24 2.79 4.74 4.04 3.27 – 1.09 1.6
0.27 0.75 0.52 0.35 0.34 1.95 2.03 1.45 0.54 3.91 – 0.23 3.3
0.24 0.24 – 0.12 0.19 0.01 0.45 0.08 0.05 0.02 – mean standard

Ž .2.94 2.57 3.55 1.12 0.75 2.03 0.29 1.44 1.64 1.32 ns9 deviation
Ž . Ž .ppm %

139 69 116 72 66 401 339 313 289 506 331 132.47 3.7
3.97 5.76 10.30 7.22 12.35 94.31 76.80 39.04 6.66 122.84 172.26 9.08 0.3

219 163 249 200 417 430 265 349 182 104 66 402.67 10
1.23 0.80 1.17 0.60 0.17 0.88 0.71 0.47 0.11 0.81 0.56 1.25 0.1
1.75 0.94 1.83 0.79 1.25 9.37 9.49 6.38 1.11 14.25 8.18 1.10 0.02

145 164 39 54 62 310 241 118 22 82 78 186.63 5.8
18.7 12.0 18.5 9.1 2.7 13.7 10.1 6.3 1.8 10.1 7.5 20.32 1.0
19.84 31.10 16.42 13.65 20.28 52.24 47.79 21.31 11.46 26.40 30.47 27.31 0.7
1.54 1.17 1.12 1.39 1.68 7.44 6.39 3.13 0.79 2.88 2.17 4.54 0.2

49.75 36.16 43.16 56.71 40.71 28.08 30.92 22.71 17.13 1.25 39.65 44.95 0.6
0.34 0.25 0.31 0.26 0.33 2.29 1.85 1.37 0.44 2.12 0.92 0.41 0.01
2.27 1.00 1.06 1.09 7.17 8.20 18.32 13.81 1.11 13.51 11.77 2.07 0.2
0.62 0.25 0.57 0.68 5.40 5.60 6.84 4.60 0.51 4.35 21.91 0.10 0.01

15.73 11.76 11.71 7.20 7.96 33.17 31.58 14.78 3.86 19.40 21.86 15.84 0.4
37.54 29.40 21.28 15.62 19.11 75.45 71.99 34.79 8.49 42.94 39.62 38.22 0.9
4.87 4.15 2.49 1.99 2.59 9.56 9.17 3.89 1.08 4.65 4.91 5.44 0.1

20.55 19.06 9.70 8.45 11.47 39.39 37.49 15.24 4.60 16.89 18.81 24.89 0.4
4.76 5.20 2.11 2.02 2.90 8.97 8.45 3.45 1.26 3.77 4.01 6.14 0.1
1.43 1.77 0.70 0.70 1.04 2.13 1.97 0.91 0.41 0.61 0.87 2.02 0.05
4.62 5.715 2.314 2.27 3.39 9.34 8.79 3.53 1.59 3.96 4.32 6.28 0.2
0.72 0.99 0.38 0.37 0.55 1.40 1.31 0.55 0.26 0.61 0.70 0.95 0.02
4.02 5.96 2.43 2.27 3.39 8.42 8.14 3.39 1.72 3.44 4.30 5.38 0.1
0.74 1.17 0.52 0.48 0.72 1.81 1.66 0.71 0.38 0.74 0.92 1.01 0.03
1.78 3.02 1.43 1.33 2.03 4.86 4.70 2.04 1.14 2.41 2.52 2.42 0.06
1.24 2.17 1.54 1.21 1.79 4.43 4.20 2.04 1.15 2.76 2.83 2.02 0.05
0.15 0.27 0.24 0.18 0.28 0.70 0.64 0.32 0.19 0.45 0.45 0.29 0.01
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Table 3
Sr, Nd and Pb isotopic data of Western and Eastern Ladakh areas. Isotopic ratios have been corrected from in situ decay assuming an age of
110 Ma

143 144 87 86 147 144 143 144
)Ž . Ž . Ž .Sample no. Type Ndr Nd " 2s Srr Sr " 2 s Smr Nd Ndr Nd 110

Western Ladakh
L140 Back-arc Type 1 0.512838 "12 0.704352 "7 0.189885 0.512702
L156 Back-arc Type 1 0.512976 "7 0.705492 "17 0.199071 0.512833
L174 Back-arc Type 2 0.513059 "5 0.705059 "9 0.219181 0.512901
L157 Back-arc Type 2 0.512989 "2 0.704378 "9 0.205179 0.512842
L116 BA Kussomik 0.512901 "7 0.704123 "12 0.166145 0.512781
L118 Hydro. B Kussomik 0.512918 "9 0.704312 "14 0.160883 0.512802
L117 Hydro. B Kussomik 0.512985 "5 0.704878 "10 0.200478 0.512841
L144 HMS Thalle Pass 0.512829 "7 0.704686 "11 0.136559 0.512730
L59 TD Muchilu 0.512895 "14 0.705454 "10 0.201580 0.512750
L65 AD Muchilu 0.512653 "4.5 0.704859 "11 0.097848 0.512583
L55 High Nb–Ti Muchilu 0.512514 "6 0.709355 "9 0.149398 0.512406

Ž .L55 High Nb–Ti duplicate 0.512500 "5 – – 0.149398 0.512392
L175 High Nb–Ti Shigar 0.512726 "3 – – 0.139978 0.512616
L179 High Nb–Ti Shigar 0.512790 "5 – – 0.164944 0.512660
L573 High Nb–Ti Katchoura 0.512828 "7 – – 0.131624 0.512725
L575 High Nb–Ti Katchoura 0.512827 "7 – – 0.144317 0.512713

Eastern Ladakh
)L318 basalt Teah 0.5127594 "4 – – 0.153015 0.512639
)L317 andesite Teah 0.5127289 "5 – – 0.136249 0.512622
))L424 basalt Deskhit 0.5128774 "7 – – 0.137675 0.512778
)L352 andesite Deskhit 0.5127575 "8 0.704460 "10 0.138714 0.512658

L352 pyroxene Deskhit – – – – – –
)L356 andesite Deskhit 0.5127451 "7 – – 0.138699 0.512636
))L423 andesite Deskhit 0.5126865 "10 – – 0.135155 0.512589
)L344 dacite Deskhit 0.5126371 "6 – – 0.157548 0.512513
)LK96b Dacite Deskhit 0.5127936 "5 – – 0.131581 0.512690
)LK16 rhyolite Deskhit 0.5126759 "6 – – 0.110220 0.512589

))L397 gabbro Chang La 0.51313 "11 – – 0.280853 0.512928
))L399 diorite Chang La 0.5122056 "10 – – 0.280792 0.512004

) : analyses obtained a University P. Sabatier of Toulouse; )) : analyses obtained at ENS Lyon; BA: basaltic andesite; Hydro. B:
hydrothermalised basalt; HMS: High-Mg shoshonite; TD: tholeiitic dacite; AD: adakite.

ŽZr and Hf enrichments with anomalous ZrrHf ratio
.of 128 can be either due to the presence of zircon,

petrographically observed in L117, and other miner-
als unaffected by alteration, or to a volume decrease

Ždue to depletions of most major elements and thus
.relative enrichments of immobile elements . In con-

trast, L118 shows quite similar trace element con-
tents as L116 and the rest of Southern Group lavas
Ž .see Section 4.2.2 , with the exception of the most

Ž .mobile LILE Fig. 5A . This depletion in LILE can
be due to absence of albite recrystallisation and
substitution of plagioclase by calcite and epidote, as
the lava was in the periphery of the main hydrother-
mal zone.

In order to check whether hydrothermal alteration
has had any effects on the Nd, Sr and Pb isotopic
compositions, samples L116, L117 and L118 have

Ž .been analysed Table 3 . The ´Nd ratio of the most
Ž . Ž .hydrothermalised sample L117 is higher q6.7

Žthan those of samples L116 and L118 q5.96 and
. Ž87 86 .q5.56, respectively . The Srr Sr of the110 Ma

Ž .two altered basalts L117 and L118 are significantly
Ž .higher than the preserved one L116 . The Pb iso-

topic ratios of L117 are also slightly higher than
those of L116.

