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Avants Propos

C’est un grand privilége de pouvoir travailler sur une chaine de montagne comme I’Himalaya. Un privilége pour le
chercheur comme pour le montagnard. C’est & 1’occasion d’un voyage dans le Karakorum avec mes parents, & I'dge de
12 ans, que j’ai découvert la beauté des minéraux (marchandés dans les bazars de la vallée Hunza) et la force
envofitante de cette chaine de montagne. De 12 mon engouement pour la géologie, également catalysée par Raymond
Cirio, qui allie le talent de comédien & celui de professeur de sciences naturelles au Lycée de Briangon. L’opportunité
de travailler sur les Alpes m’a ensuite été donnée par Jean-Pierre Bouillin et Arnaud Pécher en maitrise, puis par Jean-
Marc Lardeaux en DEA. Mon travail de DEA sur le métamorphisme de la bordure occidentale du Grand Paradis a été
vraiment une étape passionnante qui m’a permis d’appréhender I’histoire alpine et m’a initié & une démarche
pluridisciplinaire, nécessaire quand il s’agit décrypter I’évolution géodynamique des chaines de montagnes. Cette
méme démarche pluridisciplinaire a prévalu au cours de ma thése. Je remercie Arnaud Pécher, Christian Picard et
Georges Mascle de m’avoir donné I’opportunité de rejoindre le LGCA pour travailler sur 1’évolution géodynamique du
segment nord-ouest himalayen. Je dois dire que je n’ai pas été décu, ni par le terrain, fantastique, qu’il m’a été donné
d’étudier, ni sur le travail de laboratoire qui suivit, puisque j’ai eu toute latitude et toute indépendance pour mener 4
bien mes analyses. Sur le terrain (5 mois en tout), je crois pouvoir dire que I’ambiance de travail du groupe formé par
Arnaud, Christian et moi-méme a été trés bonne, méme s’il a des fois fallu parier une ou deux bouteilles pour clore
des débats & bitons rompus sur la proportion d’amphibole et de biotite de telle ou telle roche. Mille excuses &
Christian pour les kilos perdus (et repris ?). Les différentes missions effectuées ont bénéficié de I’aide du Geosciences
Laboratory d'Islamabad, sous I'impulsion de Mr. Gohar, Mr. Sakhawat, Mr. T. Khan, Mr. Tahir Karim et Mr.
Kausar, qui nous ont fourni une aide logistique conséquente, entre autre la mise & disposition d’une Jeep pour accéder
A Islamabad et I’accés a la scie et aux broyeurs pour effectuer un premier travail bien utile avant le passage des
douanes et le retour en avion. Ces missions se sont bien déroulées également grice a la qualité des différents guides
que je ne pourrai pas tous citer, mais en particulier : Ashraff aman et Abdul Khadir d’ Adventure Tours et I'équipe de
Karakoram Explorers.

Par la suite, j’ai été amené & cohabiter et a travailler avec de nombreux techniciens et chercheurs du LGCA et du
LGIT, que je remercie vivement car chaque étape, de 1’échantillon i ’analyse et de 1'analyse & I’interprétation, est
importante. En particulier Francis Cceur pour le broyage, Francois Sencbier pour les séparations de minéraux et
I’incontournable Rodolphe pour ses dépannages informatiques. Merci 4 Bruno Lanson pour les RX. Un remerciement
particuliérement soutenu & Henriette Lapierre pour m’avoir initié a I’isotopie et permis d’utiliser son matériel et a
Francine Keller pour son sérieux et ses conseils en matidre d’analyse des majeurs et des traces. Je remercie également
la plupart des membres du LGCA pour les discussions qui m’ont permis d’évoluer dans mes interprétations, En
particulier, je remercie Henriette Lapierre, Nick Arndt, Catherine Chauvel, Georges Mascle, Elisabeth Carrio et Peter
Van der Beek pour s'étre penchés & un moment ou & un autre sur un article ou sur le manuscrit. Je remercie Etienne
Audebaud pour ses conseils en matiére d’enseignement. Je suis particuliérement reconnaissant & Arnaud pour son aide
et son soutien substantiels a tous les niveaux de cette thése et en particulier au moment de finaliser les articles et ce
manuscrit de thése.

Je remercie également les collaborateurs extérieurs, pour leurs compétences comme pour leur pour leur accueil.
L’équipe de Lyon, en particulier Stéphane Guillot et Gweltaz Mahéo pour le travail que nous avons mené ensemble
sur le métamorphisme ; Igor Villa du laboratoire de géologie isotopique de I’Université de Berne pour m’avoir initié
4 la technique Ar-Ar et accueilli dans son laboratoire ; Delphine Bosch pour avoir apporté sa collaboration dans les
analyses isotopiques du Sm et du Pb ; Pierre Brunet et I'équipe de Toulouse pour m’avoir permis de maniper sur le
TIMS ; Philippe Télouk et 1'équipe de Lyon pour m’avoir permis de travailler sur le VG ; Micheéle Veschambre et
I’équipe de Clermont-Ferrand pour les analyses microsonde.

Je remercie également tous ceux qui ont contribué & rendre 1'atmosphére du laboratoire plus conviviale, en particulier
la joyeuse équipe des « traces » : Gérard Poupeau, Olivier, Ludo, Jéréme et Céline et tous les amis et copains
étudiants ou thésards, partis, en séjour, ou en arrivage, parmi lesquels : Yves, Olivier, Santa Man, Kausar, Pascale,
Jerdme, Sylvie, Marc, Yann, Bruno, Gilles, Michaél, Marcelo, Julio, Julien, Jean-Christophe, Bénédicte, Tarek,
philippe, Gweltaz, Maude, Stéphane, Marielle, Marianne, Bruno, Xavier,...et tous les autres.
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Résumé (étendu)

Le segment NW himalayen (arc du Kohistan-Ladakh et Karakorum, NE Pakistan et Inde du NW)
est une zone particuliérement appropriée pour étudier les différentes étapes de la convergence de
deux blocs continentaux (I'Inde et 1’Asie), d’abord en contexte intra-oc€anique puis intra-
continental aprés la collision, au cours d’une histoire qui s’étend sur plus de 110 Ma (Crétacé
Moyen — Actuel). Pour reconstituer ces différentes étapes, cette thése a suivi une approche
pluridisciplinaire : géologie structurale, pétro-géochimie, thermo-barométrie, géochronologie Ar-
Ar.

L’étude structurale et pétro-géochimique de la marge asiatique Karakorum montre qu’a 1’Ordovicien
cette région était caractérisée par une tectonique d’arc complexe. Puis, & partir du Silurien jusqu’a
1’Eocéne, la marge sud-asiatique va étre nourrie par accrétion successive de blocs continentaux. La
convergence indo-asiatique, qui débute au Crétacé inférieur (120 Ma), marquera, avec la collision

Inde-Asie, la fin de I’histoire accrétionnelle de la marge sud-asiatique.

Les étapes intra-océaniques de la convergence sont étudiées grace aux reliques des séries d’arc
téthysiennes du Kohistan-Ladakh en partie obductées sur la marge indienne. L’étude lithologique,
pétrographique et géochimique (éléments majeurs et traces) des séries d’arc du Nord-Ladakh (zone
de suture de Shyok) au Pakistan et en Inde, permet de raccorder I’arc intra-océanique du Kohistan,
plus 4 I’Ouest, a la marge active tibétaine, plus a I’Est.

Les laves d’arc du Ladakh sont trés hétérogénes, avec en particulier des laves de type adakite et
laves riches en Nb-Ta et Ti. L’étude des isotopes du Sr, Nd et Pb des laves d’arc fournit des
rapports isotopiques élevés rappelant 1’anomalie « DUPAL ». Nous interprétons ces données en
termes d’interactions entre liquides issus de la fusion de la crofite subduite et manteau sus-jacent.
La fusion de la crofite océanique plongeante suggére la subduction d’une crofite jeune. Nous
interprétons ce résultat comme une conséquence de la subduction de ride néo-téthysienne, déja
invoquée pour I'initiation de 1’obduction de 1’ophiolite d’Oman. La subduction de I’ensemble de la
ride Est-téthysienne suggére une inversion tectonique brutale, associée a la remontée du bloc indien
vers le Nord.

L’arc du Kohistan-Ladakh va ensuite étre accrété a la marge asiatique (Karakorum). L’ensemble
Karakorum-arc accrété fonctionne alors & son tour en marge de type andine. Cette phase

s’accompagne de la mise en place du batholite du Ladakh associée 4 un métamorphisme HT.




Les étapes de la convergence post-collisionnelle sont abordées par une étude tectono-
métamorphique et thermochronologique. Aprés une phase d’épaississement dans un régime en
raccourcissement NE-SW datée du Paléocéne-Eocéne (60 - 40 Ma) du coté asiatique (Karakorum)
et au Ladakh, relayée & I’Oligo-Miocéne par un épaississement de la marge indienne (formation de
I’'Himalaya s.s.), on observe une partition de la déformation :

- Dans la pile tectonique formée par 1’Himalaya, le Ladakh et le Karakorum, une bande E-W de
ddmes recoupe les structures himalayennes antérieures d’épaississement, dans un contexte de
raccourcissement N-S et d’extrusion verticale. Ces domes sont associés & un métamorphisme
HT dans le faciés des amphibolites et des granulites (pour la premiére fois décrites dans le
complexe métamorphique du Karakorum), et & un magmatisme hybride a affinité mantellique,
datés de 25 & moins de 5 Ma. Nous proposons que la granulitisation de la crofite asiatique soit
liée & un apport advectif de chaleur depuis 1’asthénosphére, que nous imputons au détachement
de la lithosphére indienne subductée,  partir de 20 Ma.

- A lalimite Est de cette zone des domes, la faille décrochante du Karakorum sert de limite entre
Karakorum et Tibet et accommode I’extrusion latérale de celui-ci. On a également mis en
évidence des granulites (30-20 Ma), exhumées dans la zone de faille. Elles permettent d’estimer

les conditions P-T dans cette zone, suggérant qu’il s’agit d’un accident d’ampleur

lithosphérique. Le déplacement le long de la faille semble hétérogéne, avec un rejet total de
I’ordre de 300 km basé sur la corrélation des blocs de Lhasa et du Karakorum.

Abstract (extended)

The NW himalayan segment (Kohistan-Ladakh Arc and Karakoram, NE Pakistan and NW India) is
a particularly suitable zone to study the different stages of the convergence of two continental blocs
(India and Asia), first in an intra-oceanic context, and then in an intra-continental context, during a
time span of more than 110 Ma (Middle Cretaceous to Present). To depict these different stages, we
have used a multi-disciplinary approach: structural geology, petro-geochemistry, thermobarometry,
and Ar-Ar geochronology.

The structural and petro-geochemical study of the southern Karakoram indicates that during the
Ordovician times, the Asiatic region was characterised at that time by complex arc tectonics. Then,
since Silurian until Eocene, the Asian margin progressively grows by accretion of tectonic blocs. At

ca 120 Ma, previous accretional history is achieved and the indo-asiatic convergence starts.

The intra-oceanic stages of the convergence have been studied in the preserved tethyan arc series of
Kohistan-Ladakh, partly obducted onto the Indian margin. The lithological, petrographic and
geochemical (major and trace elements) study of the northern Ladakh series (Shyok Suture Zone),
done in both Pakistan and India, outlines the continuity from Kohistan intra-oceanic arc in the west
to the Tibetan andean margin in the east. :

The arc lavas are heterogeneous, with amongst other adakitic lavas and Nb, Ta and Ti rich lavas.
An isotopic study (Sr, Nd and Pb) of the arc lavas yields elevated isotopic ratios similar to those
defining the « DUPAL » anomaly. We interpret these data in terms of interactions between crustal
melts and overlying mantle. Crustal melting would imply subduction of a young oceanic crust,
possibly the mid-oceanic ridge, similarly to the situation proposed for the initiation of the Oman
ophiolite obduction. The subduction of the eastern segments of the neo-tethyan oceanic ridge
suggests a tectonic inversion associated with the northward drift of the Indian block.

The Kohistan-Ladakh arc is afterwards accreted to the Karakoram Asian margin, and the south-
Karakoram + arc pile becomes an andean margin. This phase is characterised by the emplacement
of the Ladakh batholith, and HT metamorphism.

The post-collisional stages have been studied through a tectono-metamorphic and thermo-
chronological approach. Crustal thickening in a NE-SW shortening context occurred during the
Paleocene-Eocene times (60-40 Ma) in the Karakoram Asiatic margin and Ladakh terrane. It is
followed by the thickening of the Indian margin (formation of the Himalaya s.s.). Then, the late

evolution (Miocene to Present) is characterised by a tectonic partition:




NS shortening: In the tectonic pile formed by Himalaya, Ladakh and Karakoram, an E-W band
of domal structures crosscuts the former himalayan structures of thickening, in a kinematic
context of N-S shortening and vertical extrusion. These domes are linked to HT
metamorphism, in the amphibolite and granulite facies (granulites first time described in the
Karakoram Metamorphic Complex), and to hybrid magmatism with mantellic affinities, both
dated between 25 and less than 5 Ma. We suggest that the granulitisation of the Asiatic crust is
linked to advective heat input from the asthenosphere, originating in the detachment of the
subducted Indian lithosphere since 20 Ma.

Strike-slip motion and lateral extrusion: At the eastern limit of the Karakoram, the Karakoram
strike-slip fault accommodates the lateral extrusion of Tibet. Here also, we have evidenced
presence of granulites (30-20 Ma), exhumed in the fault zone. These granulites yield estimation
of P-T conditions along the fault, and suggest that it could be a lithospheric scale fault. Dextral
slip of the fault appears to be heterogeneous, with a total offset deduced from Lhasa and
Karakoram blocks correlation, of approximately 300 km.
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I.1. Généralités

L’orogéne himalayen est I’'un des meilleurs exemples pour reconstituer les différentes ¢tapes
de la convergence de deux continents, depuis les étapes de convergence intra-océanique a celles de
la convergence syn-collisionelle. C’est un exemple classique de collision continent-continent, et les
étapes de convergence intra-océaniques peuvent étre retracées grace a un large complexe de terrains
magmatiques obductés sur la marge indienne au Kohistan et au Ladakh'. De plus, les mouvements
de convergence étant toujours actifs, il est possible de relier 1’évolution tectono-métamorphique
tardive 2 la cinématique actuelle des plaques et & la géométrie actuelle de leurs limites.

Compte tenu des nombreux processus actifs lors de la convergence indo-asiatique, qui a duré
plus de 120 Ma, une approche pluridisciplinaire est nécessaire : la phase de convergence intra-
océanique est principalement caractérisée par I’évolution pétro-géochimique des complexes d’arc
volcaniques, tandis que 1’évolution syn-collisionelle nécessite une analyse pétro-structurale et
géochronologique, complétée par une étude géochimique des plutons syn-orogéniques.

C’est cette démarche pluridiscipiinajre qui a été appliquée a 1’étude de la partie nord-ouest de
la chaine himalayenne (s.1.), nos efforts étant tout d’abord concentrés dans 1’étude de terrain des
zones encore peu connues géologiquement, afin de compléter les données existantes. Cette étude
fait suite 4 deux théses soutenues au sein du Laboratoire de Géodynamique des Chaines Alpines de
Grenoble : celle d’Y. Lemennicier (1996), centrée sur I’étude du Complexe Métamorphique du
Karakorum, et celle de A. Kausar (1998), dont I'objet était 1’étude de la partie sud de I'arc du
Kohistan.

Depuis 20 ans, les terrains du Kohistan (Fig. I.1) sont accessibles grice a la construction de
la “ Karakorum Highway ”, route reliant Islamabad capitale du Pakistan, au sud, a la fronticre
chinoise au nord. Depuis lors ceux-ci ont fait ’objet de nombreuses études pétro-structurales,
complétées depuis une dizaine d’année par un apport conséquent de données géochimiques. De
méme, le sud du Ladakh indien, réouvert depuis 25 ans, a été largement €tudi€ par des équipes

indiennes, frangaises, suisses et plus récemment anglaises.

!: Le Kohistan et le Ladakh, au sens géographique du terme se situent respectivement de part et d’autre des frontieres
pakistanaises et indiennes. Dans ce mémoire, nous utiliserons ces dénominations au sens géologique du terme, le
Kohistan et le Ladakh représentant les séries d’arc comprises entre les marges asiatiques et indiennes, séparées par le
promontoire du Nanga Parbat. Le Kohistan correspond aux séries d’arc situées a I’ouest du Nanga Parbat tandis que le
Ladakh correspond aux séries d’arc situées a I’est du Nanga Parbat.
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Fig. 1.1. Carte tectonique schématique de la chaine himalayenne (s.l.) et de 'Asie du sud-est, : -
avec les directions de mouvements de plaques principaux (d'aprés Tapponmer et al., 1982; modifié). Bl il
K-L : Kohistan-Ladakh, KF: Faille du Karakorum.

11 apparait dés lors que le “ maillon manquant ” pour une compréhension plus compléte des
terrains du Ladakh-Kohistan, de leur lien éventuel avec I’est-Himalaya et de leur signification
géodynamique est I’étude de la partie nord du Ladakh dans laquelle seules de rares études ont été
menées, en raison du contexte géopolitique.

Aussi, Armaud Pécher et Christian Picard m’ont proposé d’entreprendre une étude de la
marge nord-Ladakh et sud-Karakorum, le long de la zone de suture de Shyok (suture séparant la
marge asiatique des terrains du Ladakh). Trois campagnes de terrain ont pu étre menées, au
Pakistan en Aofit 1997, au Ladakh Indien en Juillet-Aofit 1998, et au Pakistan en Septembre 1998.
L’objectif de ces campagnes était d’établir des levés cartographiques, et de récolter les échantillons
nécessaires aux études pétro-géochimiques et géochronologiques de laboratoire. Méme si les
données de terrain restent incomplétes, une large bande restant interdite a la prospection en raison
du conflit du Cachemire, ce travail est le premier A avoir été mené sur cette zone 2 la fois du coté

pakistanais et indien de la ligne de cessez-le-feu.

Cette thése s’articule en cing parties :

» La premiére partie introductive développe les outils utilisés au cours de cette étude et resitue
les travaux déja effectués et les débats en cours concernant la construction de la chaine
himalayenne.

> La seconde partie traite de la construction de la marge asiatique pré-himalayenne, et en
particulier de la formation du Karakorum. Cette étude sédimentologique, structurale et

géochimique est présentée dans un article soumis (Rolland et al., 2000a).

» La troisiéme partie traite de la convergence indo-asiatique intra-océanique, en trois
chapitres :

® Le premier synthétise les données lithologiques et structurales acquises sur le terrain le

long de la zone de suture de Shyok, ainsi que les principaux résultats géochimiques
concernant les €léments majeurs et en traces des roches volcaniques d’Age Crétacé

Moyen. Ce travail fait I’objet d’un article publié en 2000 & Tectonophysics (Rolland et

al., 2000b). Dans ce chapitre, un modéle géodynamique concernant 1’édification de

'arc du Kohistan-Ladakh au Crétacé Moyen est proposé, tenant compte de nos

nouvelles données au Ladakh et au Kohistan, et plus a I’est, au Tibet d’autre part,

permettant ainsi de voir I’évolution de 1’arc sur plus de 1000 kilométres du Kohistan au
Tibet.

® Le second traite des processus géochimiques impliqués par la subduction de la Néo-
Téthys au Crétacé Moyen, a partir des données en éléments majeurs, en traces et de
données isotopiques obtenues sur I’ensemble de la marge nord-Ladakh au cours de
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cette étude, et des données disponibles sur le Kohistan. Cette partie fait I'objet d’un This report comprises five parts :

article soumis (Rolland et al., 2000c).

oce
¢ ¢ ¢

e Part I (Introduction) presents the different analytical tools and procedures used in this work,

e Le demnier chapitre analyse la fin de la convergence en domaine océanique, 1’accrétion E’@ and gives an outline of the works and debates currently dealing with the building of the
des terrains du Ladakh-Kohistan 2 la marge Karakorum et 1’évolution de type marge himalayan chain.
active qui §’ensuit avant la collision avec le bloc indien. m e Part II “Construction of the pre-himalyan asiatic margin” deals with the constitution of the pre-
himalayan asiatic margin, and in particular the tectonics of Karakorum. This sedimentological,

» La quatritme partie traite de 1’évolution syn-collisionelle de la chaine himalayenne. Elle @ structural and geochemical study is presented in a submitted article (Rolland et al., 2000a).
s’articule en quatre chapitres : e Part III “Convergence in intra-oceanic domain” focuses on the intra-oceanic indo-asiatic

e Le premier est une synthése des fges obtenus a partir de I'initiation de la collision (65 @ convergence and is subdivided in three chapters:
Ma) dans la partie nord-ouest de la chaine himalayenne (s.l.), et présente les données _— - The first is a synthesis of the lithological, structural and main geochemical (major
d’ages obtenues au cours de ce travail. Elle permet de dégager les principales étapes de 2 and trace elements) data obtained along the Shyok suture zone in northern Pakistan and
la collision indo-asiatique. Indian Ladakh. These data are presented in an article in (Rolland et al., 2000b in press).

e Le second, trés lié au premier chapitre, traite de I’évolution tectono-métamorphique de @ - The second chapter focuses on the geochemical processes related to the subduction
la marge sud-Karakorum en se focalisant surtout sur les structures tectoniques récentes m of Neo-Tethys ocean in Middle Cretaceous times, using the major, trace and isotopic data
(<10 Ma), caractéristiques de cette partie de la chaine Himalayenne s.1.%. Cette partie of the Ladakh volcanic rocks. This study is presented in an article, which has been
fait I’objet d’un article soumis (Rolland et al., 2000d). m submitted (Rolland et al., 2000c).

® Le troisidme traite de I’évolution tectono-métamorphique le long de la faille du - The third chapter analyses briefly the end of the intra-oceanic convergence, and the
Karakorum, et de son importance dans I’accommodation de 1’extrusion latérale du m accretion of Ladakh-Kohistan terranes to the Karakoram margin, leading to andean-type
Tibet. evolution along the asian margin.

e Le quatridme propose une comparaison avec les chaines alpine occidentale et varisque. e Part IV presents syn and post-collisional evolution of the himalayan chain. It is subdivided in

four chapters:

» La cinquiéme partie synthétise, avec des schémas géodynamiques évolutifs, les différentes m - The first is a synthesis of the ages of the syn-collisional evolution in the NW part of
étapes de la convergence indo-asiatique, depuis I'initiation de la convergence intra-océanique 2 | : the chain and presents the Ar-Ar data obtained in this work. The main tectono-
1’évolution syn-collisionelle. @ metamorphic stages of the indo-asiatic post-collision story are presented.

- - The second deals with the tectono-metamorphic evolution of the south Karakoram,
- focusing mainly on the young tectonic and metamorphic features (<20 Ma), which

characterise this part of the himalayan chain. The metamorphic evolution featured by the
pelitic rocks is the topic of a submitted article (Rolland et al., 2000d).

- The third chapter deals with the tectono-metamorphic evolution of the Karakoram

Fault and its importance in the accommodation of lateral extrusion of Tibet.

- The fourth proposes comparisons with the variscan chain and the occidental Alps.

ey ) N e Part V summarises the different stages of the indo-asiatic convergence and presents a
2 La chaine Himalayenne au sens géologique du terme est la chaine méridionale formée de crofite indienne. Nous

entendons par chaine Himalayenne s.1. I'ensemble de 1’orogéne Himalayen, comprenant la chaine du Karakorum, les
massifs du Kohistan et du Ladah et la chaine Himalayenne S.S.

possible geodynamic scenario.




1.2. Méthodes et outils

Le but de ce paragraphe est de décrire les différentes méthodes et appareillages utilisés au
cours de cette thése. Deux types de roches ont été étudiés 2 des fins diverses. '

Les roches magmatiques, tout d’abord, permettent d’étudier la nature des différentes zones
sources qui ont produit du magma au cours du temps. La géochimie isotopique permet de définir le
(ou les) type (s) de source (s) de magma mis en jeu, et les processus de mélange entre sources.
Tandis que I’étude des ¢léments majeurs et en trace permet de décrire et de quantifier les processus
pétrogénétiques d’évolution du magma au cours de son ascension vers la surface, et de comparer le
magmatisme observé i celui d’autres contextes. Ces différentes approches géochimiques permettent
d’apporter des contraintes sur I’évolution géodynamique a Déchelle de la lithosphére. Ces
informations sont particuliérement utiles pour décrire les stades évolutifs précoces de la constitution
de I’orogéne himalayen, notamment les stades de convergence intra-océanique, de magmatisme
d’arc, pour lesquels les informations tectono-métamorphiques sont largement oblitérées par
I’évolution syn a post-collisionnelle de la chaine. Les €léments majeurs ont été dosés par
Fluorescence X 4 I’ Université Claude Bemard de Lyon 1, et sur spectrométre optique (ICPAES) a
1’ Université J. Fourier de Grenoble I Les éléments en traces sont obtenus sur un spectrometre de
masse & plasma (ICP-MS) & I'Université de Grenoble. Les compositions isotopiques sont obtenues
sur un spectrométre de masse 3 Thermo-ionisation (TI-MS) a 1’Université P. Sabatier de Toulouse.

Les roches métamorphiques, ensuite, permettent de remonter aux conditions pression-
température qu’elles ont subies au cours de I’orogenese himalayenne. Ces estimations en pression
et température (thermo-barométrie) sont obtenues par le calcul des conditions d’équilibre entre
différentes phases minérales qui coexistent. Elles nécessitent donc une analyse de la composition
des phases minérales 4 I’équilibre. Les compositions en éléments majeurs des phases minérales ont
6té analysées avec une microsonde électronique de 1'Université Blaise Pascal de Clermont-Ferrand.

La datation de ces roches métamorphique permet de donner une contrainte temporelle aux
trajets pression-température obtenus. La reconstitution des différents stades tectono-
métamorphiques qui caractérisent I’évolution syn et post-collisionnelle nécessite donc la mise en
paralléle de la thermo-barométric et d’une ou plusieurs méthodes de datation. La méthode utilisée
est la datation Ar-Ar, réalisée en collaboration avec ILM. Villa du Laboratoire de Géologie
isotopique de I'Université de Berne (Suisse), sur un spectrométre de masse MAP-215 - 50B.

l.2.1. Analyse des phases minérales :

Le principe de la microsonde électronique est de bombarder la surface de minéraux (lame
mince polie de roche) par un faisceau d’électrons et de mesurer I’énergie ou la longueur d’onde des

photons ré-émis par les atomes de chaque minéral. La microsonde utilisée est une microsonde
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électronique Cameca Camebax SX100. Le protocole analytique mis en routine utilise des silicates
naturels comme standards, avec une tension d’accélération de 15 kV, et un courant de faisceau de

20 nA. Le temps de comptage pour 1’analyse de chaque oxyde est de 10 secondes.

I.2.2. Dosage des éléments majeurs :

1. La Fluorescence X

Le spectrométre utilisé est de type SRS 303. La spectroscopie de fluorescence X (XRF, X-
Ray fluorescence) permet une analyse d’éléments jusqu’a une concentration de 1ppm, mais
convient particuliérement a 1’analyse des majeurs. Les atomes de I’échantillon a analyser sont
excités par un rayonnement X. La désexcitation des atomes provoque la ré-€émission d’un
rayonnement secondaire X, séparé par des cristaux analyseurs, diffractant ces faisceaux dans
différentes directions (selon la loi de Bragg). Un détecteur monté sur un goniometre enregistre alors
les différentes raies de fluorescence en fonction de sa position angulaire. La position renseigne sur
la nature des différents éléments présents ; tandis que ’intensité des raies permet une quantification
des éléments présents.

La préparation et I’analyse des échantillons ont été réalisées a Lyon par P. Capiez. La
préparation des échantillons a été effectuée par la méthode dite de la perle. Cette méthode permet de
s’affranchir des effets granulométriques‘et minéralogiques par fusion de 1’échantillon a haute
température.

2. L’ICPAES

Le spectrométre utilisé est un spectro-analyseur Jobin-Yvon. L’analyse par plasma a
couplage inductif (“ ICP ”) est une méthode d’analyse des échantillons mis en solution. Les
échantillons & analyser subissent donc le méme protocole d’attaque que pour I’analyse des traces et
terres rares par ICPMS (voir protocole analytique mis au point pour I'ICPMS). Cette méthode
présente donc, outre le fait qu’il existe un ICPAES et un ICPMS a I’UJF de Grenoble, de pouvoir
utiliser la méme solution mére pour les deux analyses. La solution a analyser est aspirée au moyen
d’une pompe, puis introduite dans un plasma d’argon induit par haute fréquence, a une température
de ~ 8000°K. Cet aérosol est ensuite excité au niveau de la ““ torche ” et produit alors un spectre
d’émission. Le spectre d’émission obtenu est un spectre complexe, constitué d’un certain nombre
de raies caractéristiques de chaque élément et de sa concentration. Le calcul de la concentration de
chaque élément est ensuite effectué en interne par le logiciel de I’'ICP (spectralink), a partir de
courbes de calibrage.
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1.2.3. Dosage des éléments en trace :

Le spectrométre de masse a plasma (ICP-MS)

Comme pour I'ICPAES, la spectrométrie des particules s’effectue par le biais d’une mise en
solution. Le spectrométre utilisé est un ICP-MS Fisons Plasma Quad turbo 2+. Le protocole
d’attaque et analytique est décrit par Barrat et al. (1996). Concernant les roches basiques,
I’échantillon est tout d’abord attaqué avec un mélange d’acides : HF (~ 5 cc) + HNO, (10 gouttes).
L’attaque dure 48 h sur une plaque chauffante a 120°C. Aprés I'évaporation complcte de
I’échantillon, une reprise en HCl (6N) permet une mise en solution compléte de 1’échantillon, une
solution-mére est ainsi obtenue. Pour les roches acides, 1’attaque s’effectue dans une bombe en
téflon, placée dans un four, avec un mélange similaire d’acides (HF+ HNO,). Une fraction de cette
solution est ensuite prélevée pour 1’analyse sur 'TCPMS. Le volume de la fraction prélevée dépend
des teneurs attendues pour le type de roche a analyser. Un volume important sera nécessaire par
exemple pour les roches ultramafiques.

L’ICP-MS permet de mesurer la concentration des €léments en solution dont la teneur est
supérieure ou égale 4 0.1 ppm en général, mais les seuils de détections varient selon les éléments
dosés. La précision augmente avec le temps de comptage et la concentration. Cependant, il existe
un seuil de saturation, au-dela duquel la machine ne peut plus mesurer.

Le protocole analytique de 1'Université Grenoble, développé par Barrat et al. (1996) utilise
deux types d’étalons :

-Des étalons externes (BHV-01, BIR-1, JR-1, RGM-1, UB-N, WS-E), dont les
concentrations figurent dans les géostandards internationaux, leur composition est donc connue
avec grande précision. L’analyse de plusieurs de ces standards va permettre d’obtenir une droite
d’étalonnage pour chaque élément, permettant de transcrire le nombre de coups (réponse obtenue
sur I’ICP-MS) en concentrations.

-Un étalon interne (spike en Thulium, Tm). Cette méthode est dérivée de la dilution
isotopique. Elle consiste & introduire dans 1’échantillon a analyser une quantité connue d’une
solution concentrée en Tm, qui va servir d’étalon interne : son dosage permettra de calibrer les
mesures.

1.2.4. Analyse de rapports isotopiques :
1. Le spectrométre de masse a thermo-ionisation (TI-MS)

Le spectrométre & thermo-ionisation permet de mesurer les masses des différents isotopes
d’un méme élément. Dans cette étude, le TI-MS a été utilisé pour mesurer les isotopes du Néodyme
(Nd), Samarium (Sm), et Strontium (Sr). Cette méthode ne nécessite pas, contrairement aux

méthodes précédentes, de calibrer le signal par des standards, puisque ce n’est pas la masse des
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éléments qui est analysée mais le rapport entre deux masses. Les standards sont cependant utilisés,
car ils donnent une indication concernant la justesse de la reproductibilité des mesures. Les valeurs
de concentrations peuvent étre obtenues en ajoutant un étalon interne (spike : quantité connue d’une
solution contenant une composition isotopique volontairement enrichie en certains €léments (en
théorie) absents de ’échantillon *°Nd, '**Sm, ¥Rb, *Sr...).

Cette méthode nécessite, au préalable, la séparation la plus complete possible de I'élément
que I’on veut doser. Cette étape de purification est nécessaire pour éliminer les éléments isobares,
de méme masse que celui que I’on veut doser (*'Rb pour ¥Sr, *°Sm pour *’Nd, '**Sm pour
14Nd). Cependant une séparation compléte est difficile (surtout celle du couple Rb-S1), et un calcul
de correction est effectué (en déduisant **Rb du rapport supposé constant : *’Rb/*Rb=0.386), qui
est possible tant que la contamination en Rb reste faible. La séparation des €léments s’effectue sur
des colonnes & résine échangeuse d’ions (chromatographie liquide). Le protocole analytique utilisé
4 Grenoble pour la séparation du Nd, Sm et Sr, est détaillé sur la figure 1.2 en annexe.

Aprés purification, une * goutte ” d’échantillon est déposée sur un filament de Re, Ta ou W, selon
I’élément 2 analyser. Ce filament est ensuite ionisé par chauffage, I'émission s’effectue donc a
partir d’une phase solide contrairement & I'ICPMS. Le spectrométre utilis€ au cours de cette thése
est le TI-MS Finnigan MAT261 & multicollecteurs de 1'Université de Toulouse. Ce type de
spectrométre de masse dispose de différentes cages de Faraday qui collectent les impacts

correspondant aux différents isotopes, simultanément.

2. Le spectrométre de masse “ Plasma 54 ” de Lyon

Comme le spectrométre & thermo-ionisation, le spectrométre 4 Plasma permet de mesurer des
rapports isotopiques, mais 2 partir d’un échantillon mis en solution et non d’un dépdt solide. Dans
cette étude, le “ Plasma 54 ” a été utilisé pour I'analyse des rapports du plomb (**Pb/***Pb,
07pp/2%Ph et 2Pb/P*Pb), et quelques rapports isotopiques de '“Nd/**Nd. La séparation
isotopique et I’analyse des rapports isotopiques a été effectuée en collaboration avec Delphine
Bosch de I’Université de Montpellier II, et Philippe Télouk de ’ENS de Lyon. Tout comme les
ICPMS conventionnels, 1’échantillon liquide est transformé en aérosol puis entrainé par un courant
d’ Argon dans le plasma, ot les éléments sont ionisés & plus de 6000°C. Le faisceau d’ions est tout
d’abord échantillonné et canalisé par un ensemble de 4 lentilles quadripolaires puis les ions sont
séparés en fonction de leur masse dans un champ magnétique. Les ions ainsi dirigés percutent enfin

les collecteurs, permettant alors une mesure simultanée sur différentes masses.
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1.2.5. Géochronologie Ar/Ar

La méthode *Ar/°Ar tout comme la méthode K/Ar repose sur la quantité d’Argon contenu
dans les minéraux, résultant de la désintégration naturelle du “K au cours du temps. L’équation de
désintégration du “K est la suivante :

T = (1/A) % In (1+J (“Ar*/*Ary)),

Ou :

(AP Ar)=[ (At Ar),-295.5(PAr/P Ar),+295.5C Ar/P Ar), (At An)e )/ [1-(T At/ An) (P At/ Ar),)

— (“Ar/PAr)’

L’obtention du rapport “’Ar*, purement radiogénique nécessite quelques corrections :

- Une certaine quantité d’*’Ar est d’origine atmosphérique et se corrige sachant que tout le BAx
contenu dans 1’échantillon est d’origine atmosphérique et que : :

“Ar* = “Arm - 295.5 *Ar,

- La désintégration artificielle en réacteur induit des réactions parasites, impliquant la production
de *Ar et de ®Ar a partir du Ca. Le ’Ar, produit exclusivement par le Ca, est utilisé pour
corriger des quantités parasites de ces isotopes.

_ Enfin, de "*Ar est également produit au cours de I'irradiation. Un facteur de correction est
alors appliqué 2 partir d’'un sel de K, irradié dans les mémes conditions que les autres
échantillons.

Les échantillons ont éé séparés au laboratoire de tri des minéraux de I'université Joseph

Fourier, par séparation densimétrique (bromoforme) et magnétique (Frantz) par F. Senebier.

Un tr final sous binoculaire est effectué et 1-15 mg de phases minérales est emball¢ dans un

feuillet d’aluminium. Les feuillets d’aluminium sont ensuite regroupés dans des tubes pour

I’irradiation, au réacteur TRIGA de 1’ Université de Pavia (Italie). Un facteur de correction (J)

est appliqué en fonction de la position des échantillons dans le réacteur, qui n’ont pas regu

exactement le méme flux d’irradiation.

? Avec t, 'age ; A, constante de désintégration radioactive (5.543 10 an™) ; J, facteur d’irradiation ; “*Ar* ,
“Ar radiogénique, issu de la désintégration naturelle de *°K ; ¥Arg, *Ar radiogénique issu de la désintégration
artificielle de ¥K ; (®Ar/PArn),, (°Ar/”Ar),,, (TAr/’Ar), rapports isotopiques mesurés ; (“Ar/PAr)y . rapport des
isotopes issus de la désintégration artificielle du K, mesurés sur un sel pur de K ; (PArPTAr) e,y (P At/ Ax)c,, rapports

des isotopes issus de la désintégration artificielle du Ca, mesurés sur un sel pur de Ca.

26

L’analyse isotopique Ar-Ar a été réalisée au laboratoire de géologie isotopique de Berne
(Suisse). Les échantillons ont été chauffés dans un four & double vide servant de chambre
d’ionisation, puis analysés dans un spectrométre MAP-215 - 50B permettant I’analyse des gaz
rares.

Dans I’étude Ar-Ar que nous avons menée, I’échantillonnage a été réalisé afin de compléter
les données disponibles dans la zone d’étude. Nous avons choisi de travailler sur les amphiboles,
qui permettent d’avoir  la fois une bonne estimation des conditions métamorphiques, et grice a une
température de fermeture plus élevée que les phyllosilicates (525 * 25°C d’aprés Harrison &
McDougall, 1980 et Harrison, 1981 ; 600 + 100°C d’apres Berger & York, 1981), de dater les
stades de rétromorphose précoce qui succédent directement au pic de température. Les datations Ar-
Ar ont été couplées A une étude minéralogique sur microsonde €lectronique. Ainsi, par
I’intermédiaire de comparaisons entre les profils-micosonde effectués sur minéraux, et de la
composition associée a chaque palier de spectre Ar-Ar, il est possible de discuter des relations entre
la chimie et I’age de I’amphibole. Les datations Ar-Ar sur amphibole renseignent alors sur Ihistoire
de recristallisation de I’amphibole en termes d’évolution tectono-métamorphique, et dans certains

cas donnent une estimation de 1’ge du protholite.
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1.3. Cadre géographique et Géologique

La chaine Himalayenne (s.1.) présente la topographie la plus €levée et la plus accidentée de la
planéte, avec quelque 440 sommets culminant & plus de 7000 metres et 14 sommets de plus de
8000 métres. Cette chaine dessine un arc d’environ 2000 kilometres de long, pour 400 kilométres
de large en moyenne, qui limite le sous-contient indien des provinces asiatiques de 1’ Afghanistan,
du Pamir et du Karakorum a I’ouest et au nord-ouest, du Tibet au nord et de I'Indochine a I’est
(Fig. I.1). Deux virgations limitent cet arc : au nord-ouest celle du Pamir-Hindu Kush, limitée par
la faille de Chaman ; 4 ’est celle de 1’ Assam, limitée par les failles de Jiale et Saigaing. Au nord, le
plateau tibétain couvre une surface de 700 000 kilométres carrés pour une altitude moyenne de 5000
meétres.

S’il est un domaine que le géologue ne peut ignorer quand il part explorer cette région du
monde, ¢’est bien son cadre géopolitique (Fig. 1.3). A la confluence entre cultures 2 dominante
tibétaine et bouddhiste au nord et nord-est, indienne et hindoue au sud, arabe et musulmane a
I’ouest et au nord-ouest, I’Himalaya (s.1.) reste une grande frontiére entre des civilisations tres
différentes. C’est le long de cette barriére naturelle que s’accumulent les tensions géopolitiques et
qu’éclatent les conflits. La carte de la figure 1.3 illustre bien la situation politique de la partie nord-
ouest de I’Himalaya. Si une grande partie du Karakorum et du Ladakh reste encore aujourd’hui
presque inconnue géologiquement, ce n’est pas seulement & cause de la rudesse du relief et de
I’altitude.

Géologie de 'Himalaya, de la découverte aux conceptions actuelles :

La découverte de 1’'Himalaya par la civilisation occidentale débute au XIX siecle,
principalement avec 1’expansion de la colonisation anglaise depuis I'Inde et le Pakistan. Dans le
centre et est-Himalaya, les premiéres expéditions furent celles de Strachey (1851), Hooker (1854),
Stoliczka (1865), Hayden (1904, 1907) et Oldham (1883). Oldham (1883) parle pour la premiére
fois d’inversion du métamorphisme Himalayen. La partic nord-ouest de 1'Himalaya, et en
particulier les terrains du Ladakh et les contreforts du Karakorum sont visités assez tot par Ryal en
1865, Lydekker en 1883 et Campbell Smith en 1917, puis Dainelli (1933, 1934), Wadia (1933,
1937), Auden (1935), De Terra (1935), depuis la vallée de I'Indus par Srinagar. Méme si les
grandes unités géodynamiques (Karakorum, Ladakh, Haut Himalaya) ne sont pas encore
distinguées par ces explorateurs, la lithologie de ces ensembles est cependant bien décrite (ensemble
volcanique du Ladakh, ensembles métamorphiques du Nanga Parbat et du Karakorum et
granitoides), qui tentent des reconstitutions stratigraphiques. Certaines de ces observations restent

encore d’actualité, comme nous le verrons dans la partie IIT (Rolland et al., 2000b soumis).
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A partir de 1947, la fin de I’Empire Britannique des Indes et la partition Indo-Pakistanaise
vont entrainer, entre le Pakistan et I’Inde, une guerre puis un conflit permanent dont Ienjeu est le
Cachemire. Des tensions entre I’Inde et la Chine contribuent également a la situation de blocage du
nord-ouest Himalaya (s.1.) telle que nous la connaissons aujourd’hui. Actuellement, le probleme du
Cachemire reste 1’une des sources majeures de conflit potentiel de grande ampleur dans I’ Asie du
sud, et la “frontiere indo-pakistanaise” n’est qu’une ligne de * cessez-le-feu”, elle-m€me
différente de la “ligne de contrdle” militaire. Hormis les zones frontidres, ces pays restent
néanmoins ouverts aux expéditions. C’est la course aux sommets de haute altitude qui va permettre
a des géologues de poursuivre ’exploration de I'Himalaya. Les expéditions italiennes menées par
A. Desio au Karakorum dés 1929 vont permettre une reconnaissance des grandes structures (Desio,
1964 ; Zanettin, 1964 ; Desio & Zanettin, 1970 ; Desio et al., 1985), ainsi que des expéditions
autrichiennes (Gattinger, 1961 ; Gamerith, 1976, 1979 ; Buchroitner & Gamerith, 1986). Ces
différentes expéditions permettront une premiére cartographie au 1/500000 et 1/1000000. La
premicre carte géologique et synth&se de la plupart des travaux effectués sur la chaine himalayenne
(s..) date de 1964, avec le livre “ Geology of the Himalayas ” de A. Gansser. Cette étape est
importante dans la compréhension générale de la géologie de la chaine. Dans le nord-ouest de la
chaine, la construction de la Karakorum Highway, route reliant le Pakistan a la province chinoise
du Xinjiang, achevée en 1979, permet de mettre 4 jour une coupe compléte du Haut Himalaya, du
Kohistan et du Karakorum au Pakistan. Dés 1979, Tahirkeli et collaborateurs proposent I'idée que
les terrains du Kohistan sont les restes d’un arc formé au cours de la subduction de 1’océan Néo-
Téthys vers le nord. Cette hypothése est rapidement proposée au Ladakh par Bassoullet et al.
(1980a), Honegger et al. (1982) et Dietrich et al. (1983).