From this section, hydrothermal alteration is
shown to have an effect on relatively localised zones
Ž .;100 m , element mobility decreasing rapidly from
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87 86 87 86 208 204 207 204 206 204
)) )) ))Ž . Ž . Ž .´ Nd Rbr Sr Srr Sr ´ Sr Pbr Pb Pbr Pb Pbr Pb D7r4 D8r4110 110 110

4.01 0.75 0.719627 y0.73 – – – – –
6.57 0.09 0.705348 13.88 – – – – –
7.89 0.02 0.705028 9.33 38.664 15.571 18.407 8.51 78.36
6.74 0.02 0.704351 y0.28 38.797 15.589 18.693 7.16 57.02
5.56 0.13 0.703927 y6.31 38.374 15.551 18.361 6.95 54.86
5.96 0.01 0.704299 y1.02 – – – – –
6.72 0.27 0.704450 1.12 38.666 15.612 18.549 11.04 61.34
4.56 0.38 0.704087 y4.03 38.640 15.544 18.589 3.81 53.89
4.94 0.07 0.705347 13.85 – – – – –
1.68 1.62 0.702324 y29.05 39.004 15.669 18.569 15.35 79.65

y1.76 0.02 0.709327 70.36 39.072 15.694 18.569 18.98 99.45
y2.03 – – – – – – – –

2.59 – – – 39.311 15.600 19.000 4.99 71.36
3.44 – – – 39.509 15.624 19.262 4.50 59.37
4.70 – – – 38.554 15.527 18.216 6.18 90.45
4.48 – – – 38.305 15.506 18.142 4.84 74.43

3.04 – – – 38.705 15.607 18.520 10.82 68.70
2.70 – – – 38.846 15.623 18.594 11.65 73.92
5.50 – – – – – – – –
3.15 0.16 0.70421 y2.26 38.662 15.578 18.510 8.07 65.60
– – – – 38.763 15.603 18.569 9.87 68.61
2.98 – – – – – – – –
1.81 – – – 38.750 15.621 18.523 12.22 72.93
0.58 – – – 39.223 15.627 19.102 6.54 50.22
4.03 – – – – – – – –
2.06 – – – – – – – –
8.42 – – – – – – – –

y9.62 – – – – – – – –

the main fluid circulation zones. Data shows a de-
coupling of major vs. trace elements, and also of
LILE vs. HFSE, which could be due to diffuse and
unpredictable element mobility. Consequently, to re-
duce problems of misinterpretation linked to alter-
ation effects, only most representative samples show-
ing a lesser degree of major and trace element
variation from the differentiation trend of the series
have been selected for isotopic analyses.

4.2.2. Major and trace element, and Sr, Nd, Pb
isotopic compositions of Ladakh units

Main geochemical differences between the geo-
logical units defined from field study are sum-

marised below. They are deduced from major and
Ž .trace element data presented in Rolland et al. 2000

and complementary data from this paper.

4.2.2.1. Northern group mafic laÕas: back-arc basin
Žaffinity. The Northern Group pillow-lavas four sam-

.ples in Table 2 exhibit high FeO and MgO, andt

low CaO, Al O and TiO contents. Northern Group2 3 2

lavas show trace and REE contents close to those of
Ž .N-MORB Fig. 6A . Two types have been distin-

guished on the basis of trace elements and REE
wcontents. Type 1 is slightly enriched in LREE e.g.

Ž . Ž . xLarSm and LarYb in Table 4 , with LILEN N
w Ž .and Th enrichments e.g. high ThrYb in TableN
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Fig. 3. Major and trace elements vs. Zr and Th diagrams. Major and trace elements are chosen to investigate the effects of alteration on the
Sr, Nd and Pb isotopic systems. Groups 1–3: see explanations in the text.

x4 , relative to chondritic and MORB values. Type 2
ŽŽ . Ž .is LREE-depleted LarSm and LarYb areN N

.less than 1 , and does not show the Th and LILE
w Ž . xenrichments of Type 1 low ThrYb ; Table 4 .N

Northern Group lavas have high and rather homoge-
neous ´Nd , with the exception of Type 1 basalt110

ŽL140 that has a significantly lower ´Nd Table 3;110
.Fig. 7A . The ´Sr ratios span a large range of110
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Fig. 4. Harker variation diagrams of Western Ladakh volcanic rocks. Eastern Ladakh lavas field is shown for comparison. AD: adakitic lava,
HMS: high-Mg shoshonitic basalt, NRB: Nb-rich basalt, TD: Tholeiitic Dacite.
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Ž . Ž .Fig. 5. A Major and trace elements spidergrams, and B REE patterns, of hydrothermalised samples. L117 was sampled in the core of the
zone of hydrothermal silicification, while L118 was sampled 10 m from the core of the hydrothermal zone and L116 has been collected at
;100 m from the zone. Chondritic normalisation values are those of Evensen et al., 1978 and MORB normalisation values are those of Sun

Ž .and MacDonough 1989 . Note the depletion in LREE and MREE and the relative enrichment in Nb, Ta, Zr, Hf and LILE of the most
Ž .hydrothermalised sample L117 .

Ž .values from y0.78 to q13.88 which do not corre-
late with the ´Nd . Pb isotopic ratios are in the110

Žsame range as the arc-related Southern Group de-
. 208 204scribed below , with 38.664- Pbr Pb-38.797,

15.571 -
207 Pbr204 Pb - 15.589 and 18.407 -

206

204 Ž .Pbr Pb-18.693 Table 3 .
Considering major and trace elements and REE,

Northern Group lavas show tholeiitic affinities, tran-
sitional between N-MORB and Island arc tholeiites
Ž .IAT . Northern Group lavas have higher ´Nd110

than the rest of the analysed Ladakh lavas, indicating
a more Nd-depleted source. Considering both the
sedimentary environment dominated by avalanche-
type deposits featuring a marginal basin, and the

geochemistry, the Northern Group could be inter-
preted as the remnant of back-arc basin series devel-
oped on the northern side of the arc.

4.2.2.2. Southern group laÕas: intra-oceanic arc
tholeiitic affinity. Most of the Southern Group lavas
ŽKussomik suite in the Upper Thalle Valley, Muchilu

.and Bauma Harel, Fig. 1B occur as pillowed or
massive flows and tuffs. The lavas are basaltic an-
desites in composition, with high Al O and low2 3

Ž .TiO 0.7–1.4 wt.% contents. Moreover, they are2

Th and LILE enriched, and display strong Nb and Ta
w Ž .depletions e.g. low NbrLa for the KussomikN

Ž .suite, and very low NbrLa for the lavas fromN
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Table 4
Summarised geochemical features of Western and Eastern Ladakh units
Values are in wt.%.

Area Western Ladakh Eastern Ladakh

Units Northern Group Southern Group Katzarah Formation

Katchoura type Shigar type

SiO 50–59 52–56 49–54 50–51 52–792
aFeO 7–11 8–12 6–7 9–10 10–11t

aMgO 7–8 3.0–9.6 9.1–13.2 5.6–11.8 3.2–6.1
aNa O 2.2–5 0.5–4.7 1.1–1.4 1.1–1.4 2.2–3.22

aCaO 7.1–10.7 6.4–9.9 11–15 11.5–16 7.7–10.7
aAl O 12.2–16.7 16.2–19.9 12.3–15.5 12.3–15.5 18.0–21.32 3

aK O 0.08–1.02 0.3–1.7 0.3–0.5 0.4–0.5 0.2–2.02
aTiO 0.46–1.36 0.6–1.4 0.8 2.0–2.5 1.1–1.72

Type1 Type 2 Kussomik suite Muchilu-Bauma Harel
b cŽ .LarSm 1.0–1.3 0.5–0.8 1.0–1.6 1.8–3.0 1.4–2.8 2.2–3.5 1.8–2.4 3.2–6.5N
b cŽ .LarYb 1.0–1.4 0.6–0.8 1.8–3.0 2.6–3.9 3.4–3.5 4.4–9.8 2.5–5.7 6.8–13.0N

b cŽ .ThrYb 3.5–11.5 0.8–3.9 7–22 12–15 13–15 11–36 18–56 131–251N
b cŽ .NbrLa 0.3–0.7 0.7–1.4 0.3–0.6 0.1–0.2 1.4–1.7 1.4–2.1 0.4–0.5 0.4–0.6N

143 144 b cNdr Nd 0.5127–0.5128 0.5128–0.5129 0.5127–0.5128 – 0.5127 0.5126–0.5127 0.5126–0.5128 0.5125–0.5127
b cŽ . Ž .´Nd q4–q7 q7–q8 q5–q6 – q4–q5 q3 q1.8–q5.52 q0.5–q4110

87 86 bSrr Sr 0.7044–0.7196 0.7044–0.7050 0.7039–0.7045 – – – 0.7042 –
bŽ .´Sr y0.7–q14 0–q9 y6–y1 – – – y2 –110

206 204 b cPbr Pb – 18.41–18.69 18.36–18.59 – 18.14–18.22 19.00–19.26 18.52–19.10 19.10
207 204 b cPbr Pb – 15.57–15.59 15.54–15.61 – 15.51–15.53 15.60–15.62 15.60–15.62 15.63
208 204 b cPbr Pb – 38.66–38.80 38.40–38.70 – 38.31–38.6 39.31–39.51 38.70–38.80 39.22

a Values for basalts.
b Values for basalts to andesites.
c Values for dacites to rhyolites.
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Muchilu and Upper Bauma Harel; Fig. 6B–D; Table
x4 . All lavas of the Southern Group show LREE

enrichment. The lavas of the Muchilu and Bauma
Harel suites display higher LREE enrichments than

w Ž .those of Kussomik suite e.g. LarSm andN
Ž . xLarYb ratios in Table 4 . Relatively to theN

Northern Group lavas, Southern Group lavas show
slightly lower ´Nd and ´Sr values, and similar110 110

Ž .Pb isotopic ratios Tables 3 and 4; Fig. 7A .
Considering the geological context, lithologies be-

ing exclusively volcanic, and the geochemical data,
the Southern Group features a tholeiitic intra-oceanic
volcanic arc environment.