La reconnaissance géologique de 1"'Himalaya du Népal débuta également avec les expéditions
se langant & I’assaut des hauts sommets du Népal, depuis les années 40 et surtout dans les années
50. Les géologues embarqués dans ces expéditions (Heim & Gansser, 1939 ; Lombard, 1953 ;
Bordet & Latreille, 1958 ; Bordet, 1961) mettent 2 jour la structure de I’Himalaya en montrant que
le cristallin du Haut-Himalaya forme une pile métamorphique unique, chevauchante sur le domaine
d’avant-pays (Bas-Himalaya ou Moyen-Pays) au sud par un chevauchement majeur : le Main
Central Thrust (MCT) (Fig. 1.4).

Au plan conceptuel, une avancée trés importante est réalisée avec les travaux d’Argand en
1924. Ce demier a une vision avant-gardiste de la chaine Himalayenne et des chaines de montagne
en général, en proposant un modéle d’édification de la chaine par de grands chevauchements intra-
continentaux, initiés au cours de la collision des blocs indiens et asiatiques. Notons qu’encore

aujourd’hui la part entre épaississement et extrusion latérale est une question largement débattue.
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Dans les années 1970, la théorie de la tectonique des plaques est a I’origine d’un tournant

conceptuel important. La chaine himalayenne devient un modele de collision continent - continent

N e e L e do Lhasa
- . R Rt NASOOG, Block (Dewey & Bird, 1970 ; Le Fort, 1975). La carte des anomalies magnétiques de 1'Océan Indien
“ " e MBT MCT - permet d’estimer le mouvement relatif de I'Inde par rapport & I’Eurasie depuis 110 Ma (Fig. 1.5).
- 1a PJ&te - Cette reconstitution montre que 1’Inde, aprés une phase de rapprochement lent entre 110 et 85 Ma

S0Km— se déplace rapidement vers le nord au Crétacé supérieur 2 la vitesse de 18 cm an™, cette vitesse

50 - 5 g | i N 1 s ;
L diminuant brutalement 4 partir de 55 ou 50 Ma selon les auteurs, et se stabilisant 2 5 cm an™ & partir

de 36 Ma (Patriat & Achache, 1984 ; Molnar & Tapponnier, 1975 ; Klootwijk et al., 1992).

-—
—

Fig. 1.4 Coupe schématique de 'Himalaya ceniral d'aprés France-Lanord & Le Fort (1988). MBT : Main Boundary Thrust, MCT : Main Central Thruust,
HHC: Cristallin du Haut Himalaya, HHL : Leucogranites du Haul Himalaya. HHSS : séries sédimentaires Téthysiennes, NHG : Leucogranite Nord-Himalayen,

Aujourd’hui, de nombreux points restent sujets a débat :
NHNZ : Zone des nappes du Nord-Himalaya, ITSZ : Zone de Suture de ['Indus-Tsangpo, THB : Batholite du Transhimalaya. LH : Moyen-Pays, Si : Siwaliks.

- Les différentes hypothéses concernant la phase de convergence intra-océanique dans

le Nord-Ouest Himalaya :
Les connaissances, par trop parcellaires, de I’ensemble Kohistan-L.adakh ne permettent pas
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encore d’établir un schéma d’ensemble bien contraint. Aussi, il existe un grand nombre de modeles

A

concernant 1’histoire pré-collisionnelle de la convergence indo-asiatique. Les différents modeles

proposés et leurs variantes sont les suivants :
A - Edification d’un seul arc volcanique :
a- formé le long de la marge sud-asiatique par subduction de I'océan Téthys vers le nord

| - Equateur © - 5@15 ooo: // (Tahirkeli et al., 1979 ; Bassoullet et al., 1980a; Bard et al., 1980 ; Honegger et al., 1982 ;
| ssma | k] @5 | Dietrich et al., 1983).

b- Formation de cet arc au nord de la marge indienne, au droit d’une subduction vers le sud
de ’océan Téthys (Reynolds et al., 1983 ; Khan et al., 1997).

Fig. 1.7 Trajectoires des linéations d'étirement dans le Népal central (d'aprés
Pécher, 1991). 1 : couverture sédimentaire ; 2 ; unité du Cristallin du Haut
Himalaya ; 3 : Main Central Thrust (MCT) ; 4 : Formations de Moyen-Pays ;
20° A 5+ Formations sédimentaires du Sud- Himalaya ; 6 : Manaslu Granite (Miocgne) :
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‘, ¢ e $§j;£:31‘,’?;“z“g.;;;:‘§: e o T s MCT. o- Edification de cet arc sur croiite océanique (Honegger et al., 1982 ; Reuber, 1989 ; Khan
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el
[t .
| | o 30° A et al., 1989, 1993 ; Petterson & Windley, 1991 ; Treloar et al., 1996).
‘ : ) Fig. I.6. A ,Modéle de poingonnement d'un bloc de plasticine par un poingon rigide.
71 Ma Ce mmlc,!e semble conforter I'hypothise de l'accomodation de la convergence F - < .
/ . . Indo-asiatique par le poingonnement de I'lnde dans I plague Eurasiatique. B- Edification de cet arc sur croite continentale (Raz & Honegger, 1989).
mEm HIPrD : i Les failles F1 et F2 symbolisant les accidents de Red River et de 'Altyn Tag.
g - 4 Diaprts Tapponpier et al. (1982). 1- Présence d’un bassin arriére-arc, dont la fermeture donnera la zone de suture de Shyok ou
@ B Contexte géologique de I'Asie du centre et du sud-est, avec les principaux
blocs lccrnmqucq et de leur déplacement ainsi gue les failles majeures. II existe £ . . .
60° 700 80° %0° s g i s S o e o e e suture nord, le long de la marge nord-Kohistan (Pudsey, 1986 ; Khan et al., 1994, 1996 ; Treloar
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des plaques du SE asiatique.

et al., 1996) et nord-Ladakh (Srimal, 1986 ; Srimal et al., 1987 ; Coward et al., 1986).
2- Absence de ce bassin arriére-arc au Ladakh (Rai, 1982 ; 1983).

Fig. I.5.  Remontée relative de Inde du Crétacé Sup. a l'actuel,

d'aprés Patriat & Achache (1984). La convergence est rapide (18 cmfan; OB S0 i DR
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- Les différentes hypothéses concernant 1’évolution syn-collisionelle :

- La principale source d’incertitude concerne les estimations respectives de la part d’extrusion
latérale et d’épaississement.

Les arguments en faveur de 1’épaississement sont nombreux. Les grands chevauchements
(MCT, MBT), actifs depuis plus de 25 Ma en Himalaya central, auraient absorbé de 700 a 1000
kilométres (Gansser, 1966 ; Brunel, 1975 ; Pécher, 1978 ; Lyon-Caen & Molnar, 1983), et une
grande part de la partie nord de la plaque indienne aurait pu étre subduite sous 1’Asie, au niveau de
1’actuelle suture Indus-Tsangpo. La subduction de la plaque continentale indienne est attestée par la
présence de roches métamorphisées dans le faciés des schistes bleus et des éclogites exhumées le
long de la suture de I'Indus (ou MMT, Main Mantle Thrust) dans I'Himalaya du nord-ouest
(Mascle et al., 1994 ; Guillot et al., 1995 ; de Sigoyer et al., 1997 ; Guillot et al., 1997 ; de
Sigoyer et al., 2000), impliquant un enfouissement de croiite continentale a une profondeur 2 plus
de 70 kilométres. Cependant, la taille de la portion de plaque indienne enfouie sous 1'Asie reste
matiére & débat, car la dimension originelle de la plaque indienne n’est pas connue précisément. La
portion d’Inde enfouie sous le Tibet a été estimée & 1500-2000 kilometres, en se basant sur la
présence de faunes terrestres indiennes trouvées en Asie a partir de 65 Ma (Jaeger et al., 1989 ;
Rage et al. 1995), et par tomographie sismique (Van der Voo et al., 1999). Cet enfouissement de
crofite continentale sous le Tibet pourrait expliquer une épaisseur de crofite de 70 kilometres (Hirn,
1984 ; Molnar, 1988), bien que 1’épaississement du Tibet ne soit pas le seul fait de la collision
Inde-Asie, puisque constitué de trois blocs accrétés du Trias au Jurassique supérieur (Bassoullet et
al., 1981 ; Allegre et al., 1984 ; Matte et al., 1996).

D’autre part, ’hypothése de 1’extrusion latérale, proposée par Tapponnier & Molnar (1976,
1977), et modélisée par Tapponnier et al. (1982) (Fig. 1.6A), a €t€ largement testée sur le terrain.
La marge est-asiatique étant considérée comme un bord libre (cf. Fig. 1.6B), les grands
décrochements lithosphériques actifs limitent des blocs en extrusion vers I’est (Altyn Tagh, faille du
Karakorum, faille du Fleuve Rouge, faille de Jiali). Au niveau de la virgation est-himalayenne, la
déformation décrochante est localisée le long de grands décrochements (Tapponnier et al., 1990).
Le long de la faille du fleuve Rouge, la déformation est polyphasée, avec I’extrusion du bloc
Indochinois débutant vers ~ 40 Ma en décrochement senestre, ce mouvement s’inversant vers 15
Ma avec Dinitiation de I’extrusion du bloc Chinois (Lacassin et al., 1996, 1997). Il apparait ainsi
qu’une part importante de la convergence (17 + 7 %, Leloup et al., 1995) ait été accommodée par
I’extrusion de I'Indochine. Plus & I’ouest, le long de la marge sud-Tibet, I’extrusion du bloc tibétain

pourrait s’effectuer en partie par déplacement senestre le long de la faille de I’Altyn Tagh et par
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déplacement dextre le long de la faille du Karakorum et de la marge sud-tibétaine, comme I’indique
la déformation ductile de type décrochement dextre + faille normale observée le long de la faille
Nord-Himalayenne (Pécher, 1991) et le contexte trans-tensif de mise en place des granites
himalayens (Guillot, 1993 ; Guillot et al., 1995), ainsi que la présence de failles dextres de plus
petite amplitude (Armijo et al., 1989 ; Avouac & Tapponnier, 1993). Les estimations de
déplacement sur les failles bordant le bloc Tibétain sont de 500 kilométres sur la faille de I’ Altyn
Tagh et de 1000 kilometres sur celle du Karakorum, basées sur le décalage de marqueurs
tectoniques (Peltzer et Tapponnier, 1988). Ces estimations sont cependant contestées par Searle
(1996), Searle et al. (1998) et Murphy et al. (2000), qui ne proposent qu’un décalage de I’ordre de
120 2 150 kilométres le long de la faille du Karakorum. Par ailleurs, il n’exXiste aucun argument
pour un mouvement d’une telle amplitude le long de la zone de faille nord-Himalayenne (STDZ), ce
qui pose un probléme pour la poursuite de la faille du Karakorum vers I’est ou le sud-est.

Tl semble donc que 1’accommodation de la convergence s’effectue a la fois par extrusion et
par épaississement, I’un et 1’autre mécanisme pouvant étre prédominants d’une époque a lautre,
comme le suggére Le Pichon et al. (1992) qui propose un modele ou I’extrusion du Tibet est plus

importante au début de la collision (Eocéne-Oligocene).

- Un autre sujet de discussion concerne 1’évolution métamorphique du Karakorum, et donc
également, mais de fagon indirecte, les modalités de I’épaississement de la marge sud-asiatique :

La premiére hypothése est que celle-ci est presque totalement achevée des 1’Eocéne inférieur,
comme le suggére 1'dge du granite du Mango Gusar (37 Ma, Parrish & Tirrul, 1989) qui
recouperait les structures tectoniques chevauchantes syn-collisionnelles précoces de la marge sud-
Karakorum (Searle et al., 1989 ; Parrish & Tirrul, 1989 ; Allen & Chamberlain, 1991).

-Cependant, le trés volumineux batholite du Baltoro (1000 km?) a été daté entre 25 et 21.5
Ma par U-Pb avec des dges de refroidissement (K-Ar, Ar-Ar et Rb-Sr) de 8 Ma (Debon et
al, 1986; Searle et al., 1989 ; Parrish & Tirrul, 1989 ; Schirer et al., 1990). L’intrusion de la
syénite d’Hémasil, datée 2 9 Ma, le dome migmatitique de Dassu, daté 2 7 Ma et de nombreux ages
jeunes (9-1 Ma) ont également été obtenus le long de la marge sud-Karakorum, comme dans le
nord-ouest du Ladakh, et surtout dans le promontoire Nanga Parbat-Haramosh de la marge
indienne (Searle et al., 1989 : Lemennicier et al., 1996 ; Villa et al., 1996a, 1996b, Zeitler et al.,
1993 ; Smith, 1993). Ces 4ges jeunes ont conduit Bertrand et al. (1988) et Lemennicier et al.
(1996) 4 réviser I’hypothése précédente et & proposer que :

- un délai de temps est nécessaire entre la phase de métamorphisme précoce et le métamorphisme

tardif associé  I’intrusion du batholite du Baltoro (Bertrand et al., 1988), les ages entre 21 et O

Ma reflétant une phase de refroidissement.
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- L’ensemble de I’évolution métamorphique de la marge Karakorum est plus récent, avec une
phase A moyenne pression et moyenne température contemporaine de la mise en place du
Baltoro (21 Ma) et une phase de relaxation thermique au cours de la décompression vers 9 Ma

(Lemennicier et al., 1996).
Tl semblerait donc qu’un épisode métamorphique majeur et jeune (25-1 Ma) affecte la marge

Karakorum mais aussi I’ensemble crofite indienne + Ladakh + Karakorum, méme si aucun lien

entre I’évolution métamorphique du Nanga Parbat et celle du Karakorum n’a encore €té montré.
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II. La Construction de la Marge Asiatique pré-

Himalayenne
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Les nombreux décrochements qui affectent le pourtour de la chaine himalayenne (s.l.)
délimitent des blocs tectoniques déja suturés avant la collision indo-asiatique (Pozzi et al., 1972 ;
Burg, 1983 ; Allégre et al., 1984 ; Sengor, 1984, Dewey et al., 1988 ; Matte et al., 1996). Ces
blocs sont de petite taille, provenant probablement du démantélement du Gondwana au
Protérozoique supérieur (Bond et al., 1984). On observe un rajeunissement des zones de sutures
du nord vers le sud (Allégre et al., 1984 ; Matte et al., 1996 ; Fig. I1.1) :

-Au nord, I’accrétion du bloc du Kulun-Qinling au bloc du Tarim est datée Silurien.

-Plus au sud, le bloc de Songban-Ganzi est accrété au Trias inférieur, il pourrait s’agir de
I’extrémité ouest du bloc de la Chine du Sud (Dewey et al., 1988).

-Le bloc de Quiantang est accrété au bloc précédant au Trias supérieur, aprés la subduction de
la Paléo-Téthys. _

-Ensuite, le bloc de Lhasa, limité par la suture de Bangong au nord et par celle de 1’Indus-
Tsangpo au sud, est accrété au Jurassique Supérieur - Crétacé inférieur.

-Enfin, la plaque Indienne est accrétée au Paléocéne.

C’est ainsi que la plaque asiatique a progressivement été nourrie par accrétion successive de
micro-blocs le long de sa marge sud. Mais quand ce mouvement d’accrétion progressive a-t-il
Masherbrum, dans la marge sud-est Karakorum a quelques kilométres au nord de la suture de
Shyok, nous avons retrouvé une klippe composite de roches vertes et de s€diments, ot nous avons
pu mettre en évidence un magmatisme d’age Ordovicien. Un tel magmatisme, ici situé au sud du
bloc Karakorum, a également été signalé dans de nombreuses sutures du centre-est asiatique, et
semble donc ne pas s’inscrire dans un schéma d’accrétion successive N-S, pourtant valable a partir
du Silurien. Les caractéristiques géochimiques des roches vertes du Masherbrum montrent qu’il ne
s’agit pas d’une ophiolite, mais d’un agglomérat d’écailles d’arc, d’arriére-arc et d’OIB, empilées
au cours d’une phase d’accrétion intra-océanique. Des caractéristiques géochimiques similaires ont
été décrites dans de nombreuses zones de suture du centre-est asiatique, suggérant un important
magmatisme d’arc durant cette période. La situation géodynamique du centre-est asiatique au cours
de I'Ordovicien pourrait donc étre plus complexe qu’initialement proposé, et pourrait étre

comparable a la marge sud-ouest Pacifique actuelle.

37




Nord ' Sud

TARIM PLATE

450 Ma

380 Ma

W. CIANGTANG BLOCK

W. QIANGTANG BLOCK

V'l"IANSHEIHM INDOSINIAN
Wunlun = BELY Bangong zono

W, GLANGTANG Bafidg #nE Shiguanhe Lhasa Black
BLOCK i
140 Ma
70 Ma
Tsang Po sulure
Gangdise INDIAN PLATE

Fig. IL.1. Evolution séquentilie en coupe de la marge asiatique du Silurien & ia coliisiqn indo-asiatique (50 Ma), d'aprés Matte et al. (1996),
l6gérement modifié. Depuis le Silurien, la marge sud-astatique est nourrie par accretion SUCCessive de blocs.

Soumis a Geodinamica Acta
Presence of Ordovician series in the South-eastern Karakorum (N Pakistan):

evidence for Early Palaeozoic arc - back-arc formation and intra-oceanic accretion.

“Yann ROLLAND#*, **Christian PICARD, *Arnaud PECHER, Igor M. Villa®, Elisabeth
Carrio®.

* LGCA-LGIT, UMR-A5025 CNRS - Université J. Fourier, Maison des Géosciences, BP
53, 38041 Grenoble, France. '

*Université de Nouvelle Calédonie, BP 4477, Géosciences, 98847 Nouméa, Nouvelle
Calédonie.

¢ Isotopengeologie, Erlachstrasse 9a, 3012 Bern, Switzerland.

Keywords: Karakoram, Ordovician, arc, back-arc, isotopes, accretion

ABSTRACT

New geological, geochemical and "geochronological data from the Southern Karakoram (NE

Pakistan) indicate the presence of several unexpectedly old and well preserved units along the Asian
margin:
- aPrecambrian basement, displaying a minimum amphibole Ar-Ar age of 651 Ma;
- a thick Ordovician platform-type sedimentary unit overlying the Precambrian basement,
with Lower Ordovician graptolith and crinoid faunas, this age being confirmed by concordant
¥S1/*°Sr age of the marbles;
- adismembered Ordovician ophiolitic series formed by imbricated slices of metagabbros and
metabasalts separated by ultramafic lenses (the Masherbrum Greenstone Complex).
The occurrence of such Ordovician series overlying a Precambrian basement in south-eastern
Karakoram similar to the south-western Karakoram suggests that the Karakoram constitutes a
continuous tectonic- block. The petrology and geochemistry of the Masherbrum Greenstone

Complex (mineral chemistry, major and trace element and Sr-Nd isotopic data) is suggestive of a

supra-subductive environment. The presence of LREE-enriched calc-alkaline rocks [(La/Yb),

4.4-5.6; (Nb/La), = 0.2-0.3; eNd,;, = 4.5-6.2] and LREE-depleted tholeiitic rocks [(La/Yb),

I

0.5-1.3; (Nb/La), = 0.6-0.9; eNd,;, = 6.0-7.8] are consistent with arc and back-arc settings,
respectively. A high-Mg andesitic dolerite with low eNd and transitional LREE enrichments

[(La/Yb), = 3.4; (Nb/La), = 0.7, eNd,,, = 0.1], which crosscuts the arc series, suggest the

contribution of a more enriched EMII-type source or pelagic sediment melting in the arc source
region. Finally, an OIB-type metabasalt, with high LREE contents and Ti, Nb and Ta enrichments

[(La/YDb),= 10.7; (Nb/La),= 1:1; eNd,,, = 4.2], features the probable agglomeration of an Ocean
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Island to the arc system. The Masherbrum Greenstone Complex, along with other Ordovician
central-eastern volcanic series give evidence of a tectonic situation governed by micro-plate
convergent-divergent systems with occurrence of arc - back-arc settings during the Lower

Palaeozoic, comparable to that of the current SW Pacific area.

Résumé - Présence de séries Ordoviciennes dans le Sud-Karakoram (N
Pakistan): évidences pour la formation de séries d’arc et d’arriére-arc et de leur
accrétion intra-océanique au cours du Paléozoique inférieur.