4.2.2.3. Particular laÕa types of the Western Ladakh
Southern Group. Among the lavas of the Southern

Ž . Ž .Group, four samples, viz. i a tholeiitic dacite, ii a
Ž .Mg-rich shoshonitic basalt, iii a Nb-rich basalt, and

Ž .iv an adakitic lava, differ from the arc-tholeiites by
distinct major, trace and isotopic compositions. The
tholeiitic dacite, the Nb-rich basalt and the adakitic
lava were sampled near Muchilu while the Mg-rich
shoshonitic basalt was collected near the Thalle Pass,

Ž .all interlayered in the volcanic arc series Fig. 1B .
ŽTholeiitic dacite. The dacite L59 SiO s71.272

.wt.% differs from those from Eastern Ladakh by
Ž . Žlow K O 0.4 wt.% and relatively high FeO 6.52 t

Fig. 6. REE and trace diagrams. Same normalisation values as in Fig. 5.
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Ž .Fig. 6 continued .

.wt.% contents. Its trace element contents are lower
than in basalts and basaltic andesites of the Southern

Ž .Group Fig. 6D . Moreover, this tholeiitic dacite has
a flat REE pattern, and strong Nb and Ta negative

w Ž . xanomalies relative to MORB; NbrLa s0.23 ,N

which are characteristics of tholeiitic arc-lavas. Its
Ž . Ž .´Nd q4.94 and ´Sr q13.85 are lower than110 110

Žthose of most Western Ladakh lavas Fig. 7A; Table
.3 .

Ž .Mg-rich shoshonitic basalt. This basalt L144
differs from the arc-tholeiites of the Southern Group

Ž . Ž .by high K O 3.3 wt.% and MgO 9.8 wt.% con-2

tents. The MORB normalised multi-element plot of
Ž . Žthis basalt Fig. 6C shows high LILE Bas500

. wŽ . .ppm and LREE enrichments LarSm s2.1 cor-N
Ž . xrelated with a slight HREE depletion Yb s6.8N

and marked Nb and Ta negative anomalies
wŽ . xNbrLa s0.28 relative to Southern Group arcN

lavas. Moreover, this basalt is characterised by a
lower ´Nd than those of most Western Ladakh110

Ž .lavas q4.56 , similarly to the tholeiitic dacite. Its
Ž .´Sr is lower than that of the dacite y4.03 . Its110
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Ž . Ž143 144 . Ž87 86 . Ž .Fig. 7. A Isotopic Ndr Nd – Srr Sr plot. Values of Kohistan series are from Khan et al. 1997 , recalculated to 110 Ma;110 110
Ž . Ž . Ž .values of oceanic arc are from Hawkesworth et al. 1994 . B ´Nd vs. chondrite-normalised LarYb diagram, showing the negative110

correlation of ´Nd with LREE enrichment. Note the ´Nd decrease and LarYb increase from the Western Ladakh Northern Group lavas to
the Eastern Ladakh lavas.

Pb isotopic ratios are lower than those of the arc-
Ž208 204tholeiites andror back-arc basin lavas Pbr Pb

s38.640, 207Pbr204 Pbs15.544 and 206 Pbr204 Pb
.s18.589; Fig. 7A and Table 3 .

Nb-rich basalt. The major element abundances of
basalt L55 are transitional between those of the
Southern Group arc-tholeiites and the Katzarah Nb–

Ž .Ti rich lavas next section . Indeed, this basalt has
Ž . Ž .higher TiO 1.5 wt.% , FeO 11.6 wt.% and CaO2 t

Ž . Ž x12.2 wt.% and lower Al O 16.6 wt.% contents2 3

than the Southern Group arc-tholeiites. L55 has high
wŽ . xNb, Ta NbrLa s1.30 , Th and LREE contentsN

Ž .Table 2 , and do not display the Ti negative anomaly

Ž . ŽFig. 6D . L55 has particularly low ´Nd y1.76;110
. Ž .duplicate: y2.03 , high ´Sr q70.36 and high110
Ž208 204 207 204Pb isotopic ratios Pbr Pbs39.072, Pbr
206 204 .Pbs15.694 and Pbr Pbs18.569 which are

far more radiogenic than those of any Ladakh lava
Ž .Fig. 7A .

Adakitic laÕa. The mineralogy and major ele-
Ž .ments compositions of this felsic lava L65 are

Ž .similar to adakites Table 2; Fig. 4 . L65 is com-
Ž .posed of abundant plagioclase An 20 , and less

abundant hornblende, biotite and sphene phe-
nocrysts. On the basis of its major element composi-

Žtion SiO s59.9 wt.%; Na Os4.31 wt.%; K Os2 2 2
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.2.8 wt.% , L65 is quite similar to Eastern Shyok
Žandesites. L65 has high LILE contents, Bas759

. Ž .ppm , including a high Sr content 1132 ppm , a
ŽŽ . .strong LREE enrichment LarSm s4.7 and aN

ŽŽ . .marked HREE depletion LarYb s40; Fig. 6D .N
Ž .The low HREE contents Ybs0.8 ppm and high

Ž .SrrY ratio SrrYs73 of sample L65 are similar to
Ž .adakites Martin, 1986, 1999 . L65 displays also

ŽŽ .marked Nb and Ta negative anomalies NbrLa sN
.0.4 , which are common features for adakites. L65

Ž .shows lower ´Nd q1.68 and high Pb isotopic110
Ž208 204 207 204ratios Pbr Pbs39.004, Pbr Pbs15.669

206 204 .and Pbr Pbs18.667 similarly as L55 Nb-rich
Ž .basalt Table 3; Fig. 7A .

4.2.2.4. The Katzarah Formation. The lavas of the
Katzarah Formation can be divided into two types on
the basis of the major element contents and REE

Ž .patterns Fig. 6E and Table 2 . The Katchoura type
Ž .Fig. 1B is characterised by high CaO and MgO
abundances and low FeO and TiO contents. Thet 2

Ž .Shigar type Fig. 1B differs from the Katchoura
Žtype by high TiO and lower CaO contents Table2

.4 . Both types show low but variable Al O con-2 3
Žtents. The two most Mg-rich samples L575 and

.L175 of both Katchoura and Shigar types show
picritic compositions with Mga of 0.7 and 0.8,
respectively. The Katchoura type lavas are flat-HREE

Ž .patterned Fig. 6E , while the Shigar type rocks have
fractionated HREE.

Both lava types are LREE, LILE and Th enriched
w Ž . Ž . Ž .e.g. ThrYb ; LarSm and LarYb ratios inN N N

x wŽ . xTable 4 and are not depleted in Nb NbrLa ;1 ,N

Ta and TiO . Katzarah lavas have lower ´Nd2 110

ratios than Northern and Southern group lavas. How-
ever, the Katchoura and Shigar types are isotopically
distinct. The Katchoura type has higher ´Nd and110

lower 208Pbr204 Pb, 207Pbr204 Pb and 206 Pbr204 Pb
Ž .than the Shigar type Tables 3 and 4 . Considering

major, trace and isotopic compositions, Katzarah
Formation lavas have similar features to Oceanic

Ž .Island Basalts OIB .

4.2.2.5. Eastern Ladakh Õolcanic rocks. Eastern
Ladakh samples were collected along the Shyok
Suture Zone in northern Ladakh, north of the Ladakh

ŽBatholith Nubra-Shyok area: Khardung-Deskhit lo-
.calities, ten samples; and Tangyar, three samples

and from the Teah area, south of the Ladakh Batholith
Ž . Ž .three samples . One sample of diorite L399 was
also analysed for comparison of the lavas with the
Ladakh Batholith.

These lavas form a complete differentiated suite,
from basalt to rhyolite, with relatively homogeneous
geochemical features, particularly concerning trace
and REE patterns. Geochemical compositions of the
lavas are consistent with an arc-tholeiitic to calco-al-

Žkaline evolutionary trend Tables 2 and 4; Figs. 6
. Žand 8 . Most major element variation diagrams Fig.