Des données nouvelles sur les séries sud-est Karakoram (marge Asiatique du NE Pakistan),
révélent la présence d’un ensemble d’unités bien préservées dgées du Précambrien a I’Ordovicien
moyen :
- un soubassement Précambrien, avec un dge Ar-Ar minimum de 651 Ma ;
- Une épaisse unité sédimentaire de plate-forme, reposant sur le socle Précambrien, montrant
des faunes de crinoides et graptolites datées de 1’Ordovicien inférieur, cet age étant confirmé par
I’age ¥S1/*®Sr des marbres ;
- Une ophiolite démembrée, comprenant un ensemble d’écailles de métagabbros et de
métabasaltes séparés par des lentilles d’ultramafites (le complexe de roches vertes du

Masherbrum).
La présence de séries Ordoviciennes et d’un socle Précambrien dans le sud-est Karakoram,

analogue aux séries décrites dans la partie sud-ouest Karakoram, révéle une continuité géologique
longitudinale le long de la marge sud Karakoram. La pétrologie et la géochimie sur le complexe de
roches vertes du Masherbrum (éléments majeurs et traces, isotopes du Sr et du Nd) montrent des

signatures interprétables en termes d’environnements d’arc et arriére-arc. La présence de roches

calco-alcalines enrichies en LREE [(La/Yb), = 4.4-5.6; (Nb/La), = 0.2-0.3; eNd,;, = 4.5-6.2] et de
roches tholéiitiques déprimées en LREE [(La/Yb), = 0.5-1.3; (Nb/La), = 0.6-0.9; &Nd,;, = 6.0-
7.8] sont compatibles avec des contextes d’arc et d’arriére-arc, respectivement. Une dolérite

andésitique riche en magnésium, avec des enrichissements modérés en LREE et un eNd bas

[(La/Yb), = 3.4; (Nb/La), = 0.7, eNd,,, = 0.1], recoupant la série d’arc, suggere la contribution

d’une source plus enrichie de type EMII ou la fusion de sédiments pélagiques dans la zone source

de I’arc. Enfin, un métabasalte de type OIB, présentant des enrichissements en Nb, Ta et Ti et un
faible eNd [(La/Yb), = 10.7; (Nb/La), = 1.1; eNd,,;, = 4.2], suggere I'agglomération d’une ile

océanique au systeme d’arc.
Le complexe du Masherbrum, ainsi que d’autres séries d’arc Ordoviciens décrits en limites de

micro-blocks de I’ Asie Centrale et Orientale suggérent que la géodynamique a I’Ordovicien a été
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Figure 1. Carte schématique de la syntaxe Pamir-Karakoram, montrant la
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étudiée dans le sud-est Karakoram. MKT: Main Karakoram Thrust, limite majeure
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dominée par une tectonique d’arc complexe comparable a celle qui régit la marge SW Pacifique
actuelle.

1. Introduction

Since Early Palacozoic times, continued plate tectonics, involving closure of oceanic
domains, crustal aggregation of numerous micro-plates and mountain building occurred in the
central-eastern Asian realm to form the present day Himalayan mosaic. One puzzling problem
concerns the Palacozoic geodynamic setting of some parts of this mountain belt. The Karakoram,
located in a central position in the tectonic canvas of central-eastern Asia (Fig. 1), is a key region
for a better understanding of the geodynamics of Central-Eastern Asian Blocks during the Lower
Palaeozoic.

The south-western part of the Karakoram (north-west Pakistan) has revealed the presence of
Ordovician to Triassic series resting on a Pre-Arenigian (>465 Ma) basement (Talent et al., 1979;
Le Fort et al., 1994; Gaetani et al., 1996). The northern Karakoram region has revealed Permian to
Jurassic rocks, starting with Lower Permian terrigenous alluvial material, covered by Upper
Permian and Triassic carbonate peritidal-type carbonate formations and ending up with Liassic
molasses layers and shallow Upper Jurassic marine carbonates (Gactani et al., 1990a; Fliigel &
Gaetani, 1991). However, the age and geodynamic evolution of the south-eastern Karakoram
margin remains poorly documented, due to great tertiary metamorphic overprint in this area since
the Eocene India-Asia collision (~ 50 Ma) up to Pliocene (~ 9 Ma). This metamorphism culminates
with amphibolite to granulite conditions and large plutonism in the Braldu Valley (Dassu to Askole;
Bertrand et al., 1988; Searle et al., 1989; Allen & Chamberlain, 1991; Lemennicier et al., 1996;
Rolland et al., submitted; Fig. 2). This part of the Karakoram is currently thought to be the
southern equivalent of Upper Palacozoic northern Karakoram series (Searle, 1991). However, a
lower metamorphic -grade area is exposed south-west of the Braldu Valley from Upper Thalle
Valley in the south to the Southern edge of the Masherbrum Peak in the north (Searle et al., 1989).
This lower grade area has received much less geological visits in the recent past, but was pioneered
by the previous geologists who visited the area at the end of the nineteenth century. Initial
investigators of the area signalled the presence of fossiliferous limestones on the southern slope of
the Masherbrum Peak, showing echinoderms of the genus Sphaeronites that they attributed to the
Silurian. The samples were collected by E. C. Ryal during an expedition led in 1865, and were
determined by Verchére (1867) and De Verneuil (1867). But, in the following expeditions, neither
Lydekker (1883) nor Campbell Smith (1917) noticed the presence of such fossils. However, this
Silurian age was used by Dainelli (1934) in its reconstitution of regional stratigraphy and tectonics

of north-western Himalaya. Further, the Masherbrum formations were attributed a Permo-
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Carboniferous age by Gattinger (1961), on the basis of sediment facies analyse. Later on,
after the field campaigns of Desio (1964) and Zanettin (1964), the foundings of Ryal and Verchére
were regarded as scarcely credible, but some doubt remained as Desio and Zanettin did not reach
the base of the Masherbrum Peak, area where the fossils were described. In the past thirty years no
bio-stratigraphic constrains have been provided for the Palaeozoic protolith of the Karakoram, and
the Silurian fossils found by Ryal were not taken into account.

The objective of this work is to give further constrains on the pre-Himalayan history of the
Karakoram margin and attempt to integrate it in the geodynamic canvas of central-eastern Asian
blocks during the Lower Palacozoic. Therefore, we will focus on the lower metamorphic zone of
south-eastern Karakoram which was previously explored by Ryal, from Upper Thalle Valley to the
southern edge of the Masherbrum Peak (Fig. 2).

The age constrains are provided by both relative (palacontology) and absolute (Sr, Nd, Ar
isotopes) chronometers. The geodynamic setting will be reconstituted through geological and
geochemical analysis of sedimentary and magmatic rocks, and their comparison with current

settings.

2. Geological setting

The limits of the Karakoram block are still approximately defined, although they were largely
precised in the past thirty years (Fig. 1). To the west, the western limit of Karakoram with east
Hindu Kush is proposed along the Tirich Mir fault or along the Chitral fault (Gaetani et al., 1996;
Zanchi et al.,, 1997). To the north, the boundary with south Pamirs is poorly defined, as the
Wakhan part of Afghanistan is still difficult to reach for political reasons. But a limit along the Kilik
fault at Chapursan has been proposed by Zanchi (1993) and Gaetani (1996), as this fault thrusts
Permo-Carboniferous sediments over northern Karakoram Cretaceous sediments, and can be
followed westwards to the western Karakoram (Kafarskyi & Abdullah, 1976; Buchroithner &
Gamerith, 1986). To the East of the Karakoram Fault, formations have been included in the
Karakoram s.I. by numerous authors (Desio, 1992; Thakur & Misra, 1984; Rai, 1983; Searle et
al., 1998). But this interpretation is still debated, as Gactani et al. (1990a) and Gaetani et al.
(1990b) proposed that the sedimentary successions of the Shaksgam Valley could belong to the
south Pamirs, as also supported by descriptions of the Qiantang area by Sun (1993). To the South,
the boundary with the Ladakh Terrain is a complex suture zone closed in the upper Cretaceous (the
Shyok Suture Zone) and reactivated during the Tertiary (Main Karakoram Thrust; Tahirkeli et al.,
1979; Hanson, 1989; Treloar et al., 1989; Searle, 1991; Rolland et al.,, in press).
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The Karakoram is composed of two east-west striking belts separated by the axial batholith of Mid-
Cretaceous to Upper Tertiary age (Debon et al., 1987). The northern sedimentary belt is formed by
Permian to Jurassic slates and limestones (Gaetani et al., 1990a; Fliigel & Gaetani, 1991, Gaetani,
1996). The southern Karakoram belt is known as the Karakoram Metamorphic Complex (Desio,
1964: Desio et al., 1985; Searle et al., 1989). In the south-astern Karakoram (Skardu area, Fig. 2),
the Karakoram Metamorphic Complex is mainly made of metasediments, which have been divided
in the Ganshen Formation (paragneisses and minor marbles) and the Dumordo Unit (principally
marbles and marls: Desio, 1964), and of various metagranitoids (orthogneisses). A minor
proportion of amphibolites and metabasites occur from Askole in the west, to the upper Hushe
Valley (south of the Masherbrum Peak). This last series, refereed to as the Panmah ultramafic-
mafic unit by Searle et al. (1989) and Searle & Tirrul (1991), and presumed to be a Mesozoic
suture remnant by these authors, or to represent the Shyok Suture Zone volcanics folded into the
southern Karakoram margin (Bertrand et al., 1988). This unit is better preserved South of the
Masherbrum Peak, where it shows slices of ‘various magmatic origins, and minor ultramafic
interlayers, consequently we prefer the name of Masherbrum Greenstone Complex to that of
Panmah ultramafic-mafic unit.

These units were intensely deformed during the Himalayan period, which started with the
collision of Indian and Asian plates at ~ 50 Ma (Treloar et al., 1989; Tonarini et al., 1993; de
Sigoyer et al., 2000; Rolland et al., in press). The tectonic style during the 50-20 Ma period
corresponds to the stacking of a poly-metamorphic pile in a NW-SE aligned, south vergent
compressive context, associated to intense isoclinal folding (Searle et al., 1989, Allen &
Chamberlain, 1991). During this period, a first phase of magmatism occurred with the intrusion of
Mango Gusor type granites, the Mango Gusor pluton being dated to 37 Ma (Searle et al., 1989).
The tectonic pile was afterwards intruded by the large Baltoro Batholith at ~ 20 Ma, which
crosscuts the Karakoram with an east-west direction (Debon et al., 1987). During the later period
(20-6 Ma), intense migmatization and granulitisation occurred along the Braldu Valley (Fig. 2),

linked to the development of a thermal anomaly (Lemennicier et al., 1996; Rolland et al., in prep.).

3. Results

During summers 1997 and 1998, we particularly investigated the Braldu, Masherbrum and
Thalle Valley areas, where we analysed the Ganshen and Dumordo units, the Masherbrum
Greenstone Complex and some recent granites, but we also discovered a Precambrian basement,
which has not been described yet (Figs. 3 & 4).
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Figure 4. Cross-section of the Southern Karakoram margin in the Upper Thalle Valley. For location

Figure 4. Coupe de la marge sud-Karakoram dans la haute vallée de Thalle. Pour la localisation de la

3.1. The Precambrian basement

The Precambrian basement outcrops in a kilometre large window on the northern side of the
MKT in the Upper Thalle Valley, near the village of Kussomik (Figs. 3 & 4). It appears in the core
of an anticline, on the northern limb of the Shyok Suture. It is overlain by lower Palaeozoic pelitic
series (see § 4.2) along a discontinuous and boudinated amphibolite layer (Fig. 4). The basement
(sample L.131) is a mildly foliated metadiorite. In thin section, the metadiorite consists of centimetre
large magnesio-hornblende / pargasite and plagioclase crystals with abundant accessory phases
(sphene, apatite and magnetite) metamorphosed in the greenschist facies with minor occurrence of
chlorite at the rim of the amphibole or in the matrix. Microprobe analyse of amphibole grains shows
a progressive substitution of a pargasitic edenite core, with a Ca/K of ~ 20 by magnesio-hornblende
towards the rim showing a Ca/K of ~ 15.

Ar-Ar spectra of the amphibole separate of sample L131 is presented on figure 5A. It
displays a staircase age spectrum from the lower temperature step (703°C; 166 Ma) to the higher
temperature step (1287°C; 651 Ma). Age increase correlates with increasing Ca/K values from 0-7
to 20 (Fig. 5B). This discordant argon spectrum suggests important Ar loss of amphibole through
recrystallisation during greenschist grade Himalayan metamorphism. We believe that, as already
proposed for some metabasites from the Shyok Suture Zone by Villa et al. (1996), the higher Ca/K
ratios displayed by the older age steps of the Ar-Ar spectrum reflect the contribution of the
amphibole core. Recent systematisations of age-chemistry correlations are given by Belluso et al.
(2000) and Villa et al. (2000). The core would probably represent the magmatic stage, whereas the
rim would represent metamorphic reequilibration. In particular, the very low Ca/K values of the
lower age steps (0-7) are due to the contribution of phyllosilicates. Consequently, the age of 651
Ma may be considered as a minimum age for the Precambrian basement in regard to Ar loss of the
amphibole core. _

The geochemical analyses of sample L131 are presented in Table I and figure 6. L131 is a
high-Mg diorite, with similar major element contents as current Mg-rich andesites (Shinjo, 1999;
Kay, 1978). L131 has mafic characteristics including high Mg # (Mg/Mg+Fe* = 0.72), elevated
Fe,0, + MgO + TiO, + MnO (10.7 wt%) and relatively high Ni and Cr contents (63 and 11 ppm,
respectively), for such a SiO, content. In spite of this mafic character, L131 displays a marked
negative Nb-Ta anomaly [(Nb/La), oz = 0.2], typical of arc lavas. Further, it displays high LREE
and low HREE contents [(La/Yb) 4 = 911 and a relatively high Sr content (385 ppm), which
are found in adakitic lavas (Martin, 1999; Defant & Drummond, 1990; Sajona et al., 1996). These
compositions are therefore transitional between adakites and typical calc-alkaline arc lavas,

suggesting a supra-subductive setting and a high geothermal gradient (e.g., Martin, 1986).
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3.2. The Lower Palaeozoic series :
300} Figure 5. A, Ar-Ar spectra of L131 homblende
separate. B, Ca/K vs. age diagram (calculated from
200 the data obtamed with the rare gas spectrometer).
i 10 . ‘ . . The Ca/K rai;ﬁo of amp}nboklle core, obtained w1(t1h a
- microsond, has also been shown. Note the good fit
0 2 4 % e 100 of amphibole core Ca/K microsond ratio value with

«
&«
&«
€ D % Ar released older steps (651 Ma) Ca/K rgtio values.
«
€«

In the Upper Thalle Valley, the basal part of the Lower Palaeozoic Series is a thick band of

metapelites (quartz, K-feldspar, biotite/chlorite, muscovite) and sandstones / quartz-arenites

overlying the Precambrian Basement (Figs. 3 & 4), and forming a 2500 - 3500 meters thick band

parallel to the Shyok Suture. The mainly silico-clastic nature of this basal part resembles the

Ganshen Unit and Hushe gneisses (Desio, 1964). In the metapelitic lithologies, the assemblage: )
Figure 5. A, spectre Ar-Ar du séparat de

hornblende de I’échantillon L131. B, diagramme
Ca/K vs. age (données obtenues a partir des
analyses spectrométriques de gaz rares). Le rapport
Ca/K du cceur de I’amphibole, obtenu avec la

muscovite + biotite + quartz + K-feldspar corresponds to greenschist facies metamorphic
conditions. This basal part of the Lower Palacozoic Series is structurally overlain by a folded R2=0.8811

sequence of marls and limestones (upper part). The contact between the two parts is a north dipping

> 400 1 ¢ Mi d ; < s - <
extensive fault (Fig. 4). The mineralogical nature of the upper part shows lower metamorphic grade & ey Vlff]rgs %I;- ggﬁ;%sggg(; ;(‘?fg;i?;g;itaeplsggrg éjﬁoéizciur
assemblages at the anchizone — greenschist facies transition (calcite, smectite/chlorite, quartz * m Amphibole d’amphibole obtenu par microsonde avec le rapport

. . . . ; 2001 Cars Ca/K des paliers d’ages supérieurs (651 Ma).
phengite). The mainly carbonaceous nature of this upper part resembles the Dumordo Unit %

; ; ; ’ . : 1007
described by Desio (1964). The limestones display abundant palacontological faunas, mainly m 5 . &\\Q
graptoliths and crinoids clasts, mixed with rounded quartz grains (< 5 mode-%), defining a detrital 0 5 1_0 15 20
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platform-type environment. The graptoliths are of the type Dictyonema flabelliform (F. Atrops, né%:;giised Eh[f:];nle‘;i ;ﬁ?eri of
Lyon, pers. Comm.), characteristic of the Lower Ordovician. In parallel to this palaeontological 1 ]}:rlesclﬂﬂ;}ﬁiic‘iﬂbB336311%112‘53&1“131?

: - , 1illea boxes). Patterns o
age, we have measured the isotopic Sr ratio of a purely carbonated graptolith-crinoid bearing ] % 100 " Tsland arc andesite (Ladakh), [34] eeiies. N d | adakites, high-Mg andesites and of
marble. The measured ¥'Sr/**Sr ratio was plotted in the Sr isotope evolutionary curve of seawater m% ' b Saj?)nlafe:t, M & galnao, } 2 rgg:i:;;l é;a;it?cl)(g)n?gnd arc
versus time of Burke et al. (1982), (Fig. 7). The graptolith-bearing sample yielded a *’St/**Sr ratio = | comparison. Note the good fit of

L.131 and adakites, except a deeper
Nb-Ta negative anomaly.

e H%I“ Normalisation values of Sun and
Mac Donough (1989).

of 0.709060 =11, which corresponds to an age of 480 + 25 Ma on the curve of Burke et al,,

fliy
therefore representative of a Lower Ordovician age. To test the validity of the Sr age estimations, ’
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two foraminifera-bearing samples of known age (Mesorbitolina, Albian-Aptian), from the
High-Mg andesites,

Figure 6. Analyse géochimique de
Shinjo [41] = g v

neighbouring Shyok Suture Zone, were analysed with the same method and yielded a *'Sr/*St ; :
I’échantillon de socle Précambrien,

& / lgmige

mgsaﬁu

ratio of 0.707184 =11 in accordance with an Albian age of 105 = 5 Ma. In each case, the *’St/*St Precambrian *  normalisé au manteau primitif
ratio is conform to the palacontological age, confirming the validity of the geochemical method of 1 gr===Bhsement P | (carrés noirs, échantillon L131).
(L131) . Les profils normalisés des

dating. adakites, des andesites
magnésiennes et d’une andésite

. d’arc volcanique du Ladakh, sont
' montrés pour comparaison. Notez

- e ey la ressemblance des profils

3.3. The Masherbrum Greenstone Complex
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3.3.1. Structure of the Masherbrum Greenstone Complex @ excepté une anomalie négative en
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The Masherbrum Greenstone Complex is a kilometre thick sequence best preserved on the : Valeurs de normalisation de Sun et
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The whole series defines a kilometre-thick unit folded inside the Dumordo marbles (Figs. 8
& 9A-B). The curved shape of the tectonic slices of different origins, which appear to thin and
truncate laterally suggest that the initial tectonic stacking of units occurred before folding. The
superposition of ophiolitic slices on serpentinised ultramafics suggests that the serpentinite
lithologies may served as “soap layers”, and that the “décollement” was possibly initiated during an
intra-oceanic deformation phase. The whole sequence was subsequently thrusted over the Lower
Palacozoic Series marbles (Figs. 8 and 9A-B). The directions of the folds and of the contacts range
between 90 and 110°E, showing a strong transposition of all original tectonic and lithological
surfaces in the direction of Eocene-Miocene Himalayan structures (as for instance the Shyok Suture
Zone, 20 km to the south; Fig. 2). The Himalayan deformation was mainly ductile and

characterised by large and steep isoclinal folds. Some south-dipping faults (¢ in Fig. 9B),

associated with ductile normal shearing reactivate the tectonic pile, probably in consequence to the
intrusion of the Miocene Baltoro granitic batholith and of doming, which occur to the north

(Bertrand et al., 1988; Searle et al., 1989; Lemennicier et al., 1996).

3.3.2. Lithology

The lower slices of the complex (200-300 m; a in Fig. 9B) are formed by metagabbros cross-
cut by a doleritic dyke swarm, the dikes thickness ranging 10-40 cm. In thin sections, both gabbros
and dolerites show finely recrystallised pyroxene patches into acicular amphibole (<1 mm long) and
triple-jointed albite + epidote grains.