.8 show an evolution from basalts with low K O,2

moderate MgO, CaO and TiO and high Al O2 2 3

evolving to rhyolites with high K O and low MgO,2

CaO and TiO . However, there is some scattering in2

TiO and K O variation diagrams.2 2

These lavas have obvious arc affinities, with LILE
w Ž .and Th enrichments higher ThrYb values thanN

xWestern Ladakh lavas, Fig. 6F and Table 4 . They
have marked negative Nb anomalies and high LREE

Ž Ž . Ž .enrichments see LarNb , LarSm andN N
Ž . .LarYb ratios in Table 4 .N

Eastern Ladakh lavas have lower ´Nd and110

higher Pb isotopic ratios than Western Ladakh lavas
Ž .Fig. 7; Table 4 . Isotopic data of Teah and Deskhit

Ž .lavas are in the same value ranges 0-´Nd-5.5
and ´Nd does not decrease as SiO increases.110 2

These isotopic compositions show that the source of
Eastern Ladakh lavas is notably more radiogenic

Ž .than that of Western Ladakh arc lavas Fig. 7A .
The very low ´Nd value of the diorite L399

Ž .´Nd sy7.5 suggests that a higher amount of110

crustal material was involved in the production of
Žthe later Ladakh Batholith granitoids U–Pb ages of
.63–50 Ma; Weinberg and Dunlap, 2000 and that the

lavas cannot be directly related to the Ladakh
Ž .Batholith, as proposed by Ahmad et al. 1998 .

In summary, few remarks can be done on the
basis of these results.

Western Ladakh is characterised by three different
Žsuites, all with oceanic affinities Fig. 7B and Table

. Ž .4 : 1 The tholeiitic Northern Group with low
LarYb and high ´Nd, assumed to be emplaced in a

Ž .back-arc basin;, 2 the arc-tholeiites of the Southern
Group are characterised by high LarYb, and rela-
tively high ´Nd and represent the remnants of the

Ž .intra-oceanic arc; and 3 the Nb–Ti rich Katzarah
lavas bear high LarYb, like the arc tholeiites, but
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Ž .Fig. 8. Harker variation diagrams of Eastern Ladakh lavas. The field of Dras lavas Dietrich et al., 1983 is shown for comparison.

differ by relatively lower ´Nd and the absence of
negative Nb and Ti anomalies, similar to OIB-type
lavas.

Eastern Ladakh contains a more homogeneous
and differentiated volcanic arc-suite of continental
affinity with lower ´Nd and higher LarYb.Compari-
son with other Ladakh and Kohistan cretaceous vol-
canic suites.

On a broader scale, the geochemical features of
the Ladakh volcanic suites developed here are in
agreement with those of different areas from Ladakh
and Kohistan, available in the literature.

v ŽIn Ladakh, the Dras lavas Reibel and Juteau,
.1981; Honegger et al., 1982; Dietrich et al., 1983

are mainly basalts, with no andesitic end-members,
Žcharacterised by high Mg contents MgO;12 wt.%;
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Table 5
Representative chemical analyses of Kohistan–Ladakh lavas and other lava types

Sample no. SP45 CH413 CH417 HT 344 Hunza HMg PL28 IK 1012 A83 A121 786B KB IR-1 Experimental P90-35
adakitic
liquid

Type Diorite H Ti B L Ti AB HMB HMB HMAB arc-AB H Ti B L Ti B HCB HMB HMAB Adakites TTG NRB
Ž . Ž .Ophiolite Spong-tang Nidar Nidar Dras Chalt Chalt Chilas Kamila Kamila Izu-Bonin Rhyukyu Rhyukyu ns 81 ns 355

Ž . Ž . Ž .Reference Maheo et al. 2000 Dietrich et al. Petterson et al. Khan et al., 1997 Pearce et al. Shinjo 1999 Martin 1999 Rapp et al. Sajona et al.
Ž . Ž . Ž . Ž . Ž .1983 1999 1992 1991 1996

( )Major elements wt.% recalculated at 100% on an anhydrous base
SiO 53.49 51.01 53.53 52.02 50.77 53.91 52.93 51.84 50.67 52.65 51.24 54.40 65.28 69.98 69.28 51.252

TiO 0.66 2.44 0.54 0.65 0.33 0.21 1.25 2.27 0.47 0.39 0.85 1.43 0.51 0.34 0.54 1.682

Al O 15.20 14.14 14.85 13.83 10.46 12.34 18.43 14.49 16.48 15.09 14.22 14.97 16.93 15.60 16.78 15.572 3

Fe O 1.64 2.18 1.28 0.06 1.52 1.45 1.43 2.23 1.35 1.34 1.50 1.67 0.64 0.47 0.44 1.782 3

FeO 8.34 11.14 6.54 8.78 7.73 7.42 7.29 11.36 6.88 6.86 7.63 8.49 3.24 2.39 2.25 9.05
MnO 0.17 0.24 0.13 0.17 0.18 0.19 0.12 – – 0.12 0.15 0.18 0.08 0.05 0.09 0.39
MgO 5.15 5.38 9.05 12.33 15.11 11.46 5.35 5.17 8.24 8.04 11.14 7.55 2.22 1.18 1.25 6.92
CaO 9.59 9.24 10.67 9.21 12.03 10.42 9.52 9.75 12.37 11.41 10.33 8.67 5.05 3.20 3.90 9.52
Na O 5.31 3.64 3.19 1.93 1.39 2.40 2.76 2.43 2.83 2.68 2.12 2.32 4.13 4.89 4.17 3.072

K O 0.36 0.45 0.15 0.88 0.44 0.16 0.67 0.26 0.57 1.31 0.71 0.18 1.74 1.76 1.30 0.502

P O 0.08 0.12 0.06 0.15 0.05 0.03 0.25 0.19 0.12 0.10 0.11 0.13 0.17 0.13 0.00 0.272 5

( )ppm
Ba 182 32 14 74 53 17 211 – – 17 124 78 – – 110
Rb 6.3 2.6 1.3 13 8.8 3.3 7.0 2.0 10.0 5.8 13.2 2.9 – – 8.0
Sr 473 193 116 167 81 71 403 150 268 147 395 197 706 454 351
Ta 0.06 0.25 0.05 – – – – – – 0.02 0.15 0.43 – – –
Th 0.13 0.16 0.06 – 1 – – – – 0.12 2.37 1.08 – – –
Zr 25 70 22 – 24 22 71 139 23 33 72 78 – – 102
Nb 0.79 3.18 0.65 – 0.50 1.20 3.70 4.80 1.00 0.39 2.10 6.50 – – 12.00
Y 17.1 39.6 14.1 12 9.1 9.6 18.0 53.0 13.0 10.6 19.4 20.1 10 7.5 28.0
Hf 0.99 2.18 0.78 – – – – – – 0.89 1.97 2.13 – – –
V 284 265 251 235 236 – – – – 237 255 132 – – 3
Cr 34 66 375 636 1143 936 18 – – 404 479 207 36 29 250
Ni 23 10 113 198 266 191 3 22 56 170 171 44 24 14 190
Co 34.9 39.6 39.1 46 – – – – – 40.7 47 42 – – 58
U 0.6 1.0 0.6 – – – – – – 0.2 0.6 0.2 – – –
Sc 36.8 41.9 40.8 36 – – – – – 30.3 36.6 18.8 – – 23
La 1.89 4.16 1.38 3.5 1.2 – – – – 2.22 8.10 6.81 19 9 10.00
Ce 5.65 12.73 4.16 9.5 3.8 – – – – 4.13 18.50 14.25 – – 21.00
Pr 0.92 2.13 0.69 – – – – – – 0.78 2.52 1.88 – – –
Nd 4.7 11.3 3.7 7.17 2.8 2.1 13.6 15.4 5.8 3.8 11.5 9.2 – – 15.0
Sm 1.58 3.85 1.28 2.22 – 0.77 3.56 5.3 1.74 1.07 3.02 2.97 – – –
Eu 0.6 1.6 0.5 0.72 – – – – – 0.4 1.0 1.2 – – 1.4
Gd 2.26 5.16 1.74 2.48 – – – – – 1.41 3.19 3.65 – – –
Tb 0.40 0.97 0.32 0.4 – – – – – 0.26 0.53 0.61 – – –
Dy 2.7 6.5 2.2 – – – – – – 1.7 3.2 3.5 – – 4.2
Ho 0.61 1.42 0.50 – – – – – – 0.37 0.69 0.69 – – –
Er 1.751 4.048 1.420 – – – – – – 1.1 2.000 1.810 – – 2.400
Yb 1.73 3.70 1.40 1.47 – – – – – 1.14 1.89 1.44 0.93 0.50 1.70
Lu 0.26 0.55 0.21 0.24 – – – – – 0.17 0.29 0.21 – – –

H Ti: high Ti; L Ti: low Ti; HM: high Mg; B: basalt; AB: andesitic basalt; HCB: high Ca boninite; TTG: Tonalites–Trondhjemites–Granodiorites; NRB: niobium-rich basalt.
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.Table 5 with similar tholeiitic arc characteristics as
the Southern Group. In south-eastern Ladakh Nidar

Žarea, two types of lavas are present Maheo et al.,
. Ž .2000; Table 5 . The first is TiO -rich ;2 wt.%2
Ž .and MgO-poor ;5 wt.% , similar to I-MORB. The

Ž .second differs by low-TiO ;0.5 wt.% and high-2
Ž .MgO ;9 wt.% contents, with compositions close

to high-Ca boninites, which is compatible with a
Ž .fore-arc setting Pearce et al., 1992 . Finally, the