A slice of volcano-sedimentary formations of ~ 100 metres thick is interlayers in the lower
gabbroic scales (b in Fig. 9B). These formations are made of thin (0.5-30 cm) layers of metabasites

and metapelites, and rare bands of leptynite. In thin sections, the metapelites are finely

recrystallised into muscovite — quartz — biotite — albite + garmet + staurolite, whereas the

metabasites are finely recrystallised into tschermackite — albite — epidote + biotite. The very fine
structure of the rocks and layering of Fe-Mg rich / silica rich levels suggest that the protholith was
made by alternated volcanic tuff and sedimentary layers. ‘
Further up, irregular slices of ultramafics (150-200 metres thick; ¢ in Fig. 9B) overlan.l .the
metagabbros. Ultramafics are made of thick tale - Mg-chlorite — magnesite layers, containing
preserved boudin cores of serpentinite. Serpentinite shows minor proportions of calcite (5-15%)
and more important proportions of antigorite and bastite serpentine (90-80%) in replacemeni:, of
clinopyroxene, olivine and orthopyroxene respectively, and millimetre-large rounded chrome spinel
cores, surrounded by magnetite rims (1-8%). Consequently, the protholith of these ultramafics

should have been mainly of harzburgitic composition, as minor proportion of calcite may feature

minor proportion of initial clinopyroxene.
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Unit Masherbrum Complex P.B.
Sample N° L10 L4 L12 L36 L28 L27 120 L13 L131
Lithology gabbro B andesite diorite gabbro gabbro diorite basalt  high-Mg and. High-Mg
Type Arc type Back-Arc type OIB-type dolerite diorite
Major elements (wt%-normalised to 100%)
Si0, 51.06 53.92 58.24 50.80 53.74 60.43 49,57 56.50 57.85
TiO, 0.69 0.78 0.81 0.33 0.87 1.00 3.54 0.36 0.77
ALO, 17.09 17.16 16.76 16.74 17.32 15.02 14.17 13.60 14.42
Fe,0; 1.59 1.46 1.35 1.10 1.60 1.48 2.12 1.25 1.15
FeO 8.11 7.44 6.89 5.60 8.17 7.54 10.81 6.35 5.88
MnO 0.52 0.16 0.13 0.13 . 0.12 0.12 0.13 0.16 0.15
MgO 7.40 5.67 4.17 10.80 6.36 4.53 8.33 8.92 857
Ca0 10.82 10.26 9.00 12.35 8.15 5.14 8.85 9.68 6.99
Na,0 2.44 2.68 2.27 1.99 3.26 4.24 1.94 2.97 2.69
K,0 0.15 0.26 0.22 0.12 0.35 0.42 0.07 0.20 1.33
P,0s 0.11 0.20 0.16 0.04 0.07 0.08 0.47 0.02 0.17
LOI 0.80 0.65 0.34 1.44 1.35 0.70 8.88 0.74 2.12
Trace elements (ppm)
Ba 53 73 43 12 30 24 36 39 424
Rb 0.86 3.63 5.43 4,67 6.56 6.34 1.40 1.86 34.35
Sr 365 458 528 117 225 139 404 126 386
Ta 0.12 0.19 0.57 0.04 0.23 0.11 1.61 0.32 0.14
Th 1.82 3.43 4,03 0.13 0.59 0.32 2.94 2.54 0.86
Zr 80 83 130 26 79 70 230 32 86
Nb 1.6 2.4 4.0 0.5 2.7 1.1 26.4 39 1.8
Y 15.30 20.07 22.45 13.74 26.30 18.78 27.65 15.26 9.74
Hf 0.57 1.08 0.51 0.31 0.31 0.40 0.63 0.32 0.46
Cr 107 59 28 308 23 22 254 15 11
Ni 46 28 14 96 61 9 211 125 63
Co 72 62 46 48 92 45 69 469 578
U 0.756 1.125 1.370 s 0.173 0.082 0.647 0.614 0.173
Fb 13.04 7.86 7.38 431 9.40 1.80 6.90 491 5.97
Cs 0.06 1.25 1.55 1.79 1.69 1.64 0.34 0.23 0.77
La 8.01 14.53 14.35 0.74 3.27 1.85 26.78 5.88 10.28
Ce 17.92 29.56 29.83 2.15 7.83 5.07 62.16 12.20 22.69
Pr 2.36 3.83 3.68 0.38 1.18 0.83 8.22 1.39 2.84
Nd 10.35 16.73 14.83 2.13 5.70 4.53 36.48 5.34 12.06
Sm 270 4.06 3.58 0.89 1.94 1.72 8.72 1.43 2.65
Eu 0.785 1.239 0.976 0.354 0.795 0.425 2.738 0.606 1.024
Gd 2.60 3.88 3.46 1.09 2.13 2,03 7.83 1.59 273
Th 0.432 0.617 0.551 0.236 0.425 0.435 1.173 0.276 0.323
Dy 2.41 3.32 3.48 1.70 3.04 2.82 5.66 1.87 1.76
Ho 0.497 0.675 0.780 0.409 0.709 0.608 0.993 0.441 0.370
Er 1.43 1.97 2.03 1.10 1.89 1.85 2.47 1.17 0.90
Yb 1.235 1.742 1.882 1.071 1.764 1.757 1.686 1.157 0.764
Lu 0.185 0.257 0.276 0.165 0.268 0.256 0.229 0.181 0.118
(La/Sm)cpondrite-N 1.9 2.3 25 0.5 1.1 0.7 1.9 2.6 2.4
(La/Yb)cnondriten 4.4 56 L) 05 13 0.7 10.7 3.4 9.1
Mg# 60 58 50 76 56 50 55 2 72
Isotopic ratios:
“Nd/*“Nd - 0.512713£8 0.512751£10  0.513037+9 0.512969+11 0.513039=5  0.512689+3 0.512538x11 %
(Nd/Nd) o - 0.51226 0.51237 0.51233 0.51240 0.51243 0.51224 0.51204 -
E(Nd)ir - 4.49 6.16 5.96 7.23 7.83 4,15 0.13 B
WSm/“Nd - 0.14656 0.12880 0.22713 0.18397 0.19678 0.14453 0.16228 =
“S1/St = 0.705246+9 0.705432430 0.704846x21 0.706582+19 - S 0.706750+25 -
(“S1/™S1),n 4 0.70510 0.70523 0.70407 0.70601 0.70646 -
E(St)ar; - 16.30 18.30 1.79 29.42 - 3577

P.B.: Precambrian Basement.; B andesite: Basaltic andesite; and.: andesite

(*): not determined due 1o elevated LOI
Table I - Geochemical analyses of Precambrian Basement and of the Lower Ordovician Masherbrum Greenstone Complex of the Karakoram.




Local presence of chrome spinel layers suggests some layering of the ultramafic series.

At the top of the series (d in Fig. 9B), a thick band of dark metabasites is comprised between
two layers of ultramafics. The rocks are very homogeneous, black and thin-grained, appearing to
form thick flow successions. In thin sections, the metabasites show very thin recrystallisation of
calcite - chlorite - actinolite - albite with no trace of previous phenocrysts, suggesting that the
protolith may have been an aphanitic lava.

Consequently, the lithological associations of the Masherbrum Greenstone Complex appear
to form dismembered sections of a complete ophiolite series defined as harzburgitic ophiolite type
by Nicolas & Jackson (1972) and Nicolas (1989). From field investigations, the following
reconstitution could be proposed, from base to top:

° the ultramafics present signs of layering and segregation, and could represent
the transitional zone or basal cumulitic zone of an oceanic crust;
° the gabbroic section, cross-cut by the sheeted dyke swarm, which could

represent the cumulative ophiolitic section;

L the basaltic section at the sea-floor level, which would represent the upper
part of the ophiolite;
® the overlying pelagic / volcaniclastic sediments.

3.3.3. Mineralogy

Most initial minerals were metamorphosed during Himalayan metamorphism, such the
primary minerals pyroxene - plagioclase sometimes recognisable texturally in the metabasites,
which has been recrystallised into albite - tschermakite - epidote * biotite. Metapelites display
biotite - muscovite - albite - quartz + garnet  staurolite, defining epidote-amphibolite facies
metamorphic conditions. However, spinel relicts in the ultramafics show some well-preserved
chromitic cores from metamorphism (Fig. 10A), displaying high Cr,0, (> 40 wt%), moderate
ALO,; (~ 20 wt%), FeO, (—i .25 wt%), MgO (~ 5wt%) and TiO, (< 0.1 wt%) contents. In a plot of
Cr# (atomic ratio of Cr/[Cr+Al]) vs. Mg# (atomic ratio of Mg/[Mg+Fe*]) of spinel core
compositions, Masherbrum spinels differ notably to oceanic mantle spinels in having higher Cr#
and lower Mg# (Fig. 10B). Masherbrum spinels show similar compositions as arc cumulate spinels
(Kepezhinskas et al., 1993; Arai, 1992; Fig. 10B), and are in the field of Kohistan arc spinels (Jan
& Windley, 1990). Considering their low Fe# (atomic ratio of Fe/[Fe + Cr + All) and TiO,,
Masherbrum spinels appear to be very close to boninitic mantle spinels (Orberger et al., 1995; Fig.
10C).
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Fig. 9. A: Panoramic view of the Masherbrum Greenstone Complex (photos taken from the left side of the Masherbrum Glacier).

B: Geological cross-section (corresponding to pictures 1 & 2, Fig. 9A). a: gabbroic slices; b, volcano-sedimentary slice; c,
ultrainafics; d, metabasaltic slice; e, metapelites (ganshen Unit); f, granitic dyke; g, orthogneisses and h, marbles.

Fig. 9. A: vue panoramique du complexe de roches vertes du Masherbrum (photos prises de la rive gauche du Glacier du
y:ts‘;f:ﬂl)rurin). B: C,(;L}pf: gc(_)loglquel: (corrftispondan{ aux photos 1 & 2, Fig. 9A). a: écailles de gabbro; b, écaille de

iel volcano-sédimentaire; ¢, ultramafites; d, écaille de métabasaltes; e, métapélit h it); iti
e métapélites (ganshen Unit); f, dyke granitique
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3.3.4. Geochemistry 60 ——Mg0

8 samples have been collected through the different mafic and ultramafic slices of the
Masherbrum Greenstone Complex (cf. Fig. 8) and analysed by XRF and ICP-MS for major and

trace elements (see analytical method in annexe of the article and Table 1).

wt%

Although alteration and upper greenschist grade metamorphism generally restrict the use of

major element data, Masherbrum Greenstone Complex samples can be separated clearly in two

distinct groups considering major elements:
Most samples (6 samples from L4, L10, L12, L27, L28 and .36 in Table I) display a wide

silica range from 51 to 60 wt%. Silica poor samples (SiO, = 51 - 54 wt%) show relatively high .
MgO (6 - 11 wt%), AL,O, (17 wt%) and CaO (10.5 - 12.5 wt%), and low TiO, (0.3-0.8 wt%) and | B Kohistan arc
Na,0+K,O contents (1.8 - 3.7 wt%); whereas silica rich samples (SiO, = 54 - 60 wt%) display _ 08 | / q?\;
relatively low MgO (4.2 - 4.5 wt%), ALO, (15-17 wt%), CaO (5 - 9 wt%) and slightly higher TiO, ity SO0 5, Masmdtie Tk 4. Sl AT YSiHAg Srmplehy 5, Shrtans, iceatm o~
contents (0.8-1%) and high Na,0+K,0 contents (up to 4.6 wt%). Such low TiO, and high ALO, tl e dod morsenis; & glasie, : _ 5’? /
figure 8. Carte géologique d lexe de roch m. 1, roches gabbro-dioritiques : 2. —
contents for most primitive samples are typical of tholeiitic arc to calc-alkaline arc series. fr:fhf;r: fmf:;f-;;?iﬁ%ﬁ?r; cgn}ﬂ:ﬁi i&iﬁ:ﬁ;ﬁ;ef gf%?i?:;bﬁgnéﬁgf e?sg%:p[orlci.zesogn;qéifuli.s. = 08 ¢ ws‘t?
‘ le 1.20 alluvions torrentiels et moraines : 6, glacier. . 4 O&' /
Two particular samples (20 and L13) show lower Al,O, contents (~ 14 wt%). Sample _ e A ,
~ - Arc type
shows higher FeO,, TiO, (3.5 wt%) and lower CaO (8.8 wt%) than the first group of samples at 0 - 6 0.4 »
. ,;.___‘x . —»-L12 i(:ri}c
equivalent SiO, contents, whereas sample L13 very low TiO, (0.4 wt%) and ALO, (13.6 wt%), ri e . /3 L pasiic | | e B
. ] . = e \K‘-x\ SRk —x-1.10) Gabbro :
and a high MeO (8.9 wtd%) contents, for 57 wt% SiO,. The particularly high TiO, and low ALO, e e =~ N | i\‘/\\ . G0z
contents of 120 are typical of alkaline lavas, whereas the elevated MgO and low TiO, contents of e § e L / %ff:s;«a:gg\ s
E I El i =
L13 is characteristic of high-Mg andesites. Z 5 0 s I , |
e Lo , 10 08 06 04 02 0 |
Trace element data allow more distinctions between these rocks. Distinctions can be made on T2 Co v a8 En G4 Th Dy Fio Br Tm Yo Lu  BaRb & TataNbLaco ¥ NasmZr AT Ba T3 oDy ¥ Yb Mg / (Mg+Fe2) |
the basis of the more immobile elements considering alteration and metamorphism: Ta, Nb, La, Y, _ ' B - Back-arc type - | |
Th and REE (Rare Earth Elements) contents. The calc-alkaline to tholeiitic samples can be separated m ] = G 0'7 C
= o —&—] iorite T 5
in two types (Fig. 11): £ Sy ~*1L36 Ciabhro |
i ' ised by enrichments in LREE (Light REE) (el et s | o |
-(i) an arc type (samples L4, L10, L12), characterised by enrichments in (Lig ; A=~ s | g MORB |
. . : 2 i T1E . : 5 - |
vs. HREE (Heavy REE), with high (La/Sm), and (La/Yb)y (Table 1, 1 Fig. 11A). MORB- T e g_. \W o 0] |
. . s " B - g ’ T . |
normalised spidergrams (1, Fig. 11B) show clear negative Nb-Ta, P and Ti anomalies and positive m‘ = Sl = 03 \\\ .
. - s "TaCe ™ Nd bm Sm Be Gd T Dy Ho Br Tm Yb Lu  BaRh K ThTaNbLaCe P NdSmZr HTEuTi ToDy Y v»  E=4 boninites| island arc |
Th anomalies, characteristic of an arc setting,. 02 | | |
. . C - OIB and High-Mg andesite types |
-(ii) a depleted to undepleted LREE type (samples L.27, L28, 1.36), showing very slight @J; i i it 0.1+ Masherbrum
negative Nb-Ta, P and Ti anomalies and positive Th anomalies (2, Fig. 11B), which suggests that 3 B My oh i 0 % T
’ s . = R 0. i ki ; l
these rocks were more probably emplaced in a mid oceanic ridge setting, in a back-arc basin mi\\\ " Fe3/(Fe3+Cr+Al)
environment or in a more primitive arc environment. £ IR —— % / _ B _
) m i % < Figure 10. Chemical composition of Masherbrum Cr-spinels.
The more alkaline samples (1.20 and L.13) show contrasting REE and trace elements patterns . g \ m ?01-ﬂfﬁﬁ{fﬂﬂféﬁtP-fﬁ-ﬁgfﬁb?ékcﬁ Al ““1;’*( ggigf*'[‘;-'e ‘Qzlﬁgj
(3, Flg 11A-B). L20 metabasalt displays a very strong LREE enrichment, and no particular trace | ~ fore-arc mantle is from Parkinson and Pearce (1998) and Ishii

1 + +—+ t+——t - +—t i ~ - : .
s, s s et al. (1982) and the field of Kohistan arc complex mantle is
La Ce Pr 5 3 X : g 5 . ; ¥h x 3 L €
" @ Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu BaRb K ThTaNbLa Ce P NdSm Zr HI Eu Ti - ThDy Y from Jan and Wmdley (1990). C. T]O2 vs. Fe# dxagram from

Orberger et al. (1995). Only spinel core values are plotted in B
“and C diagrams.

element anomalies, which is typical of alkali and more likely OIB-type lavas.

Figure 11. A. Chondrite-normalised and B. MORB-normalised element patterns of Masherbrum

Greenstone Complex magmatic rocks. Chondrite normalisation values are from Evensen et al. (1978) Figure 10. Composition chimique des spinelles chromiféres du
and MORB normalisation values are from Sun & Mac Donough (1989) Masherbrum. A, profil microsonde d'un spinelle chromifére. B.
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diagramme Cr# vs. Mg# du spinelle: le champ du manteau
océanique est d'aprés Dick et Bullen (1984). celui du manteau
d’avant-arc est d"apres Parkinson et Pearce (1998) et Ishii et al.
(1982). et celui du manteau du complexe d arc du Kohistan are
est daprés Jan et Windlev (1990). C. diagramme TiQ- vs. Fe#
de Orberger et al. (1995). Seules les valeurs des ceeurs de
spinelle ont i€ représentées dans les diagrammes B et C.

Figure 11. A. diagramme multi-€lémentaire (Terres Rares) normalisé aux valeurs chondritiques de
Evensen et al. (1978) et B. diagramme multi-élémentaire (éléments en traces et Terres Rares) normalisé

m aux valeurs caractéristiques des MORB (Sun & Mac Donough. 1989). des roches magmatiques du
complexe de roches vertes du Masherbrum.

i
[

i




L13 high-Mg dolerite shows slight arc features, with only slight Nb-Ta and strong P and Ti
negative anomalies, a marked Th positive anomaly. L13 high-Mg dolerite has a clear LREE
enrichment and a flat HREE pattern, similar to current high-Mg andesites (e.g., Shinjo, 1999).

As the importance of the Nb-Ta depletions and Th enrichments are generally diagnostic of
crustal contamination in supra-subductive settings; the Ta/Yb vs. Th/Yb diagram is commonly used
to evaluate the arc affinity and crustal components in geochemical signatures (Pearce 1982; Fig.
12). Hence, in order to compare the Masherbrum rocks with current arc — back-arc settings, we
have also plotted the values of Vanuatu and Mariana arc lavas and of North Fidji basin dragged
samples (Volpe et al., 1987; Nohara et al., 1994; Eissen et al., 1994). The Masherbrum arc-type
samples (L4, L10 and L12) have high Th/Yb and low to intermediate Ta/YD ratios, plotting in the
upper calc-alkaline field defined by Pearce (1982). They show similar Th/Yb ratios as most
differentiated Vanuatu arc lavas, but transitional Ta/Yb ratios, between most differentiated Vanuatu
arc lavas and OIBs.

The depleted-undepleted LREE samples (L27, 128, L36) show low Ta/Yb and Th/Yb
values, in the tholeiitic field defined by Pearce (1982). These samples plot between the fields of N-
MORBs and those of primitive Mariana and Vanuatu arc lavas, with some Th enrichment probably
linked to a subduction component (S in Fig. 12). The shift towards higher Ta/Yb for sample L.28
features an enrichment that may be due to the source (W in Fig. 12). Back-arc basin lavas are
generally distinguished from MORBs considering their relative LILE, LREE and Th enrichments
and Nb-Ta negative anomalies, linked to the influence of subduction (Tarney et al., 1981; Saunders
and Tarney, 1984). Considering that the depleted-undepleted LREE samples show intermediate
geochemical features between MORB and arc lavas, they more likely represent a back-arc basin
environment. _

Finally, the last two samples, and in particular L.20, show high Ta/Yb values. Sample L20
plots in the ficld of OIB-type lavas, whereas sample L13 plots in the upper calc-alkaline field, with
transitional Ta/Yb raﬁo between OIB and most differentiated Vanuatu arc lavas.

In summary, the Masherbrum Greenstone Complex preserves contrasting geochemical types:
a LREE-enriched type similar to lavas erupted in current evolved arc settings, a LREE-depleted type
similar to the lavas emplaced in back-arc settings and more alkaline rocks, featuring the contribution
of an OIB-type end-member. These contrasting geochemical types, which interlayer, suggest either
the aggregation of different blocks or heterogeneities in the source region. Answering this question

requires an isotopic analyse of the samples.
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___components (EMI and EMII); the average of Pacific Pelagic
medimwt (PPS) and of the Java Trench sediments (JTS); values
=“trom Zindler & Hart (1986); White et al. (1987); Ben Othman et al.
(1989). 1, 2 and 3 are mixing hyperbolas obtained for mixing with
MII and IMM poles, using different Nd and Sr concentrations for
- 1e EMII pole available from the literature (1: Sr=220 and Nd = 9;
~ 2: 8r=220 and Nd = 16; 3: Sr= 104 and Nd = 16; values in
p.p.m.). As Sr is shown to be mobile during alteration and
mletamorphjsm, the level of mixing between IMM and EMII is
®Walculated taking into account the eNd ratio. Isotopic ratios are
recalculated to 472 Ma. Symbols are same as in figure 12.

m‘igure 14. A, diagramme isotopique ENd vs. (87S1/86Sr1). Les
- Pidles représentés sur le diagramme représentent la variation
isotopique du manteau: manteau indien de type MORB (IMM);
manteau enrichi en U/Pb (HIMU); les composantes mantelliques
nrichies (EMI et EMII); la moyenne des sédiments pélagiques du
Pacifique (PPS) et de Java (JTS); valeurs d’apres Zindler & Hart
(1986); White et al. (1987); Ben Othman et al. (1989).1, 2 et 3 sont
; ] des hyperboles de mélange calculées pour des concentrations
"miffércntes en Nd et en Sr du péle EMII obtenues dans la littérature
1 Sr=220,Nd=9; 2: Sr=220, Nd = 16; 3: Sr= 104, Nd = 16;
valeurs en p.p.m.). Les rapports isotopiques sont recalculés a 472

7 ‘ I Ma. Les figurés sont identiques a ceux de la figure 12.
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Figure 12. Ta/Yb vs. Th/YDb diagram of Pearce (1982). The vectors indicate geochemical
variations linked to: crystal fractionation (F), source effects (W), crustal contamination (C) and

Figure 12. Diagramme Ta/Yb vs. Th/Yb de Pearce (1982). Les vecteurs indiquent des variations
géochimiques liées : a la crystallisation fractionnée (F), & des effets de source (W), a de la
contamination crustale (C), et au métasomatisme supra-subductif (S).

Figure 13. 143Nd /144Nd vs. 1475n/144Nd whole-rock pseudo-
isochron diagram. The trend towards lower Sm/Nd and 143Nd /144Nd
ratios reflects source heterogeneity. Thus the age that has been
calculated does not take into account these points, and the large error
may reflect source heterogeneity. However, the trend defined by
samples L12, 1.28, L27 and L36 remains compatible with a lower
Ordovician age.

Figure 13. Diagramme 143Nd /144Nd vs. 147Sm/144Nd, pseudo-
isochrone sur roche totale. L’alignement de points vers des rapports
Sm/Nd and 143Nd /144Nd plus bas refléte une hétérogénéité de
source. Ainsi, I’ge calculé ne tient pas compte de ces points.
L’alignement défini par les échantillons L12, L28, L27 et L36 reste
compatible avec un dge Ordovicien inférieur.
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3.3.5. Isotopic age of Masherbrum Greenstone Complex samples

The Masherbrum Greenstone Complex is folded inside Dumordo-like crinoid/graptolith
bearing marbles, which appear to have a Lower Ordovician age (see section 3.2). In order to
confirm this Lower Ordovician age, we have measured the ’Sm/'*“Nd and "“Nd/'*Nd ratios of
the samples (see analytical procedures in annexe and Table I). These values are plotted on the
diagram “’Sm/"*Nd versus '“Nd/'*Nd (Fig.- 13) to obtain a whole rock Sm-Nd isochron
diagram. The plot does not define strictly an isochron, as the rocks are not strictly derived from the
same source and may not be strictly contemporaneous. As samples L13 and L.20 show distinct
major, trace and isotopic characteristics, the right down-going trend towards lower '*Nd/'*Nd and
higher ’Sm/"*Nd (arrow in Fig. 13) likely reflects a variation in the isotopic composition of the
source. Therefore, these points must be excluded, and only the left hand-side point (sample L12) of
the down-going trend will be used in the age calculation, The age given by four points, of 472 +
116 Ma, though with a large uncertainty, is coherent with the lower Ordovician age of the Lower
Palaeozoic Series of 480 = 25 Ma and excludes the Mesozoic age proposed by Searle (1991).

3.3.6. Isotopic constrains on the nature of sources

The Sr and Nd isotopic ratios, even if not recalculated to 472 Ma, show that the different arc,
back-arc, high-Mg dolerite and OIB types have also distinct radiogenic signatures compatible with
distinct sources contributions (Table I). The LREE depleted-type samples (L.27, L.28, 1.36) display
slightly higher Nd isotopic ratios (‘**Nd/'*Nd), = 0.51297 - 0.51304) than the LREE enriched
samples (L4, L12; (“°Nd/"“Nd), = 0.51271 - 0.51275), which confirms the hypothesis that the
former belong to a back-arc setting whereas the latter correspond to an arc setting. The OIB-type
sample 120 and the high-Mg dolerite L13 show lower (“Nd/**Nd), ratios of 0.51269 and
0.51254, respectively. Sr isotopic results are less obvious but stay broadly in accordance with Nd
isotopic results. LREE depleted samples (represented by L36) show a lower value of (¥Sr/**Sr), of
0.7048, whereas the LREE enriched samples (L4, L12) show transitional values of 0.7051-0.7052
and, finally, the high-Mg dolerite shows a higher value of 0.7068. The high (¥’Sr/*Sr), value of
sample 1.28 (0.7065) may be due to alteration (see below).

To evaluate the nature of the different sources, the isotopic ratios, recalculated to 472 Ma, are

plotted on a eNd,, vs. ('St/**Sr),;, diagram, along with main mantle isotopic end-members (Fig.

14). As the Masherbrum Greenstone Complex may have formed above a mantle reservoir close to
that which forms the current Indian Ocean crust today, we have plotted the values of the Indian
MORB mantle (IMM). The other end-members presented on figure 14 define the poles of isotopic
variation in the mantle: the high U/Pb enriched mantle (HIMU) and the two Enriched Mantle
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components (EMI and EMIL; Zindler and Hart, 1986; White et al. 1987). The average of Pacific
Pelagic Sediment (PPS) and the Java Trench sediments (JTS) feature possible sedimentary
contaminants, which could have been introduced in the mantle during subduction (values of Ben
Othman et al., 1989).

Samples L36, L4 and 113 plot on the mixing paths between IMM and EMII, calculated for
different compositions of EMII, which represent the EMII compositional range available in the
literature. In contrast, samples L.12 and L28 plot out of the mixing paths, due to higher
(*'St/*Sr),,, ratios. The Sr isotope ratios are known to be affected by alteration and
metamorphism, so the horizontal variations towards more or less radiogenic Sr ratios are likely due

to seawater contamination and probably unrelated to source effects (arrow on Fig. 14). The level of
enrichment versus the IMM source must consequently be estimated taking into account the €éNd
ratio and more secondarily the ®’Sr/*°Sr ratio. So back-arc type samples (L28, L36 and L27 in
Table I) show high eNd,,, ratios of 5.96 to 7.83, compatible with restricted mixing (2-12%) of a
IMM end-member with an EMII component. The Arc-type samples (L4, L12) show slightly lower

eNd,,, ratios of 4.49 to 6.16, consistent with a 12-35% contribution of an EMII component. The
alkaline L20 sample shows a lower eNd,,, ratios of 4.15 (Table I), featuring a 40% contribution of

EMIL Finally, the high-Mg dolerite, with a €éNd,,, ratio of 0.13 features a likely 70% contribution
of the EMII component. The different levels of source enrichment. could also be linked to the
contribution of pelagic sediments instead of EMIL, as éNd - eSr compositions of pelagic sediments

overlap those of EMII (Fig. 14).

4. Discussion

The study of the low grade metamorphic zone of the south-eastern Karakoram margin reveals
a great geological variety. The section from the southern limb of Karakoram to the Axial Batholith
reveals a Precambrian basement, exposed north of the Shyok Suture Zone, overlain by a thick pile
of Lower Ordovician platform-type sediments, emplaced in a detrital environment. These southern
Karakoram series were thrusted by a complex ophiolitic series, the Masherbrum Complex, which
witnessed the intra-oceanic accretion of various arc, back-arc and OIB slices, representative of the
geodynamics of the Karakoram in the Lower Ordovician period. These result allow a comparison
with other parts of Karakoram in order to test the lateral continuity of the Karakoram Block, and

raise a discussion about the geodynamics of central-eastern Asia in Lower Palacozoic times.
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4.1. Longitudinal continuity and geology of the Southern Karakoram margin

The northern Karakoram has been shown to be a continuous belt of Upper Palacozoic to
Middle Mesozoic series from the north-western Karakoram and Hindu Kush to the west, and to the
Upper Hunza valley in the east (Boulin, 1988; Gaetani, 1996; Zanchi et al., 1997). The south-
eastern Karakoram series described in this paper appear to be quite similar to those described in
south-western Karakoram by Le Fort et al. (1994), in the area of Chitral. The stratigraphic pile of
the south-western Karakoram appears to be very similar to the Lower Palacozoic Series of south-
castern Karakoram. At the base of the south-western Karakoram sedimentary pile, the Yarkun
Formation is a thick sequence of terrigenous sediments, mainly quartz-arenites in the lower half,
becoming more calcareous at the top, resembling the Ganshen and Dumordo units. Both in western
and eastern Karakoram these Ordovician series overly older basements, Precambrian in the east and
ante-Arenigian in the west. The Precambrian Basement of eastern Karakoram itself was formed in a
context of subduction and arc magmatism and probably under high-temperature conditions, as
shown by the close geochemical affinity of Upper Thalle Precambrian Basement with adakites and
Archean tonalites-trondhjemites-granodiorites (e.g., Martin, 1999).

As in the southern part, the northern Karakoram is a continuous belt of Upper Palaeozoic to
Middle Mesozoic series from the north-western Karakoram and Hindu Kush, to the west, to the
Upper Hunza valley in the east (Boulin, 1988; Gaetani, 1996; Zanchi et al., 1997). The
longitudinal coherence of the Karakoram block ends at the contact with the Karakoram Fault. On
the Eastern side of the Karakoram Fault, similar successions as those of the south Karakoram are
only found in the Lhasa block, where a 539 + 14 Ma basement gneiss (U/Pb; Xu et al., 1985) is
overlain by unmetamorphosed Ordovician sediments (Yin et al., 1988). If the basal part of the
Lhasa block was the prolongation of southern Karakoram series, it would imply a ~ 300 kilometres

offset along the Karakoram Fault.

4.2, Tmportance of arc dynamics during the Lower Palacozoic

Preceding works led in Central-Eastern Asia have shown that this region is made of blocks
and terranes that were accreted from the Lower Palaeozoic to the Tertiary. Ordovician ophiolites, in
most cases presenting volcanic arc affinities, have been described in most sutures of central-eastern
Asia: in the south Tianshan of the Pamirs (Volkova & Budanov, 1999); in the northern Kunlun -
southern Tarim ophiolitic belt (Pan, 1989; Matte et al., 1996); in the northern Tarim-Yili-Junggar
ophiolitic belt (Gao et al., 1998; Cui, 1995); and in the suture between north and south China

Blocks (Xue et al., 1996). Consequently, arc magmatism appears to be a common feature of
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Ordovician central-eastern Asia suture zones. Now, arc magmatism reflects the nature of tectonic
motions through its geochemistry, which features the geothermal state and the nature of the source
regions involved in the production of magmas. The main way to investigate the nature of
Ordovician tectonics through the geochemical nature of magmatic rocks is to show the difference
between Ordovician and current arc dynamics. This question is still difficult to answer as still few
Ordovician arcs have been studied in details. On a global scale, most studies of Ordovician arcs
have emphasised the primitive nature of the magmatic rocks, of commonly basaltic and rarely
andesitic composition. In the Newfoundland area of Canada, Bédard et al. (1998) showed that
Ordovician arc remnants all have a boninitic affinity. In the English Lake District, Beddoe-Stephens
et al. (1995) evidenced a thicker Ordovician calc-alkaline arc pile, showing evidences of an
enriched mantle source modified by percolation of subduction fluids, but showed the recurrence of
primitive basaltic lavas. In the Pamir area of central-eastern Asia, Volkova & Budanov (1999) have
shown the presence of a primitive calc-alkaline arc series stacked with OIB-type series. The
primitive character of most Ordovician arc magmatic rocks could be in part due to higher partial
melting degrees, resulting from a higher geothermal gradient in that period than for most current arc
settings. In the following section we will attempt to estimate the degrees of partial melting of
Masherbrum Greenstone Complex magmatic rocks, their relations with the nature of the source,
and compare these features with those of current arc settings.

The degree of partial melting can be estimated using ratios of incompatible elements, in order
to eliminate the effects of fractional crystallisation and of alteration. Latin et al. (1990) have shown
that the elements Nb, Zr, Y and Ce are immobile during alteration processes, and are relatively
insensible to fractional crystallisation up to 4 wt% of MgO. The Ce/Y vs. Zr/Nb diagram, presented
on figure 15, can thus be used to estimate relative degrees of partial melting featured by the samples
of the Masherbrum Greenstone Complex. In the figure 15, both LREE enriched arc type and the
LREE depleted back-arc type, represented by the most primitive samples L10 and L36, show
elevated Zr/Nb ratios compatible with high rate melting of ~ 30 % of a standard Bulk-Earth source
and ~ 30 % of a MORB-type source, respectively. Both estimates are more elevated than those
predicted for MORB generated at a steady—state, which are of 10-24 % (McKenzie & Bickle, 1988;
Klein & Langmuir, 1987), and range in the highest values obtained for most current arc settings,
which are of 15-35% (e.g., Pearce and Parkinson, 1993; Gribble et al., 1998). These elevated
partial melting estimates suggest rapid plate tectonics and/or an elevated geothermal gradient. In
contrast, the high-Mg dolerite and OIB-type sample have lower Nb/La, which characterise lower
melting rates (~ 7% and less than 1%, respectively) and enriched mantle sources (Latin et al.,
1990). The contrasting melting rates obtained between arc-back arc samples and OIB — High Mg

andesitic samples are clearly linked to source variations, as shown by isotopic results of section
3.3.6.
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Figure 15. Ce/YDb vs. Zr/Nb diagram showing two curves of modelled partial melting obtained for a source of Bulk Standard Earth composition (up), and a source of a
MORB composition (down), after Latin et al. (1991). The division of Masherbrum Greenstone Complex samples into mainly two groups: low Ce/Y and high Ce/Y, is
consistent with high degrees of partial melting of 20-32% of a MORB-type source and 25-30% of a Bulk Standard Earth-type source, respectively. The lower Zi/Nb sample;

are due to high Nb (sample L20) or to low Zr (sample L13) contents. These low Zr/Nb ratios are consistent with relatively low partial melting degrees than for the two other -

groups, or suggest that the source was rich in Nb. Symbols are same as in figure 12.

Figure 15. Diagramme Ce/Yb vs. Zr/Nb montrant deux courbes de modélisation de fusion partielle d’une source de composition type Terre moyenne standard (BSE, en
haut), et d’une source de composition MORB (en bas), d’aprés Latin et al. (1991). La division des échantillons du Complexe du Masherbrum en deux groupes principaux,
I’un a haut Ce/Y (1) et ’autre i bas Ce/Y (2), est compatible avec des degrés élevés de fusion partielle : 25-30% d’une source de type BSE (1), et 20-32% d'une source de
type MORB (2). Les rapports faibles de Zr/Nb présentés par les deux échantillons L13 et L20 sont dus & des teneurs élevées en Nb pour L20 et & des teneurs faibles en Zr
pour L13, Ces rapports Nb/Zr faibles suggerent des taux de fusion plus faibles que pour les deux autres groupes, ou que la source était riche en Nb. Les figurés sont
identiques & ceux de la figure 12.
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Figure 16. Schematic diagram illustrating the tectonic evolution proposed for the Karakoram in the Lower Ordovician times. A, during the Lower Ordovician

period, a phase of subduction has occurred, featured by the formation of volcanic arc and back-arc series along the southern margin of a Northern Karakoram

continental micro-block. Arc series were formed by ~ 30% melting of an IMM-type source (and sediment-dehydration metasomatism) and possibly mixing with

sediment melts or with an EMII-type source, while back-arc series were formed by ~ 30% melting of a nearly pure IMM-Lype source. An ocean island forms

separately to the arc back-arc §ystem. B, phase of intra-oceanic accretion of the ocean island to the arc system and closure of the back-arc domain. The OIB, Island

?lrc l;anci back-arc scales tectonic pile was afterwards obducted over carbonated platform (The Lower Palacozoic series) of a southern Karakoram continental micro-
ock.

Figure 16. Diagramme schématique et interprétatif, illustrant I'évolution tectonique du sud-est Karakoram a I'Ordovicien inférieur. A, phase de subduction, au
cours de laquelle ont été formées les séries d’arc et d’arriere-arc le long de la marge méridionale d’un micro-bloc nord-Karakoram. Les séries d’arc sont formées par
une fusion de I'ordre de 30% d’une source de type IMM (associée 4 un métasomatisme lié 4 la déshydratation des sédiments) et un mélange avec un liquide issu de
Ia fusion de sédiments ou avec une source de type EMIL Tandis que les séries d’arriére-arc sont formées par une fusion de I’ordre de 30% d’une source de type
IMM presque pure. Une ile océanique se forme séparément au complexe d’arc et arridre-arc. B, phase d'accrétion intra-océanique de I'fle océanique et du complexe
d’arc, et fermeture de I"espace arrigre-arc. La pile structurale formée par les écailles d”OIB, d’arc et d’arriére-arc est ensuite obductée sur la plate-forme carbonatée
d'un micro-bloc continental sud-Karakoram.
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Sr and Nd isotopic heterogeneity of the geochemical types suggests variable contributions of a
depleted IMM and enriched EMII-type components. For the arc-type samples (L4, L10, L12), the
slight enrichment towards EMII is accompanied by LREE-LILE and Th enrichments, and more

pronounced Nb, Ta and Ti negative anomalies, suggesting that mantle enrichment could result from
fluid metasomatism similar to current arc settings (Pearce, 1982; Pearce & Peate, 1995). For the
back-arc type samples (L27, L28, L36) the contribution of a nearly pure IMM-type source is

accompanied by only weak arc features, similar to current back-arc settings (Tarney et al., 1981;
Saunders & Tarney, 1984). In contrast, the very low €Nd,,, (0.13) ratio of the High-Mg dolerite

L13, which shows only slight arc features, cannot be linked only to mantle metasomatism, but
require 70% contribution of an enriched EMII-type source. This doleritic dyke (sample L13), as it
crosscuts the arc series, could reflect mantle heterogeneity in the arc source region, or even pelagic
sediment melting due to high geothermal conditions. The composition of L13 dolerite is quite
similar to those of high-Mg andesites, which in some cases could be formed by interaction of slab
melts products with the sub-arc mantle (e.g., Shinjo, 1999). The mantle enrichment could then be
linked to the incorporation of pelagic sediments, which isotopic compositions overlap the EMII

component (Fig. 14). However, we are not able from our data to discriminate between the
contribution of EMII and that of pelagic sediments. In contrast, the low €Nd,,, ratio (4.15) of the

metabasalt sample 1.20, associated to other diagnostic trace and REE geochemical features, suggest
that it could be formed in an ocean island setting. Sample 1.20 was collected in separate tectonic
slice, on top of the series, separated to the arc series by a thick band of serpentinites (Fig. 9B).
This uppermost tectonic slice could therefore feature a separate setting to the arc, more likely the
tectonic stacking of an ocean island to the arc - back-arc series. A similar Ordovician association of
arc and OIB-type lavas that has been observed in South Tianshan by Volkova & Budanov (1999),
which suggests that aggregation of Ocean Islands to arc systems could have been frequent in

central-eastern Asia during that period.

4.3. Geodynamic significance of the Masherbrum Greenstone Complex

Although the Masherbrum Complex displays an ophiolitic association typical of an oceanic
crust section in the field, the chemistry of chrome spinels and the geochemistry of most gabbroic
and basaltic rocks which interlayer in the series indicate that the Masherbrum Complex is a tectonic
sequence of various arc — back-arc and OIB slices (Fig. 16A), which were thrusted on each other.
The piling of these different slices could have been initiated by the collision with an ocean island
(represented by the upper metabasaltic slice of the complex). The presence of varied volcanic and

plutonic metabasites, separated by thick bands of ultramafics, favours the hypothesis of intra-
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oceanic piling processes, possibly in consequence to the closure of the back-arc domain (Fig.
16B). A similar interpretation has been proposed for the neighbouring Shyok Suture Zone (30 km
to the south) in Upper Cretaceous times (Rolfo et al., 1997; Rolland et al., 2000), which shows the
recurrence of similar back-arc and arc accretion processes on long-time span intervals (350 Ma) in
the same zone. Such superpositions of contrasted geochemical types of ophiolites, separated by
irregular contacts underlined by serpentinised ultramafics, overthrusted over carbonate platforms
are also reported in the greek Hellenides (Clift & Dixon, 1998; Baumgartner, 1985), where they are
thought to result from intra-oceanic subduction. The obduction of the ophiolite over sedimentary
platform could have preceded the collision of two blocks (southern and northern blocks) within the
Karakoram (Fig. 16B).

5. Conclusions

Despite the Himalayan deformation and metamorphism affecting most of the south central
Karakoram, the less metamorphosed south-eastern Karakoram formations preserve Ordovician
platform-type series uncomformably resting on a basement displaying a minimum age of 651 Ma.
The Lower Palacozoic sedimentary series appear to be similar to those occurring in south-westermn
Karakoram, which suggests that the Karakoram is a continuous tectonic block.

The Ordovician series display a relic pile of ophiolitic rocks (the Masherbrum Greenstone
Complex) which has witnessed the geodynamic evolution of the Karakoram in the Ordovician
times. The Masherbrum Greenstone Complex shows the stacking of numerous slices of magmatic
rocks with lithological features interpretable from field observations as an obducted oceanic crust
sequence. However, the mineral chemistry of ultramafic rocks and geochemistry of magmatic rocks
evidences the occurrence of different parts of an arc - back-arc system. Isotope geochemistry
shows that back-arc and arc rocks are derived from depleted and slightly enriched mantle sources,
respectively. Both arc and back-arc rocks are suggestive of elevated partial melting, due to a high
geothermal gradient, probably in consequence of rapid plate tectonics (e.g., Martin, 1986). Two
samples (L13 & L20) feature more important contribution of an enriched mantle source. Isotopic
composition of 113 high-Mg andesitic dolerite suggests contribution of EMIT by 70%. Along with
slight arc characteristic considering REE and trace elements, and as the doleritic dyke crosscuts the
arc series, it features mantle source heterogeneity in the source region of the arc, and possibly
pelagic sediment melting. Isotopic composition of L20 metabasalt, suggests contribution of EMIL
by 40% and displays typical alkaline OIB-type features, suggesting that the upper slice of the
Masherbrum complex could represent an Ocean Island, which was tectonically incorporated to the

arc complex.
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Consequently, the Masherbrum complex is another example of Ordovician arc ophiolite,
showing that arc dynamics were omnipresent at the limb of most central-eastern Asian micro-blocks
during the Ordovician. This result is consistent with palacomagnetic studies led in central-eastern
Asia, which have shown that central-eastern Asian was a puzzling tectonic network of micro-
blocks, along with Siberia, Baltica, North China Block and North America were not connected to
the Gondwanaland but highly mobile during that period (Trosvik et al., 1991; Dalziel et al., 1992;
Smethurt et al., 1998; Huang et al., 1999). The complexity, polyphased and sometimes antithetic
characters of some suture zones show that the most acceptable model concerning the tectonic
situation of central-eastern Asia during Ordovician period is that of a complex network of

convergent and divergent blocks, close to the geodynamic situation of the current SW Pacific
margin.
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APPENDICE: Analytical procedures

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

9 igneous rocks were analysed for major and trace elements measure (Table I). Major
elements, Ni, Cr and Co were analysed using X-Ray fluorescence (XRF) at the University C.
Bernard of Lyon. Loss of ignition (LOI) was determined, heating the sample at 1000°C for 30
minutes. For trace elements analysis, samples were prepared and analysed following the method of
Barrat et al. (1996), using Inductively Coupled Plasma Mass Spectrometry (ICPMS) at the

University J. Fourier of Grenoble. The reproducibility of measurements (at 20), based on 9
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measures of BHVO standard, is between 0.01 and 1 % for the Rare Earth Elements (REE) and
between 0.01 and 6 % for all the other trace elements.