Ž .Spongtang gabbros, with low MgO ;5 wt.% and
Ž .TiO ;0.7 wt.% , are geochemically closer to N-2

Ž .MORB than to arc-type lavas Maheo et al., 2000 .
v In Kohistan, the heterogeneity of the Cretaceous

volcanic and plutonic rocks has been shown by
Ž .several authors Table 5 . The Chalt lavas with

Žcommonly picritic or boninitic compositions Petter-
. Žson and Windley, 1991 with high MgO ;11–16

. Ž .wt.% and CaO ;10–12 wt.% contents, correlated
Ž . Žwith low TiO ;0.2–0.3 wt.% and Al O ;10–2 2 3

.13 wt.% resembles high-Mg basalts and andesites
Ž .Kay, 1978; Shinjo, 1999; Table 5 . The Kamila
amphibolites have been separated in two groups by

Ž . Ž . Ž .Khan et al. 1997 : 1 a high-Ti group and 2 a
low-Ti group, which are respectively similar to I-
MORB and high-Ca boninites, and appear to be very
close to the Ladakh Nidar area lavas. Finally, the

ŽChilas gabbronorites Khan et al., 1997 and refer-
.ences therein have been shown to display relatively

Ž . Ž .high TiO ;1–1.2 wt.% and Al O ;18 wt.% ,2 2 3
Ž .and low MgO ;5.4 wt.% contents, and thus are

close to the Southern Group and Eastern Ladakh
lavas.

Consequently, similar lava types can be found on
each side of the Nanga Parbat–Haramosh spur, which
suggests that they were part of the same arc–back-arc
lineament. The lavas are generally tholeiitic with
high MgO contents, with trace elements abundances
similar to boninites, high-Mg andesites or Island Arc
Tholeiites, probably resulting from a high geother-
mal gradient beneath the arc. In the following sec-
tion, we will investigate the reasons for such geo-
chemical aspects.

5. Discussion: geochemical processes

The geochemical study of Western Ladakh lavas
has revealed the presence of lavas with widely con-

trasting geochemical characteristics. These contrasts
suggest the contribution of several sources and geo-
chemical processes. In particular, the presence of
adakitic and Nb-rich lavas suggests the contribution

Žof melts from subducted oceanic crust e.g. Sajona et
.al., 1996 and references therein . Other lavas such as

high-Mg basalts and andesites, which have been
described in Dras and Chilas suggest the interaction

Žof slab melts with the overlying mantle e.g. Shinjo,
.1999 . Does crustal melting played a role in the

geochemical variety observed in Western Ladakh?
To answer to this question, we will investigate the
respective contributions of the nature of sources,
partial melting and fractional crystallisation in the
geochemical variety occurring in Western Ladakh.

5.1. Degree of partial melting and fractional crys-
tallisation

In the studied area, Western Ladakh lavas show
contrasted geochemical types with restricted differ-

Ž .entiation mainly andesitic basalts while Eastern
Ladakh lavas form a more complete differentiation
series from basalts to rhyolites. Western Ladakh
lavas show restricted variations in La contents at
given values of LarYb, but relatively important

wŽ . x Ž .variations of LarYb LarYb s0.6–56 Fig. 9A .N

These variations seem to be more related to different
melting rates or sources than fractional crystallisa-
tion. Three geochemical types are distinguished
within Western Ladakh lavas: arc lavas, Nb-rich
lavas and adakitic lava, each with different geochem-
ical characteristics, including different isotopic ratios
Ž .see Section 4.2.2 . It is then unlikely that the lavas
types could be derived each other simply by crystal
fractionation.

Ž .Eastern Ladakh lavas show more horizontal La N
Ž . Ž .variations at similar LarYb ratios Fig. 9A .N

Ž .However, La enrichment is not simply related toN
ŽSiO increase note that some basalts, andesites,2

Ž . .dacite and rhyolites all have high La . This is alsoN

illustrated in Fig. 9B, where Eastern Ladakh and
Western Ladakh lavas are Compared to Dras lavas
Ž .Honegger et al., 1982; Dietrich et al., 1983 . In Fig.
9B, Eastern Ladakh and Dras lavas display two
trends. Trend 1 is featured by lavas that are progres-
sively more depleted in TiO with increasing La and2

ŽSiO i.e., Dras lavas and part of Eastern Ladakh2
.lavas , compatible with a fractional crystallisation
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Ž . Ž . Ž . Ž .Fig. 9. A LarYb vs. La diagram. This diagram is generally used to show the effects of Fractional crystallisation CF vs. theN N
Ž . Ž . Žinfluence of the source S or of various partial melting rates F . Note that silica enrichment of Eastern Ladakh lavas featured by the series
. Ž . Ž .from basalts to rhyolites is not correlated with La enrichment. B TiO vs. La diagram. This diagram compares Western and Eastern2 N

w xLadakh series to the Dras series open fields, data from Dietrich et al., 1983 . In Dras series and for some Eastern Ladakh samples, the
decrease of TiO from basalts to rhyolites can be explained by fractional crystallisation of Ti-phases, while La concentration increases in the2

residual melt. In contrast, most Eastern Ladakh samples display a good positive correlation of TiO and La, unrelated to SiO content,2 2

showing that fractional crystallisation cannot explain LREE enrichment. Symbols for Western Ladakh lavas are same as in Fig. 3. AD:
adakitic lava, NRB: Nb-rich basalt, TD: Tholeiitic Dacite, HMS: High-Mg Shoshonitic basalt.

process of Ti-bearing phases. In contrast, Trend 2 is
featured by a positive correlation of TiO contents2

Ž .and La ratios of some Eastern Ladakh lavas, theseN

enrichments being unrelated to silica enrichment. Ti

Ž .and La enrichments cannot thus simply be de-N

rived by fractional crystallisation processes. How-
ever, they could be related to different melting rates
and more particularly to mixing of different magma
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Žtypes, as featured by important ´Nd variations 0.6
.-´Nd-5.5; Table 3 and as also suggested by

Žinverse zoning of plagioclase and pyroxene see
.Section 4.1 .

An estimate of the degree of partial melting can
be obtained using a simple batch melting model,

Ž .using Shaw 1970 equation:

C sC DqF 1yD 1Ž . Ž .Ž .0 l

D being the bulk distribution coefficient of the resid-
Ž .ual solid DsC rC , C being the concentration ofs l s

a given element in the solid residue and C in thel

liquid and F being the degree of partial melting. The
modelling of partial melting processes requires deter-
mining the nature of magma sources. Considering
the isotopic values, the composition of sub-arc man-
tle and back-arc mantle is intermediate between N-
MORB and enriched mantle. Thus, the value C of0

Ž .fertile MORB mantle Pearce and Parkinson, 1993
has been chosen. As the degree of fractional crys-
tallisation of a lava has been shown to be linked to

w Ž .the aMg Mgr MgqFe ; Klein and Langmuir,
x1987 , melting rate estimates will be based solely on

Ž .the most primitive samples with high aMg )0.6 .
Assuming D f0 for more incompatible elements,0
Ž .1 becomes: C rC s1rF, and F values haveL 0

been estimated for the most primitive lavas of each
Ž .series calculations are summarised in Table 6 . Esti-

mated partial melting values are high for all the lavas
Žarc-tholeiite L124: Fs14–16%; Back-arc lavas
L156, L199: Fs19–21%; Katchoura lava L575:

.Fs16–21% . For all the lavas of Table 6, except
the Shigar type lava, presence of residual garnet is
improbable considering their flat HREE patterns.
Shigar lavas display higher SmrYb values, consis-

tent with the presence of garnet in the residue,
consequently the F values estimates based on
MREE–HREE are too high, and the value obtained

Ž .with Nd and Zr Ff7–8% should be more coher-
ent.

5.2. Source mixing processes

The Pb, Sr and Nd isotopic ratios of Western and
Eastern Ladakh lavas are in the range of the DUPAL
anomaly. To represent the extent of deviation from

Žthe Northern Hemisphere Reference Line NHRL;
.Hart, 1984 , Pb isotopic ratios have been represented

Ž .as D7r4 Pb and D8r4 Pb Fig. 10 . The DUPAL
Ž .anomaly is defined by low ´Nd -7–8 , high

87 86 Ž . Ž .Srr Sr )0.704–705 , high D8r4 )q60 and
Ž .high D7r4 )q8; Hart, 1984, 1988 . The isotopic

compositions of the Ladakh lavas are compared to
Žthose of the Eastern Kohistan igneous rocks Khan et

.al., 1997 which also display DUPAL characteristics.
Ž .Khan et al. 1997 have interpreted these isotopic

features as the contribution of the enriched mantle
source of Indian Ocean, and proposed that Kohistan
arc formed about 3000 km south of its present
position. However, the DUPAL anomaly has been
detected in other places along the south-eastern Asian

Ž .margin Tu et al., 1991 , which suggest that this
anomaly is either larger in space or more heteroge-
neously distributed than expected. Another alterna-
tive for these DUPAL isotopic features is that an
enriched component was involved in the source of
the arc at the southern Asian margin level. This
enrichment could even be provided by subducted
sediments as suggested for some volcanic arcs by

Ž . Ž .Sun 1980 and Woodhead 1989 .