7 magmatic rocks (presented in Table I) and three marbles have also been analysed for
isotopic analysis. The samples were leached twice in a 2N HCI - 0.IN HF mixture. For the
determination of the 'Sm/'**Nd ratio, samples were spiked with a solution of known
46N d/"**Nd composition. Sm, Nd and Sr isotopic compositions were determined on a Finnigan
MAT 261 multicollector mass spectrometer at the University Paul Sabatier of Toulouse. Correction
of the mass discrimination effect was made by normalising “*Nd / '**Nd to a value of '“’Nd/**‘Nd
of 0.71219 and ¥’Sr/®Sr to a value of *Sr/**Sr of 8.3752. Errors on the measurements on the

479 m/"*Nd ratio are of 1% (20).

The sample L131, selected for Amphibole Ar-Ar dating was irradiated at the TRIGA reactor
in Pavia, and analysed at the isotope geology laboratory of Bern University. The sample was
heated in a double vacuum resistance furnace. Ar was analysed in a MAP 215-50B rare gas
spectrometer. The Ar-Ar results are presented in figure 5, for more details about analytical
procedures see Belluso et al. (2000) and Villa et al. (2000).
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L’étude de la zone de suture de Shyok, le long de la marge nord-Ladakh, dans les régions de
Skardu (Pakistan) & ’ouest et de la Nubra (Inde) a ’est, permet de compléter les connaissances
existantes de I’ensemble Kohistan-Ladakh. Le Kohistan a déja fait I’objet de nombreuses €tudes,
principalement le long de la coupe fournie par la Karakorum Highway dans la vallée de I’Indus et
dans la basse vallée de Hunza (Tahirkeli et al., 1979; Bard et al., 1980; Petterson & Windley,
1985; Petterson & Windley 1991; Treloar et al., 1989, 1996; Khan et al., 1994, 1996; Jan et al.,
1981, 1984, 1993, Jan & Asif, 1983 ; Jan & Windley, 1990; Khan et al., 1989, Khan & Coward,
1990; Khan & Jan, 1992; Kausar, 1998). Le Ladakh n’a été étudié en détail que dans sa partie sud-
ouest, dans la région de Dras (Reibel & Juteau, 1981 ; Honegger et al., 1982; Dietrich et al., 1983
. Schirer et al., 1984 ; Raz & Honegger, 1989 ; Reuber, 1989 ; Cannat & Mascle, 1990 et
références citées par ces auteurs, Ahmad et al., 1998 ; Clift et al., 2000). La zone de suture de
Shyok, ou marge nord-Ladakh apparait donc comme une zone clé pour comprendre I'évolution
géologique latérale depuis le complexe du Kohistan a I’ouest, et les terrains de Dras du Ladakh du
sud-ouest, & la marge tibétaine & 'est. Les terrains du Kohistan et du Ladakh ont également
I’avantage de présenter des coupes dans des niveaux profonds a superficiels dans des ensembles
d’arcs volcaniques formés principalement au Crétacé Moyen. Ils peuvent donc permettre d’étudier
les processus pétrologiques de fusion partielle et de cristallisation fractionnée depuis la transition
manteau - base d’arc 2 la différenciation et au volcanisme dans les niveaux superficiels. Ces
processus pétrologiques sont des indicateurs utiles de la dynamique lithosphérique et de
I’environnement géodynamique, permettant de caractériser les stades précoces de la convergence

Indo-Asiatique.

III.1. Reconstitution de I’Arc du Ladakh et signification tectonique a

I’échelle de la marge asiatique

L’ensemble des données de terrain acquises au cours des deux premicres campagnes de
terrain a été exploité dans 'article qui fera le corps de ce chapitre (Rolland et al., 2000a) pour
retracer I’évolution structurale et pétro-géochimique observée le long de la zone de suture de
Shyok. Les arguments géologiques développés dans cet article permettent de relier I'arc du
Kohistan et celui du Ladakh 2 la marge tibétaine & I'est. Les différentes unités présentes dans la
zone de suture témoignent d’une évolution depuis 1’ouest vers ’est : dans la partie ouest (zone de
Skardu, Pakistan), les unités préservées témoignent d’un environnement d’arriere-arc au nord, et
d’un ensemble d’arc immature au sud. Dans la partie est, I'ensemble d’arriére-arc est absent, mais
laisse place & un environnement de dépdts 2 affinité continentale, déposé en marge nord d’un

complexe d’arc mature. On est aussi conduit & une reconstitution latérale des environnements supra-
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subductifs au Crétacé moyen ot I’ensemble Kohistan-Ladakh, arc intra-océanique a 1’ouest, passe

latéralement A une marge continentale active a Iest (la marge tibétaine).
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Abstract

The Shyok Suture Zone of the Ladakh paleo-volcanic arc is made of Cretaceous volcano-
sedimentary formations intruded by granodioritic plutons. Field observations show a tectonic
stacking of litho-units from different volcanic arc and back-arc environments.

In the western part (Skardu area), the Shyok Suture Zone can be subdivided in two groups:

(i) the Northern Group, which consists of olistolith basaltic blocks and tuffs. The basalts are
LREE depleted with a LILE enrichment and a slight Nb depletion suggesting a back-arc basin
origin.

(i1) the Southern Group, which consists predominantly of andesites that show LREE
enrichment, a flat HREE pattern, strong Nb-Ta depletion, and LILE enrichment. The volcanic
rocks of the Southern Group appear to have island-arc tholeiite (IAT) to calc-alkaline affinities.

In the eastern part of the Suture Zone (Nubra-Shyok area), Albian to Cenomanian-age
silicoclastic sediments predominate. These sediments correspond to a large detrital platform built on
the northern part of the Ladakh Arc. At the top, these sediments interlayer with basaltic to andesitic
lavas. These lavas appear to be more differentiated and calc-alkaline in nature than the Skardu
Southern Group lavas, but show similar volcanic arc affinities. No evidence of a back-arc basin
was found in this area.

Our data from these two areas shows a northwest-southeast evolution, from back-arc to arc
formations in northern Ladakh. Opening of this back-arc basin occurred on the north-western side
of the Ladakh Arc. This back-arc was progressively closing eastward. The arc itself was more
mature in the east, resembling the southern Tibetan continental arc, and was characterised by more
continental sedimentation,

Subsequent Himalayan tectono-metamorphic evolution, closure of the back-arc basin and
deformation along the Shyok Suture, reflects an early asymmetrical geometry along the Asian
margin and Kohistan-Ladakh Arc.
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Keywords: volcanic arc, back-arc basin, arc-continent accretion, Ladakh, Karakoram,

Himalaya.

1. Introduction

Located between the Main Karakoram Thrust (MKT) or Shyok Suture Zone to the north and
the Main Mantle Thrust (MMT) or Indus Suture Zone (ISZ) to the south, the Kohistan-Ladakh Arc
formations outcrop on both sides of the Nanga Parbat spur, in Pakistan and India (Fig. 1). The
Kohistan-Ladakh Arc resulted from the northward subduction of the Tethys ocean along the MMT,
and ISZ respectively (Tahirkeli et al., 1979, Honegger, 1983).

While the southern part of the Kohistan Arc preserves ultramafic and mafic rocks (e.g., Jijal
Complex, Kamila Amphibolite, Chilas Complex), the northern part consists mainly of large

' granodioritic plutons, although remnants of volcanic arc and associated sedimentary formations are
also present (De Terra, 1935; Dietrich et al., 1983; Tahirkeli et al., 1979; Blard et al., 1980;

Petterson and Windley, 1991). A first volcanic period is dated to Albo-Cenomanian (108-92 Ma)

. from the presence of Orbitolina faunas intercalated with the volcanic rocks throughout the northern
: part of Kohistan (Pudsey, 1986), and in the Dras I unit of southern Ladakh (Dietrich et al., 1983;
i Reuber, 1989). In Tibet, a first volcanic period has also been dated to Mid-Cretaceous, though
| lasting until Late Cretaceous (110-80 Ma; Coulon et al., 1986). A second volcanic period has been
| dated to the Early Tertiary, Late Paleocene to Early Eocene in the Dir Group of Kohistan (Treloar et
al., 1989), Oligocene in the Khardung volcanic unit of northern Ladakh (Thakur and Misra, 1984),

Paleocene to Oligocene in the Dras II unit of southern Ladakh (Honegger et al., 1982; Reuber,

1989) and Paleocene to Early Eocene in Tibet (Maluski et al., 1983; Coulon et al., 1986). Early

plutonism in the arc was contemporaneous with the volcanic activity (103 Ma) and continued until

~ 25 Ma (Honegger et al., 1982; Schirer et al., 1984, Petterson and Windley, 1985). Plutonism

has been interpreted to represent an Andean-type evolution (Petterson and Windley, 1985).

In southern Ladakh and Kohistan, volcanism is generally interpreted as being of island arc
type (Honegger et al., 1982; Dietrich et al., 1983; Reuber, 1990; Petterson and Windley, 1991;
Treloar et al., 1996; Kausar, 1998). In northern Kohistan, the northern Chalt units have been
interpreted as back-arc basin sequences (Khan et al., 1994, 1996; Treloar et al., 1996), however
Khan et al. (1997) suggest the Chalt units represent a fore-arc terrain above a south-dipping
subduction zone.
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Most previous studies have focused on the northern part of the Kohistan Arc, and there is
little information available from the northern part of the Ladakh Arc. The northern part of the
Kohistan-Ladakh Arc has been incorporated into the Shyok Suture Zone and reactivated by the
MKT, a steep late fault. The boundary between Karakoram and Kohistan—Ladakh is generally fixed
along the MKT. The Northern Ladakh structures generally seem to be less affected by the MKT
reactivation than the northern Kohistan series.

New data collected along the Shyok Suture Zone, both in the west (from Skardu to Thalle
Valley, Pakistan) and in the east (from the Nubra-Shyok Junction to Pangong Lake, India), brings
new insights on the northern Cretaceous Kohistan-Ladakh arc and back-arc system, and its lateral
evolution.

The nature of the northern Ladakh terrain has been constrained through the lithology,
petrography, geochemistry and structure of the volcanic and volcano-sedimentary units present in

the Shyok Suture Zone.

2. The north-western part of the Shyok Suture Zone (Skardu area)

In the Skardu area (Fig. 2) the Shyok Suture Zone was studied from Shigar to Muchilu,
particularly along the Thalle and Bauma Harel Valleys, on both sides of the Thalle Pass.

2.1. Structural context

The Ladakh Shyok Suture Zone formations are stacked in several thrust sheets which do not
show any stratigraphic continuity. Each sheet is bound by north to north-east dipping thrusts, most
often underlined by decametre layers of sheared serpentinized ultramafics. Three main thrust
contacts have been followed for nearly 50 km along strike, delineating large sigmoidal shape lenses
thinning towards the south-east (Fig. 2a). In the lenses, the initial sedimentary or volcanic fabric is
overprinted by a penetrative north-north-east dipping metamorphic foliation, parallel to the thrust
contacts (Fig. 3a), whereas syn-metamorphic shear criteria indicate top to the south movements.
Thus, in this area, the Shyok Suture Zone can be tectonically defined as the piling of the northern
Ladakh formations (northernmost formations are the uppermost tectonic sheets), in response to a
strong north-north-east south-south-west shortening, oriented close to the Indian-Asian direction of
convergence. Dispersion of syn-metamorphic folds and mineral lineations in the average Sm
metamorphic foliation plane (Fig. 3a) together with the cartographic scale sigmoidal shape of the

tectonic lenses suggests an along strike shearing component.
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North of the tectonic Shyok Suture prism, the Karakoram southern Asian margin formations
appear to be less sheared and less metamorphosed. Here, the metamorphic assemblage is in the low
greenschist facies (chlorite + calcite + quartz + phengite + smectite). The sedimentary bedding is
well preserved, and still recbgnisable Ordovician faunas (graptolites: dictyonema D. flabelliform)
have been found (Rolland et al., 1999). Deformation corresponds to hectometre south-west verging
isoclinal folds, trending 120-130°E (Fig. 3b), compatible with a shortening direction oriented
north-east-south-west, roughly orthogonal to the Shyok Suture Zone, but oblique on the shortening
direction in the Suture Zone itself. As in the Shyok Suture Zone, steeply plunging stretching

lineations and fold axes suggest along strike shear movements.

2.2. Lithology of the Shyok Suture formations

All the rocks of the Skardu area and Shyok Suture Zone have recrystallized during the syn-
tectonic metamorphism. In the Skardu area, the conditions of metamorphism are known to be of
Amphibolite grade, except for narrow high temperature contact zones around the Ladakh Batholith
(Hanson, 1989; Allen and Chamberlain, 1991; Rolfo et al., 1997; Rolfo, 1998). In the volcanic
rocks of the Shyok Suture Zone, metamorphism is characterised by the assemblages: blue-green
amphibole, plagioclase, epidote, sphene, calcite, £ chlorite/biotite + phengite + quartz. Primary
homblende is coated by a blue-green amphibole, recrystallized in the foliation with sphene and
plagioclase. From stability of amphibole and epidote, the conditions of metamorphism in the Suture
Zone are in the amphibolite-epidote facies.

Despite this metamorphic imprint, initial lithologies can still be clearly distinguished in the
various tectonic slices. Where still present, volcanic textures are intersertal to glomerophyric.
Plagioclase is the most abundant relict phenocryst with lesser pyroxene relicts also present, though
pyroxene is generally replaced by hornblende.

It is possible to distinguish the Northern Group, which mainly consists of detrital formations
emplaced in a marginal marine basin, that outcrop in the Skoro and upper Thalle Valleys (Fig. 2a).
These detrital formations consist of slided blocks, i.e. olistoliths, ranging in size from millimetres
to hundreds of meters in a slaty or tuffaceous matrix (Fig. 2b and 4a). The lithology varies from
tuffaceous slates in Skoro Lungma Valley, to conglomerates of volcanic and limestones blocks in a
tuffaceous matrix in upper Thalle Valley, 10 km to the east. This uppermost unit overlies a thin
zone of sheared ultramafics including basaltic to basaltic andesite pillow-lava lenses, which can be
followed westwards to the Skoro Valley, where (Figs. 2a-b) it overlies another olistolith unit,
dominated by slump blocks of limestone and pillow basalts in a tuffaceous matrix, intercalated with
red-green pelites. The size of the basaltic blocks increases southward and the matrix becomes more

conglomeratic, showing that this lowermost unit was closer to the basin margin.
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This olistolith-rich Northern Group is thrust over a volcanic Southern Group along a steep
contact containing serpentinized ultramafics (Fig. 4b), which displays the assemblage serpentine +
calcite + spinel + talc. Those ultramafics could be compatible with a mantle origin (Hanson, 1989).
They are associated with amphibolites characterised by an assemblage with more than 80%
amphibole, and minor calcite + albite, which may be derived from basaltic rocks (e.g. Pudsey,
1986). Both mafic and ultramafic lithologies are strongly recrystallized due to intense shearing in
the contact zone.

The Southern Group itself is composed of volcanic units and no olistoliths have been
observed. In the Skoro Lungma and lower Bauma Harel Valleys, the Southern Group consists
mainly of green tuffs and rare pillow-lavas. Tuffs are basaltic to basaltic andesitic in composition
(e.g. L171-173). To the south and east in the Shigar, Thalle and Muchilu areas, the Southern
Group consists of alternating pillow-lavas (Fig. 4c), lava flows and green tuffs. Compositionally,
these volcanic rocks range from basalts to basaltic andesites. As a whole, the Southern Group
represents a thick volcanic pile, evolving from a distal volcanic environment at the base to a
proximal volcanic environment at the top, as seen in the upper T halle Valley (Fig. 5a), near the
village of Kussomik. At the base of the volcanic pile, rocks are mainly volcanic tuffs and
greywackes, constituting a generally fine, laminated volcano-sedimentary matrix. Tuffs alternate
with scarce pillow lava and massive lava flow horizons. They are overlain by a thick (> 600
meters) pillow-lava sequence with minor massive lava interbeds, cross-cut by rare doleritic dykes.
The polarity of the series is top to south, as inferred from the position of the pillows. The
uppermost exposed part of the series consists of proximal volcanic deposits, massive lava flows
(Fig. 4b) and pyroclastic lapilli or bloc tuffs, cross-cut by rhyodacitic dykes. Rare pillow-lavas are
also found at the top. The volcanogenic tuffs and some lava flows from this part of the series are
silica-rich (e.g. L118, Fig. 5b) but in the rest of the series volcanic rocks are basalts and basaltic
andesites.

The Southern Group formations are intruded by the mainly granodioritic Ladakh Batholith
and unconformably overlain by a less deformed conglomeratic molasse, exposed in the upper
Thalle Valley (Fig. 2a). This molasse is mainly made up of blocks of limestone and sandstone ina
carbonated matrix, with intercalated horizons of non-fossiliferous, partly detrital, limestones. The
molasse is almost unaffected by deformation and cross-cuts the Shyok Suture Zone structures. The
presence of limestone interbeds in the molasse shows that it was deposited in a rather wide basin
environment. Its structural emplacement in the Suture Zone and its lithological nature suggest that it
could correlate with the Eocene Shyok Molasse (Rai, 1983), farther east. Most of the tectonic

stacking in the Suture Zone would then have occurred between Late Cretaceous and Eocene.
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Farther south, the volcanic rocks of the Southern Group are thrust over the Ladakh
«“ Katzarah Formation ”, which outcrops from Shigar in the north to the Satpara and Katchoura
areas in the south (Fig. 2a; Desio, 1964; Hanson, 1989). This formation differs greatly from the
Shyok Suture Zone groups, as it consists mainly of metapelites and carbonate-rich rocks (Hanson,
1989), with few interlayered volcanic rocks (basaltic tuffs: 1.175; or pillow basalts: L179, L573,
L575).

2.3. Geochemistry of the volcanic rocks

Geochemical characterisation of the volcanic rocks is based on the major, trace and REE
analysis of 27 samples (Fig. 2; Table 1; analytical procedures are shown in annexe).

Using classifications of Le Maitre et al. (1989; Fig. 6a) and Winchester and Floyd (1976,
Fig. 6b), most volcanic rocks range from basalts to basaltic andesites. Some apparently more felsic
samples (SiO, = 57 to 72 wt%, Table 1) plot in the dacitic field of Fig. 6a. However these felsic
samples plot in the same fields in diagrams using trace elements, as the silica-poor samples,
suggesting a possible mobility or chemical transfer of some major elements (alkali and silica), in
response to alteration processes. For this reason, the discussion about tectonic setting is based on
non mobile elements, i.e. High Field Strength Elements (HFSE).

The Northern Group lavas can be separated in two types on the basis of their trace contents
(Table 1, Fig. 7a): type 1 is slightly enriched in Light Rare Earth Elements (LREE) relatively to
Heavy Rare Earth Elements ((La/Sm), = 1.0-1.3, (La/Yb), = 1.0-1.4, e.g. L140, L156, L199),
and enriched in Th and Large Ion Lithophile Elements (LILE, e.g. Ba, Rb, K) relatively to High
Field Strength Elements (HFSE: Nb, Ta, Zr, Hf, Ti and REE) with (Th/Yb), = 3.5-11.5. Type 2 is
depleted in LREE ((La/Sm), = 0.5-0.8, (La/Yb), = 0.6-0.8, e.g. L157, L174), with low Th and
LILE enrichments relative to Normal Mid Ocean Ridge Basalts (N-MORB) values ((Th/Yb), = 0.8-
3.9; Fig. 7a). Most samples from both groups have a small relative Nb-Ta depletion (Fig. 7a).
Considering the major elements (Table 1), type 1 is silica-poor (49-52 wt%) and type 2 is slightly
more silica-rich (50-57 wt%). Both types have high MgO contents (around 8 wt% for type 1 and 7
wt% for type 2) and have no Ti anomaly (TiO, = 2-0.5 wt%). Type 1 is relatively depleted in P,
whereas type 2 is not. REE contents show that both lava types, particularly type 2, appear to be
geochemically close to MORB (Fig. 7a). However, some major elements, LILE and LREE
enrichments and associated to Nb-Ta depletions, suggest (particularly type 1) chemical affinities
associated with arc-related rocks (Stolz et al., 1996 and references therein). These affinities with
both MORB and arc lavas suggest a back-arc setting, as supported by ternary diagrams (Figs. 8a-
b).
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Table 1 (continued) - Whole-rock geochemistry of Skardu area, Southern Group, Thalle Valley lavas.