Table 6
Melting rates estimates, following a simple batch melting model

a a a a a aLocality – NG F NG F SG F HMS F Shigar KF F Katchoura KF F

Sample no. FMM L156 L199 L124 L144 L175 L575

Zr 11.20 55.33 0.20 59.57 0.19 70.11 0.16 72.275 0.15 145.27 0.08 53.56 0.21
Nd 1.35 4.99 0.27 6.6 0.21 9.48 0.14 18.57 0.07 20.55 0.07 8.454 0.16
Tb 0.11 0.48 0.23 0.58 0.19 0.46 0.24 0.538 0.20 0.722 0.15 0.365 0.30
Mga 0.60 0.61 0.67 0.67 0.69 0.80

FMM: Fertile MORB mantle composition used in the calculation; SG: Southern Group, NG: Northern Group, KF: Katzarah Formation,
Ž 2q.Mga: Mgr MgqFe .

aDs0.
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Ž .Fig. 10. Isotopic characteristics of Ladakh and Kohistan lavas. Values of Kohistan series are from Khan et al. 1997 . Note that both
Ž . Ž .Kohistan and Ladakh lavas have Dupal-type characteristics shaded areas , as defined by Hart 1984 .

To test which component is responsible for these
radiogenic isotopic ratios, Ladakh and Kohistan
Ž .Khan et al., 1997 data are plotted with a representa-
tive set of geochemical end-members in Fig. 11. The
Ladakh and Kohistan lavas plot as a sublinear field

Ž .on the Fig. 11A–D Pb vs. Pb plots , indicating that
these rocks likely derived from the mixing of three

components: Indian MORB Mantle, Java type pelagic
sediments and Pacific Volcanogenic Sediments type
components. The trends are unlikely to represent
mixing trajectories with a hotspot Kerguelen-like

ŽOIB type end-member. On Fig. 11D–E, ´Sr or110
206 204 .´Nd vs. Pbr Pb plots the Ladakh and Ko-110

histan lavas define larger fields, but still the data
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suggest mixing of these three components. Particu-
Ž .larly, in the ´Sr vs. ´Nd plot Fig. 11F , the110 110

Nb-rich basalt plots very close to the PPS end-mem-
ber, showing that this lava could derive more likely
from mixing of IMM with pelagic sediments than

with EMII. The isotopic compositions of the Ladakh
and Kohistan lavas validates the possibility of the
contribution of a pelagic sediment component in the
source of these rocks, as shown in particular by the

Ž .Nb-rich basalt sample L55 Fig. 11 .
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5.3. Slab and sediment melting processes, the
adakite–Nb rich basalt association

Adakites are rare during island-arc volcanism,
because they are formed by subducting slab melting,

Žwhich require specific PT conditions Rapp et al.,
.1991; Sen and Dunn, 1994 . An anomalous thermal

regime is necessary to reach the required pressure–
Ž .temperature P–T conditions at which hydrated

Žoceanic crust can melt instead of dehydrate Peacock
.et al., 1994 . The P–T conditions required for slab

Ž .melting Fig. 12 are several hundred degrees above
AnormalB conditions inferred or calculated in the

Žsubducting slab T)6008C and P-25 kbar–70
km; Defant and Drummond, 1990; Drummond and

.Defant, 1990 . Such anomalous conditions are ful-
filled in the case of fast or low-angle subduction of

Žyoung and hot oceanic crust generally younger than
.20 Ma .

Adakites are often associated with Niobium-rich
Žbasalts Defant et al., 1992; Sajona et al., 1994,

.1996; Maury et al., 1996 . These basalts are gener-
ated by mantle melting, and consequently their spa-
tial and temporal association with adakites has been
interpreted as the result of mantle metasomatism by

Ž .slab melts Sajona et al., 1996 . In Western Ladakh,
adakitic lava and Nb-rich basalts interlayer with the
Southern Group arc-tholeiites in the same locality
and, they are sub-contemporaneous to arc volcanism.
These two types have quite similar Pb isotopic ratios,
and bear low ´Nd values, which are unusual in an
arc context. Similar isotopic values as those of L55

Ž .Nb-rich basalt ´Ndsy2 have been found only in
Ž .the case of Banda Arc Fig. 7A . For Banda Arc,

contribution of a continental material and pelagic
sediments could explain the exceptionally high
´Sr , 208Pb, 207Pb and low ´Nd ratios of the110 110

Ž .lavas Vroon and Bergen, 1993; Vroon et al., 1995 .

Ž . Ž .Fig. 12. Pressure P –temperature T diagram showing the
calculated geotherm paths in subducted tholeiites along the Be-
nioff plane, as a function of the age of the subducted crust
Ž . Ž .Peacock et al., 1994 , after Martin 1999 , modified. The main
dehydration reactions are shown: A, antophyllite-out; C: chlorite-
out; Ta: talc-out; Tr: tremolite-out. The lower limit of Garnet
stability field is defined by G, and the upper limit of plagioclase
stability field is defined by P. The 5% solidus and dry solidus

Ž . Ž .curves are from Wyllie 1971 and Green 1982 . Consequently,
three domains of melting can be drawn, and explicated below the

Ž .figure. Note that old subducted crusts 200 Ma cross-cut the
dehydration reaction curves before cross-cutting the Mantle hy-
drated solidus curve, whereas young crusts can cross-cut the
hydrated solidus curve before complete dehydration in the

Ž .garnet–plagioclase out domain 50 Ma , or in the garnet–plagioc-
Ž . Ž .lase-in domain 10 Ma . b defines the effect of intense shear

stresses linked to high convergence rates relative to a case of low
Ž .convergence rate a .

Ž .The experiments of Nichols et al. 1994 have shown
that the hydrated solidus of clay-rich pelagic sedi-
ments is reached at 650–7008C at a 40 kbar pressure
Ž .120 km , suggesting that subducted pelagic sedi-
ments can cause melting at relatively low tempera-
tures. These values are close to hydrated basalt

Ž .solidus values obtained by Green 1982; Fig. 12 ,
suggesting that the subducted sediments could trig-

Fig. 11. Nd, Sr, Pb isotope covariation diagrams. The mantellic end-members reported in the diagram are: Indian and Pacific MORB
Ž . Ž . Žmantles IMM and PMM, respectively , high UrPb enriched mantle HIMU and the two Enriched Mantle components EMI and EMII;

.Zindler and Hart, 1986; White et al., 1987 . The range of pelagic sediment composition is defined by the following end-members: Pacific
Ž . Ž .Volcanogenic Sediments PVS , Pacific Pelagic Sediment PPS; Ben Othman et al., 1989; Woodhead, 1989 and Java Trench sediments

Ž .Ben Othman et al., 1989 . The data of the Kerguelen hotspot, representative of Indian ocean OIB source has also been plotted for
Ž . Ž .comparison Dosso and Murphy, 1980 . NHRL: Northern Hemisphere Reference Line. Kohistan data is from Khan et al. 1997 . Note that

Ladakh and more secondarily Kohistan samples show more radiogenic 207Pbr204 Pb and 208 Pbr204 Pb than the NHRL reference, and plot
between IMM, PVS, and EMII andror PPS end-members. Note also that particular western Ladakh lava types plot closer to these

Ž . Ž .end-members. KT: Katchoura type Nb-rich lavas L573 and L575 plot closer to IMM, ST: Shigar type Nb-rich lavas L175 and L179 plot
Ž .closer to PVS, and ML: Muchilu lavas L55 and L65 plot closer to Java Trench sediments.



( )Y. Rolland et al.rChemical Geology 182 2002 139–178168

ger slab melting, which could explain the association
of Nb-rich basalt–adakitic lava. However, the major,
trace and isotopic compositions of the Nb-rich basalt,

Ž .in particular its low Mga 0.52 at 47 wt.% of SiO2

are not compatible with melting of a pure mantellic
source, except if melting is followed by FC of

Ž .Mg-rich minerals at depth e.i., olivine . Its anoma-
lous composition may be due to the contribution of a
Mg-poor and Ca-rich component, close to the com-
position of pelagic sediments. However, sediments
predominantly reveal significant Nb and Ta deple-

Ž .tions Plank and Langmuir, 1998 , thus simple sedi-

ment melting cannot account for the production of
Ž .Nb-rich lavas Johnson and Plank, 1999 .

An alternative hypothesis concerning the produc-
tion of Nb-rich basalts would be that the Nb enrich-
ment is not primary, but could be due to Nb enrich-

Žment of the source via adakitic magmas Maury et
.al., 1996; Sajona et al., 1996 . Although Adakitic

magmas are not Nb-rich, and display Nb–Ta anoma-
lies, they are Nb-richer than slab dehydration fluids.
Consequently, these melts can carry greater amounts
of Nb in the mantle wedge than the fluids, via the

Žcrystallisation of Nb–Ta bearing phases Ti-amphi-

Ž .Fig. 13. Normalised Primitive Mantle diagrams of representative lavas. Normalisation values are those of Sun and MacDonough 1989 .
Note the similarity between Nb-rich basalt and Shigar type lavas. Note also the higher LarYb ratio of the adakitic lava compared to

Ž .Mindanao adakites Sajona et al., 1996 shown for comparison.
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Ž .Fig. 13 continued .

.bole or rutile . The most acceptable hypothesis would
then be that Nb-rich basalts are formed by complex
interactions between ascending slab melts and the
overlying mantle.

5.4. Slab melt–mantle interaction processes

Major element geochemistry of lavas produced by
slab melt–mantle interaction depends strongly upon
the slab melt–mantle rock volume ratio. The experi-

Ž .ments of Rapp et al. 1999 have shown that at equal
proportion of slab melt and reacting mantle, melt is
fully consumed. At ;2r1 melt-reacting mantle pro-
portions, liquids produced are Mg-rich and still silica

rich. These melt–mantle interaction processes can
account for the production of high-Mg basalts and

Ž .andesites Yogodzinski et al., 1995; Shinjo, 1999 .
Such high-Mg lavas have been documented in the

Ž .Kohistan–Ladakh arc system see Section 4 . An-
other way to produce high-Mg lavas is the partial

Žmelting of a hydrous mantle Kushiro, 1974; Hirose,
.1997 . The difference of the two processes is that the

derivative liquids produced by melt–mantle interac-
tion will keep more or less similar trace element

Ž .pattern as the crustal melt Rapp et al., 1999 whereas
they would have the signature of the metasomatised
mantle in the case of partial melting of hydrous
mantle. All the Nb-rich lavas show quite similar
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Ž .trace element patterns Fig. 13 , which favour the
hypothesis of a single process of Nb enrichment of
the arc source. However, Shigar and L55 Nb-rich
lavas have radiogenic isotopic compositions, similar
to pelagic sediments and volcanogenic sediments,
while Katchoura Nb-rich lavas are much less radio-
genic, and plot close to the depleted mantle end-

Ž . Ž .member IMM Figs. 7A,B and 11 . The contribu-
tion of subducted sediments may then be more
significant for Shigar and L55 basalt than for
Katchoura lavas. In the case of Katchoura lavas,
increased contribution of a depleted mantellic source

Žmay be due to higher percentage melting as con-
firmed by the high partial melting values evaluated

.in Section 5.1 , possibly triggered by slab melt–man-
tle interactions.

A quantitative evaluation of the contribution of
sediments can be made, using a mixing model bet-
ween an indian MORB component and pelagic se-
diments end-members, in a ´Nd vs. 206 Pbr204 Pb

Ž .diagram Fig. 14 . As already noted by Vroon and

Ž . Ž .Bergen 1993 and Vroon et al. 1995 from the case
of Banda Arc, a small contribution of sediments
Ž . 206 2040.1–1% will drastically increase Pbr Pb ra-
tios. In Fig. 14, the mixing model, even using the
lowest 206 Pbr204 Pb ratio of Indian MORB values
Ž .17.3, Saunders et al., 1988 explains the high Pb
isotopic ratios of most Ladakh lavas by 0.1–3 %
mixing with pelagic sediments. Nb-rich lavas such as
L55 require nearly 5% sediment contribution, while
Shigar lavas would need the contribution of more
radiogenic 206 Pbr204 Pb sediments source such as

ŽPVS or Mn-rich sediments Ben Othman et al.,
.1989 .

5.5. The Chang La ultramafics: behaÕiour of the
sub-arc mantle

The composition of the Chang La orthopy-
roxene–spinel–olivine assemblage corresponds to an
extreme case of depletion in a subduction context
Ž .Fig. 15A,B . In Fig. 15A, compositions of Chang

Fig. 14. ´Nd vs. 206 Pbr204 Pb mixing diagram, illustrating the proportions of sediments required to generate the isotopic compositions of
Ž206 204Ladakh lavas. The least radiogenic compositions of the Indian MORB component Pbr Pbs17.31, ´Nds10, Pbs0.03 ppm,

. 206 204 Ž206 204Nds0.8 ppm; Saunders et al., 1988 and two extreme Pbr Pb values of pelagic sediments Pbr Pbs18.56 and 19.00,
.´Ndsy9, Pbs9 and 60 ppm, Nds30 ppm; Ben Othman et al., 1989 are used to show the effect of pelagic sediment input to the

Ž . Ž .mantle. The field of MORBs is from Saunders et al. 1988 , and the field of pelagic sediments from Ben Othman et al. 1989 . Note that the
Ž .radiogenic Pb isotopic ratios obtained for Ladakh lavas can be obtained with a small contribution of sediments 0.1–5% , even when mixing

with a depleted indian MORB end-member.
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Ž . Ž .Fig. 15. Chemistry of Cr-spinel from the known ultramafic settings of Kohistan and Ladakh. A Cra vs. Mga of Cr-spinels; B Oxygen
Ž .fugacities values D logfO vs. Cra in spinel. Oxygen fugacity values were obtained with the olivine–orthopyroxene–spinel calibrations of2
Ž . Ž .Nell and Wood 1991 , are presented relatively to the Fayalite–Magnetite–Quartz FMQ buffer. Values obtained for Ladakh spinels are

compared with those obtained for abyssal and arc peridotites.

La spinels are compared to those of the Cretaceous
southern Ladakh ultramafic rocks, exposed in the

ŽIndus Suture Zone Tso Morari, Nidar; de Sigoyer,
. Ž1998 or obducted onto the Indian Margin Karzog,

.Spongtang; Maheo et al., 2000 and to those of the
Žsouthern Kohistan Jijal Complex ultramafics Kausar,

. Ž1998 . Olivine is always Fo-rich Fo 90–97 in
Spongtang, Fo ;92 in Nidar and Fo ;99 in Kar-

. Žzog and orthopyroxene is a low-Al enstatite En 90,
.Al O -2 wt.%; Maheo et al., 2000 . These com-2 3

plexes, firstly interpreted as pure ophiolite series on

Žthe basis of their mineralogy Reuber, 1986; Reuber
.et al., 1987 , present some clear whole rock deple-

Ž .tions in Ti, Cr, Ni, Ta and Nb Maheo et al., 2000 ,
also observed in the Chang La dunites. Such deple-
tions are typical of supra-subductive peridotites,
which are characterised by Mg-poor Cr-rich spinel,
Mg-rich olivine and Mg Al-rich orthopyroxene re-

Žflecting increasing degree of partial melting Dick
.and Bullen, 1984 . Chang La Cr-spinels display

higher Cra and lower Mga than those of other
Ž .Kohistan and Ladakh ultramafic settings Fig. 15A .
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Olivine and orthopyroxene plot at the depleted end
of the subduction margin compositional fields in the

Ž .Parkinson and Pearce 1998 diagrams representing
Mga in olivine and Al O in Orthopyroxene vs.2 3

Ž .Cra in Spinel not shown here . Chang La olivine–
orthopyroxene–spinel assemblages yield higher equi-
librium temperatures and DlogfO than other Ladakh2

Ž .ultramafics Fig. 15B , with values slightly higher
than those obtained for subduction margin peridotites
Ž .Parkinson and Arculus, 1999 . In contrast, Spong-
tang to Nidar peridotites plot in the fields of abyssal
and fore-arc peridotites defined by Parkinson and

Ž .Pearce 1998 . The positive correlation of Cra and
DlogfO can be interpreted as the result of melt2

extraction processes during decompression melting
Ž .Dick and Bullen, 1984; Balhaus et al., 1991 , or as

Žthe effect of melt–mantle interaction Parkinson and
.Arculus, 1999 . The petrographical aspect of Chang

La orthopyroxene as elongated and irregular crystals
suggests disequilibria of orthopyroxene, interpreted

Ž .by Parkinson and Arculus 1999 to reflect melt–
mantle interactions. Consequently, Chang La ultra-
mafics show clear signs of depletion that could be
interpreted as the result of mantle–melt interaction
processes.

5.6. EÕolution towards a A normalB arc regime

ŽThe presence of Mg-rich shoshonitic lava sample
. Ž .L144 and tholeiitic dacite lava sample L59 types

with transitional major and trace element patterns
with adakitic lava and arc tholeiites, respectively,
suggest that there could have been a spatial transition
from a zone of crustal melt–mantle interaction to-
wards a zone of A normal B arc regime. In western
Ladakh, the AnormalB arc regime featured by the
Southern Group tholeiitic arc lavas is a primitive arc
complex, characterised by lack of differentiated lavas

Žand only slight arc features low LarNb and ThrLa
.ratios . In Section 4.2.2, Eastern Ladakh lavas were

shown to have relatively homogeneous geochemical
features of a more evolved arc. Eastern Ladakh lavas

Ž .display higher ThrYb ratios Table 4 . This Th
enrichment can be correlated to lower ´Nd and
higher D7r4 and D8r4 ratios. These enrichments
and crustal affinities found in Eastern Ladakh could
be linked to an increasing contribution of subducted
continental-type sediments in the source, as an in-

Ž .creasing proportion of such sediments sandstones
are found in the field, or could be due to the

Žpresence of a crustal basement beneath the arc Rol-
.land et al., 2000 . However, two geochemical types

Žare found in Eastern Ladakh a high Ti-REE en-
riched type and a low Ti-REE depleted type; see

.Section 5.1 . These two types are also found in
Ž .southern Ladakh Nidar or southern Kohistan

Ž .Kamila . They may reflect magma mixing of
Ž .crustal-type melts Ti and trace enriched with sub-arc

Ž .mantle melts Ti and trace depleted . These different
magma compositions may also be explained by slab

Žmelt–mantle interactions the slab melts providing
.REE and Ti to the mantle .

6. Genetic model for the Ladakh arc

The Shyok Suture Zone of Western Ladakh is a
south-vergent tectonic pile, in which the uppermost
tectonic units correspond to back-arc basin forma-

Žtions and lowermost units to arc formations Rolland
.et al., 2000 . From the field and geochemical data, a

reconstituted cross-section of the volcanic arc can be
Ž .made, from the fore-arc Katzarah Formation to the

Ž .back-arc Northern Group; Fig. 16 .
Nb-rich lavas predominate in the lower part of the

Ž .tectonic pile Katzarah Formation , but are also found
interlayered with Southern Group tholeiitic arc lavas

Ž .in the central part of the tectonic pile Muchilu area .
This spatial distribution is indicative of a spatial
transition from Nb-rich volcanism in the front of the
arc to Nb-depleted volcanism in the arc itself.

The Katchoura lavas are produced by intense
Ž .partial melting of mantle F;15–20% , in probable

consequence of mantle interaction with Nb-rich hy-
drated melts. Adakitic lavas, formed by subducted
slab melting, would explain mantle wedge Nb en-
richment. Stability of garnet in the source could
account for HREE depletions of adakitic lava L65,

Žwhile unstability of rutile or other Nb acceptor
.phases in the mantle wedge could account for the

Žabsence of Nb–Ta anomalies in Nb-rich lavas e.g.
.Sajona et al., 1996; Kelemen et al., 1993 . The

presence of heterogeneous lava types, Mg-poor Nb-
rich and adakitic lavas interlayers within tholeiitic
arc Southern Group, suggests less efficient melt–
mantle mixing and a spatial transition towards a
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Fig. 16. Proposed genetic model of the Western Ladakh volcanic arc in Mid-Cretaceous Albian–Aptian times.

AnormalB arc regime. Nevertheless the AnormalB arc
Žregime is featured by still high rate melting F;

.15% of a slightly depleted mantle source. Northern
Group back-arc basin lavas are compatible with

Ž .higher rate melting F;20% of a more depleted
mantellic source. Nevertheless, these lavas still show
important geochemical variations that could be ex-
plained by source heterogeneity under the back-arc
basin region. These heterogeneities could be due to
efficient mantle convecting under the back-arc basin,
probably linked to the rapid India–Asia conver-
gence.

In Eastern Ladakh, the relative geochemical ho-
mogeneity of the lavas could be due to more im-
portant mixing of the different end-members indi-
vidualised in Western Ladakh, and to a thicker arc
complex.

7. Geodynamic implications for the Middle Creta-
ceous tectonic context of the Kohistan–Ladakh
arc series

From the data presented here, we interpret the
Kohistan and Ladakh Albian–Aptian series as a co-
herent and complete volcanic arc series. Most Mid-
dle Cretaceous Kohistan–Ladakh lavas display high

MgO contents, with frequently picritic compositions.
Their composition is close to high-Mg basalts and

Ž .basaltic andesites andror boninites Table 5 . The
geochemical diversity of this arc can be explained by
relatively high melting rates, probably due to a high
geothermal gradient, and by mixing processes be-

Žtween at least two components IMM-Pelagic sedi-
.ments and PVS , and more secondarily by variable

levels of fractional crystallisation. We consequently
propose that the DUPAL-type isotopic ratios repre-
sent enrichment linked to the assimilation of pelagic

Ž .sediments Fig. 14 , close to Nb-rich basalts compo-
sition rather than to a primary mantle composition.
As the DUPAL-type anomaly can be explained by
such mixing processes, we suggest that it cannot be
used for a geodynamic reconstitution such that pro-

Ž .posed by Khan et al. 1997 . However, the spread of
the DUPAL-type isotopic anomaly, between the
Asian and Indian plates in Mid-Cretaceous times, is
not well constrained for such a reconstitution.

In Middle Cretaceous times, the Kohistan–Ladakh
arc may have belonged to a complex and unique arc
series, formed along the Asian margin in response to
the northward subduction of the Neo-Tethys Ocean.
The isotopic composition of the lavas, the presence
of adakitic and Nb-rich lava types and the petrology
of mantle relicts suggest interactions of crustal melts
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Ž .with a slightly depleted mantle IMM-EMII . High
melting rates and crustal melting imply a high

Žgeothermal gradient T)7008C at P-17 kbar, Fig.
.12 . The thermo-barometric conditions required in

the case of slab melting are those prevailing in a
Ž .young -15–20 Ma subducted crust. Nb–Ti-rich

and adakitic lavas are currently described in arc
Ž .tectonic settings where a young -5 Ma oceanic

Žcrust is being subducted Solomon Islands: Petterson
et al., 1999; Mindanao island: Sajona et al., 1996;
Maury et al., 1996; Cascade Range: Leeman et al.,
1990; Taitao Peninsula: Bourgois et al., 1996; Guivel

.et al., 1999 . Two major tectonic events may be
combined to explain the subduction of such a young

Ž .lithosphere. Prior to the arc formation 1 the rapid
subduction of the PaleorMeso Tethys Ocean, north
of the Tibetan Lhasa block, has lead to the accretion
of this block against the Asian margin in Lower-

Ž .Middle Cretaceous Besse et al., 1984; Fig. 17A .
Ž .This accretion has blocked the only free Asian

Ž .boundary of the Tethyan system, whereas 2 intense
Žnorth-vergent stresses prevailed on its southern In-

.dian boundary, due to the initiation of the fast
northward drift of the Indian Plate also in Lower–
Middle Cretaceous times. In this context of rapid
plate motion inversion, the oceanic ridge would have
been the weakest plate boundary, where subduction

Ž .could be more easily initiated Fig. 17B . These data
are therefore compatible with the eastward prolonga-
tion of the subduction close to the ridge invoked for

Žthe initiation of the Oman obduction Coleman, 1981;
.Boudier and Coleman, 1981 . Following this model,

the Kohistan–Ladakh arc system was built in re-
sponse to northward subduction of Neo-Tethys ocean

Ž .Fig. 17. Tectonic reconstitution proposed for A–B the Lower–
Middle Cretaceous initiation of the India–Asia convergence, and
Ž .C Kohistan–Ladakh arc formation. The approximate relative

Ž .positions of continents are from Scotese and Golonka 1992 and
Ž .Van der Voo et al. 1999 . The position of the Lhasa block is from
Ž .Sengor and Natal’in 1996 . The form of the Indian continent is¨

Ž .from Matte et al. 1997 . The position of Neo-Tethys ridge is
inferred from the relative positions of Lhasa and India, and from

Žthe emplacement and timing of Oman ophiolite obduction Cole-
.man, 1981; Boudier and Coleman, 1981 . Double strippled lines

represent mid-oceanic ridges, single bold lines with plain triangles
represent subduction zones, hatched domains correspond to vol-
canic arc lineaments and arrows represent direction and norm of

Ž .tectonic blocks motions Patriat and Achache, 1984 .

Ž .Fig. 17C . The lateral asymmetry found between
Žwestern Ladakh arcqback-arc in a marine environ-

. Žment and eastern Ladakh evolved arc in a sub-con-
.tinental environment suggests subduction oblique to
Ž .the Asian margin Rolland et al., 2000 . Conse-

Ž .quently Fig. 17C , the arc system formed intra-oc-
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Ž .eanically in the west close to the Oman ophiolite
could have prolonged to an Andean type margin in

Ž .the east active Tibetan continental margin .
Consequently, we propose that the wide-scale in-

version of the tectonic divergent opening of the
Neo-Tethys Ocean, due to the fast northward drift of
the Indian Plate initiated in Early–Middle Creta-
ceous, has induced the subduction of the Neo-Tethys
mid-oceanic ridge. This hypothesis is also suppor-
ted by large-scale ophiolite obductions which have

Ž .occurred on both the Arabic Oman and Indian
Ž .Kohistan–Ladakh margins, probably due to the
coupling of the continental plates with their respec-
tive subducting oceanic plates.
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