Southern Group: Upper Thalle valley, Kussomik suite

sample L90 194 197 L104 L105 L106 L107 Lin L114 L115 L116 L118 L124 L125 L130
lithology pillow pillow pillow pillow pillow pillow pillow Tuff pillow pillow lava flow lava flow lava flow lava flow lava flow
(type)
Locality Kussomik Kussomik Kussomik Kussomik Kussomik Kussomik Kussomik Kussomik Kussomik Kussomik Kussomik Kussomik Kussomik Kussomik Kussomik
Area Skardu area Skardu area Skardu area Skardu area Skardu area Skardu area Skardu area Skardu area Skardu area Skardu area Skardu area Skardu area Skardu area Skardu area Skardu area
(i)
Si02 5243 4932 52.69 52.94 50.01 54.28 48.80 50.64 50.95 53.68 54.17 62.22 49.52 5247 47.37
TiOZ 129 0.94 121 124 0.85 0.80 0.86 107 111 124 1.37 L1L 0.71 0.97 0.95
ARO3 16.84 17.54 17.55 15.79 17.57 16.05 18.94 17.65 18.28 1530 15.80 13.90 17.46 18.99 16.84
Fe203t 12.12 9.42 11.74 8.83 10.04 8.24 9.74 10.08 10.62 1093 11.81 7.48 9.64 8.93 10.12
MnO 028 0.20 0.18 0.47 0.16 - 0.13 0.11 0.18 0.18 035 022 0.19 0.48 037 0.26
MgO 3.02 6.36 3.57 313 6.69 5.01 5.78 6.09 amn 3.60 3.15 0.46 .04 407 5.81
Cal 10.83 12.31 7.82 7.15 7.75 9.67 8.53 6.18 328 8.69 8.56 12.92 7.45 8.45 8.48
Na20 2.09 1.21 3.59 2.1 3.01 228 293 3.14 2.70 3.62 211 0.24 0.51 425 2.89
K20 0.28 1.62 0.95 1.49 0.53 048 0.20 1.46 1.43 0.40 0.99 0.08 0.10 ) 026 1.01
P205 0.21 0.17 0.21 045 0.16 0.15 0.18 030 0.32 0.30 0.43 0.38 0.15 0.17 0.21
Lot 0.89 0.59 0.56 5.45 3.10 3.04 3.29 2.87 1.79 1.34 0.93 1.39 523 0.93 5.46
H20- - 0.05 0.02 0.04 0.03 G.04 0.06 0.02 0.08 0.02 - -0.03 0.19 - 0.03
Total 100.28 99.73 100.09 99.75 99.90 100.17 99.42 99.68 99.45 99.47 99.54 100.34 100.48 99.86 99.43
(ppm)
Ba o3 nd. 79 253 84 117 53 109 134 23 111 9 10 68 n.d.
Rb 3 nd. 14 36 10 8 3 40 36 6 21 2 2 4 n.d.
Sr 303 nd. 296 166 307 432 415 287 379 92 481 954 219 484 nd
Ta 0.3 nd. 02 0.6 0.1 0.1 0.1 0.2 0.8 0.3 0.5 0.4 02 0.2 nd.
Th 0.84 n.d. 0.71 2.58 0.55 0.49 0.65 0.99 1.43 1.47 2.23 1.60 0.96 0.73 nd.
Zr 87 75 85 159 56 56 65 80 119 109 149 116 70 66 86
Nb 3 4 . 3 6 2 2 2 3 5 5 7 S 3 3 35
Y 30.2 47.3 30.6 34.7 20.7 185 21.4 25.5 30.8 337 45.9 85.1 172 223 239
Hf 1.5 nd. 1.0 1.7 09 0.6 05 0.9 15 24 37 2.2 1.4 1.2 nd.
Co 71.6 91.1 29 14.8 nd. 522 202 50.0 177 518 585 59.0 784 433 4122
u 024 nd. 022 0.94 021 0.17 023 0.40 0.45 0.52 0.76 0.51 0.34 0.26 nd.
Pb 335 nd 3.0 126 2.7 23 2.6 42 33 35 59 5.6 29 43 n.d.
Cs 0.06 nd. 0.87 0.68 0.86 0.57 039 2.57 0.87 0.11 0.53 0.09 0.11 0.12 nd.
La 72 nd. 7.2 150 4.9 4.8 53 7.6 9.9 103 15.4 1.1 6.6 58 nd.
Ce 18.0 nd. 187 37.5 126 117 13.6 19.6 25.0 254 38.0 27.0 15.0 14.4 nd.
Pr 27 nd. 2.8 53 1.9 1.7 2.0 29 3.6 37 55 39 21 2 n.d.
Nd 132 nd. 14.0 239 9.2 83 9.6 14.3 163 17.6 26.2 189 9.5 103 nd
Sm 4.0 nd. 4.4 6.3 2.6 24 2.8 4.0 4.4 49 1.2 52 26 3.0 nd.
Eu 136 nd. 1.51 1.85 0.94 0.88 0.95 1.32 138 141 2.07 1.54 0.73 1.01 nd.
Cd 42 nd. 4.6 6.3 3.1 25 28 4.1 4.4 4.8 12 52 25 3.1 nd.
Tb 0.80 nd. 0.85 0.99 0.52 0.43 0.50 0.72 0.75 0.88 1.30 0.94 0.46 0.58 nd.
Dy 4.8 nd. 5.0 6.0 3.3 238 33 4.1 4.3 52 1.5 5.4 23 3.4 nd.
Ho 1.00 n.d. 1.02 1.33 0.70 0.64 0.76 0.85 1.09 1.09 158 111 055 0.71 nd.
Er 3.01 nd. 2.97 332 197 1.64 194 2.45 2.50 323 4.75 3.24 1.61 2.05 nd.
Yb 2.4 n.d. 273 3.01 1.79 1.50 1.79 2.15 255 297 438 2.90 1.46 1.88 n.d.
Lu 0.42 nd. 0.41 0.41 025 022 027 0.32 0.39 0.45 0.66 0.43 0.23 0.28 nd.
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Fig. 7 - Trace and REE plots of Skardu and Nubra-Shyok areas. Left: REE plots are normalised to the chondritic values of Evensen et al. (1978).
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In the Southern Group (Upper Thalle Valley, Muchilu and Bauma Harel), the volcanic rocks
range from basalts to basaltic andesites (Fig. 6b). They are clearly enriched in LREE relatively to
HREE, with flat HREE patterns (Figs. 7b-c). Enrichment of Th and LILE and a relatively strong
Nb-Ta depletion similar to arc-related rocks is more marked for Bauma Harel and Muchilu volcanic
rocks ((La/Sm), = 1.1-2.0, (La/Yb), = 2.6-3.9, (Th/Yb), = 12-15) than for Upper Thalle lavas
((La/Sm), = 1.0-1.6, (La/Yb), = 1.8-3.0, (Th/Yb), = 7-22). Southern Group lavas have tholeiitic
to intermediate calc-alkaline compositions (Fig. 6¢). Upper Thalle lavas (SiO,: 47.4-62 wt%; MgO:
9-3 wt%; TiO,: 1.4-0.8 wt%) and Bauma Harel-Muchilu volcanic rocks (SiO,: 48.8-69 wt%; MgO:
6.8-2.1 wt%; TiO,: 0.55-0.4 wt%) present important variations of major oxides, with relatively
high MgO contents in the most primitive samples. As with most of the Southern Group lavas, the
most primitive lavas have low TiO, contents (respectively 0.71 wt% in L124 and 0.55 wt% in
L57), which is also typical of an arc signature (Juteau and Maury, 1997). Finally, most Southern
Group volcanic rocks display slight Eu anomalies, reflecting abundance of plagioclase.

In the Katzarah Formation, lavas are subalkaline to alkaline basalts (Table 1, Fig. 6b), which
can be separated in two types based on their major elements contents: type 1, the Shigar basalts,
which have high TiO, (2-2.4 wt%), Fe,0,, (11-12 wt%), Na,0 (2.6-3.4 wt%) and low CaO (8.3-9
wt%) contents; and type 2, the Katchoura basalts, which have lower TiO, (0.7-0.8 wt%), Fe,O,,
(7-8 wt%), Na,0 (1.1-1.3 wt%) and higher CaO (11-15 wt%) contents than type 1 basalts. Both
types are LILE and LREE enriched (Table 1, Fig. 7d), however the Katchoura basalts have flat-
REE patterns whereas Shigar basalts are progressively more depleted in HREE from Tb to Lu.
These basalts have no marked Nb, Ta, Ti negative anomalies, only very restricted K, Nb and P
anomalies, and a slight positive Ti anomaly for the Shigar basalts (Fig. 7d). As such the Katzarah
Formation basalts which have typical features of Ocean Island Basalts (OIB) type basalts (Rollison,
1993; Juteau and Maury, 1997), with major, trace elements and REE in the same range as OIBs
(Figs 8a-b).

3. The south-eastern part of the Shyok suture zone (Nubra-Shyok area)

In the Nubra-Shyok area (Fig. 9a), the Shyok Suture Zone was studied from Hundar to
Darbruk, particularly along the Nubra and Shyok Valleys and on both sides of the Nebok la Pass.

3.1. Structural context

In the Nubra-Shyok area Karakoram formations are overthrust on the Ladakh formations
(cross-section AB in Fig. 9b). In the field (right bank of the Nubra valley), this thrust appears to be
unconformably overlain by the Eocene Shyok Molasse (Rai, 1983).
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Y715 1: Volcanic arc: a, cale- -
HE3 B alkaline; b: transitionnal;
A: N- type MORB c, tholeiitic
B: E-yll;pe MORB 2A: Continental basalts
C: Alcaline intraplate 3B: Back-Arc basalts
D: volcanic arc (tholeiitic:
Hf/Ta>3; calc-alkaline

3A: continental rift
3B-C: E-type MORB
3D: N-type MORB

Ta

La/10 , Nb/

Fig. 8 - Ternary plots after Wood et al., 1981 (A) and Cabanis and Lecolle, 1989 (B). The triangular diagrams based on discriminant elements (Hf, Th, Ta,
Nb. La, Y) better illustrate the chemical differences between the groups previously defined. The Northern Group, displaying both MORB and arc features,
clusters in the MORB and back-arc fields. The arc suites, characterised by the classic Nb-Ta depletion. show variations from tholeiitic to calc-alkaline
fields, with marked enrichments in Th and La, relative to Hf and Y. The Katzarah Formation significantly differs from the previous groups by its
entichment in Ta and Nb, typical features of within plate magmas. Symbols are same as in Fig. 6. Only basalts and basaltic andesites have been plotted.
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The thrust could be an early pre-Eocene D1 thrust, however this assumption has not yet been
confirmed by detailed field investigation in this restricted area. The D1 thrust and the overlying
Shyok Molasse are subsequently deformed together by westnorthwest-eastsoutheast striking D2
folds, with axial planes steeply plunging to the north. '

Farther to the south and south-cast, when far from the Karakoram Fault (Fig. 3c),
metamorphic foliations (synchronous to the D1 thrusting?) strike 70°E to 90°E indicating a north-
south shortening axis, oblique to the suture but roughly parallel to the main Himalayan convergence
direction. Stretching lineations and late to post metamorphic small D2 fold axes are usually steeply
plunging, while whereas isoclinal D2 folds strike east-west with axial planes steeply dipping to the
south. This pattern also indicates a strong north-south shortening with some additional vertical
extrusion of the Shyok Suture Zone and Ladakh formations. The same strain regime persists in the
D3 brittle deformation as evidenced by antithetic thrusts on both sides of the Shyok River (sections
AB & CD in Fig. 9b) and by a huge bending of the central Ladakh Batholith roof (section EF in
Fig. 9b). Finally, the current topography probably reflects a recent exhumation of the Ladakh

Terrain, more important in the central Ladakh Batholith (altitude ~ 5000m) than in the boarding

southern and northern volcanic and sedimentary formations (altitude ~ 3500m).

Close to the Karakoram Fault (section CD in Fig. 9b) metamorphic foliations and
stratigraphic bedding become extremely dispersed (Fig. 3d), and in the Karakoram Fault itself,
metamorphic foliation rotates to become parallel to the fault (Figs. 3e & f), whereas late
metamorphic small-scale folds and lineation axes are moderately dispersed in the foliation plane. It
is difficult to conclude, from our data, if the changes in orientation are due to the presence of an
early Karakoram Fault, modifying the stress and strain pattern at its vicinity, or are the result of the

passive reorientation of earlier structures in a late, post D2 dextral strike-slip motion of the fault.

3.2. Lithology

Regional metamorphism in this part of the Shyok Suture Zone is in the low greenschist facies
with the assemblage chlorite + epidote + calcite + quartz. The exception occurs in the Karakoram
Fault zone, where a temperature increase is characterised by the assemblage: biotite + trémolite-
actinolite + epidote + chlorite + calcite, corresponding to the upper greenschist facies. The low
grade metamorphic conditions allow the recognition of several lithological units. To the north, a
volcano-sedimentary unit (the "Mélange" Unit of Rai, 1983; Fig. 9a) outcrops along the Karakoram
Fault. This mélange contains lenses of intensely deformed metapelites, pillow-basalts, metatuffs
and serpentinized ultramafics. In the Shyok-Nubra Confluence, the Mélange forms only a narrow

strip along the Nubra Valley.
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Table 2 - Mineral chemistry ol selected basalts from the Nubra-Shyok area Volcanic Unit, and of plutonic rocks trom thea Ultramafic Unit.
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This unit is better developed in the eastern part of the Nubra-Shyok arca where it forms the

Pangong Range. The contact with the other units, to south, is a steep fault, dipping either to the

south-west or to the north-east.
. To the south, and always in fault contact with the Mélange Unit, three units can be identified;

the Ultramafic Unit (Chang La ultramafic rocks of Reuber, 1989), the Sedimentary Unit, and the
Volcanic Unit (Rai, 1982; Rai, 1983). The Ultramafic Unit is best seen in the Chang La-Nebok La
area where the section is inverted (section CD in Fig. 9b). North of the Chang La Pass, the Chang

La ultramafics consist of harzburgites and dunites that form a 500 m thick band, laterally

disappearing to the west. The Chang La ultramafics consist mainly of olivine (~ 90%; Fo: 0.94),

minor proportions of orthopyroxene (~ 5%; En: 0.9) and Cr-spinel (2-5%; Mg/(Mg+Fe) = 0.2-0.4,

Cr/(Cr+Al) = 0.86-0.87; Table 2). These ultramafics do not present any clear repeated sequences.
They are cross-cut by irregular and rare gabbroic dykes containing an ophitic plagioclase
(labradorite - bytownite)- diopsidic pyroxene (En: 0.4) texture. Pyroxene has been partly replaced
by hornblende. Neither cumulative sequence of gabbro nor levels of basalt have been observed.

Southward, the Ultramafic Unit is intruded by the Ladakh granodioritic batholith, which
contains several large, kilometric, enclaves. Northward, the Ultramafic Unit is thrust over the
Sedimentary Unit.

The Sedimentary Unit consists mainly of 2000 to 3000 meters of conglomerates and
sandstones, with minor interbeds of limestone. The limestone contains Orbitolina faunas of Albian
- Cenomanian age (mesorbitolina). Further west, the Sedimentary Unit can be followed to the
Shyok-Nubra Confluence where it consists of a 300 to 1000 meter-thick pelitic body, with lesser
thicknesses of sandstone.

In the Nebok La Pass, some metric basaltic to andesitic flows are interbedded within the
upper part of the Sedimentary Unit (samples 1.413-424). The Sedimentary Unit is overlain by the
Volcanic Unit formed by a thin band of mainly rhyolitic lavas. The thickness of the Volcanic Unit
increases westward and is well developed between Khardung and Deskhit (Fig. 9a). In Deskhit
(Fig. 10) the volcanic series is represented at its base by narrow, discontinuous alternating basaltic
pillow-lavas, massive lava flows (e.g. LK9a, L346, Table 3), and one horizon of conglomerate.
Basalts are partially preserved from metamorphic overprinting and display a glomerophyric texture.
Preserved magmatic phenocrysts are diopside clinopyroxene (En: 0.4, Wo: 0.4), Ti-rich ulvospinel

(Ti/Fe** = 0.33) and a labradorite-bytownite plagioclase (see Table 2). Clinopyroxene is the most
abundant phase. The conglomerates are overlain by thick and regular north-dipping basaltic
andesite and tuffs (samples L352-1.353). Lavas become andesitic at the top (e.g. L356-L400). In
the andesitic lavas only plagioclase is present as a phenocryst (up to 1 cm across), and the texture is

intersertal to glomerophyric.
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Vacuoles with diameters ranging from 0.1 to 1 mm have been filled by quartz. The upper last
andesitic lavas are overlain by a thick ignimbritic pile (> 2000 meter thick; Fig. 10) madt_a of
alternating thyolite (LK15-16) and dacite (LK9b), which displays clastic tuff textures or partially

welded ignimbritic textures.

3.3. Geochemistry

Characterisation of the volcanic and plutonic rocks of the Nubra-Shyok Suture Zonle area is
based on the analyses of major oxide, and trace elements of 13 lavas from the Vol-camc Unit, and 4
plutonic samples from the Chang La Ultramafic Unit. The data is Presented 11-1.Table 3. 'Ijava
compositions cover a wide SiO, range (49 to 78 wt%), from basaltic to rhyol'mc cor.nposnm-ns
(Table 3, Fig. 6a-b). In comparison to the Skardu area, they are generally more differentiated, with
andesitic, dacitic and rhyolitic compositions. |

The most primitive volcanic rock (LK9d, Si0,= 49.38 wt%) is chargctensed by n'loderate
TiO, (0.98 wt%) and MgO (5.4 wt%) contents. The evolution to more evolved basaltic lavas
(LK9a, 1.424; SiO,: 50.4-51.03 wt%) is characterised by a TiO, increase (1.68-1.73 wt%.) and Z
MgO decrease (3.1-3.4 wt%). Concerning further SiO, increase from 53 to 75 wt%, TiO, -an
MgO decrease regularly and Na,0+K,0 increases moderately .(up‘ to 7 wt%). S.uch .behawour
suggests a tholeiitic fractionation trend, although the suite remam:?; in thle c:a‘.lc:-all«zalmeT f1elclsH(l:].agE.l
Figs. 6¢ & 8a-b). For equivalent silica contents, lavas are more enriched in LR-EE relat;ve.: to )
(basalts to basaltic andesites: (La/Sm), = 1.79-2.47, (La/Yb), = 2.45-5.7) 'm comparison to the
Skardu area. The lavas have marked Eu, Nb, Ta, Ti and P negative anomalies and a markcc.l Th
enrichment ((Th/Yb), = 18-55), characteristic of a mature volcanic arc environment, as also pointed
; Flg;f: éia:g La Ultramafics are Mg-rich dunites, with little variatiorll in major elements- (Mg?

= 38-44 wt%; Fe,0,, = 6.2-6.7 wt%). The Chang La gabbro is also Mg rich (MgO = 9 wt%; Table
3). Trace elements and REE patterns of the gabbro are typical of N-MORB comp(.)smons ((La/SI;l;N
=0.24, (La/Yb), = 0.23, (Th/Yb) = 0.24, Fig. 11a-b). The dunites are dePlcted in trace and R . ,
with either Eu negative or positive anomalies in response to their culellatlve nzflture. However, - e
gabbro pattern presents a Zr-Hf negative anomaly and dunites display Ti ar'1d Nb negative
anomalies, with some LILE enrichments. Though these anomalies should be considered careful.ly,
as the contents of ultramafic rocks are close to detections limits, and LILE are subject to l?e mobile,
such features have also been observed in Spongtang and Nidar ophiolites where they are interpreted

to be due to a supra-subduction zone (Maheo et al., 2000).
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4. Discussion

"Age of the Shyok Suture Zone formations

Presence of Orbitolina foraminifera bearing limestones, interbedded with the eastern Ladakh
basalts and andesites, yield an Albian-Cenomanian age. So, at least the base of the Nubra-Shyok
Volcanic Unit has a middle Cretaceous, 108 to 92 Ma. Same ages have been proposed for the
western Ladakh Shyok Suture Zone units (Tahirkeli, 1982), for the southern Ladakh Dras I unit
(Reuber, 1989), for the northern Kohistan Chalt Units (Pudsey, 1986), and for the first generation
of Tibetan volcanic rocks (Coulon, 1986). The age of the more differenciated volcanic rocks of the
upper Volcanic Unit is still controversial, as they appear to be overlain by the Eocene Shyok
Molasse (Rai, 1983), but have been dated to the Oligocene by Thakur and Misra (1984).

Presence or absence of a back-arc basin

Two different interpretations have been proposed for the northern Kohistan Suture Zone
volcanic rocks (Chalt Group). Khan et al. (1994, 1996) and Treloar et al. (1996) have interpreted
this group as being part of a back-arc basin, behind the Kohistan arc, formed above a north-dipping
subduction zone, whereas Khan et al. (1997) have interpreted it as a remnant of a fore-arc terrain
above a south-dipping subduction zone.

The Shyok Suture Zone Northern Group has intermediate characteristics between MORB and
arc lavas. Back-arc basin lavas are generally distinguished from MORBs considering their relative
LILE and Th enrichments and relative Nb-Ta depletion, linked to the influence of subduction
(Tarney et al., 1981; Saunders and Tarney, 1984; Volpe et al., 1987; Stern et al., 1990). For some
back-arc lavas, however LILE and Th enrichments can also be due to the contribution of an
enriched OIB-type mantle source, such as in the North Fiji Basin (Nohara et al., 1994; Eissen et
al., 1994). While LILE are subject to be influenced by alteration and metamorphism, the Th content
is probably stable during these processes (Wood et al., 1981), and can be used as a marker of
enrichments relative to a N-MORB-like component. In order to show to what extent the Northern
Group is close to a back-arc basin, we present here comparisons with south-western Pacific back-
arcs and arcs, which could tentatively be representative of the Asian margin geodynamic setting in
the Late Cretaceous. The diagram of Pearce (1982; Fig. 12) appears to discriminate between the
contributions of subduction and enrichment linked to the source. The Northern Group type 2 lavas
plot in the Th-Ta poor field, one sample being close to typical N-MORB values of Sun and Mc
Donough (1989) and to the depleted North Fiji basin lavas, and the other plotting at the lower Limit

of the Vanuatu and Mariana arc fields. These plots are compatible with a depleted mantle source
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comparable to the North Fiji N-MORB-type back-arc source end-member, with some Th
enrichment linked to a subduction component (“W” in Fig. 12). Type 1 basalts appear to be
intermediate between depleted and enriched (OIB-type) sources, with the same Th enrichment for
one sample towards thé Th-rich arc field. Hence, it appears that the Northern Group lavas are
intermediate between MORB and arc fields, and are compositionally close to North Fiji back-arc
lavas, confirming the hypothesis that the Northern Group represents a back-arc basin between the

Ladakh arc and the Asian margin.

Does the Southern Group also corresponds to a back-arc or an arc setting?

The Southern Group lavas are more typical of an arc setting considering their major oxide,
trace elements and REE contents, lower Mg-number and particularly the presence of Nb-Ta
anomalies. But, for some samples, the relative enrichments in Fe and Mg versus alkalis correspond
to a tholeiitic character, as shown in the AFM diagram (Fig. 6¢). Basalts and basaltic andesites of
this group have Th contents (0.5-2.6 ppm), sli ghtly higher than type 1 Northern Group basalts (Th
=0.3-1.4 ppm) and much higher than type 2 (Th = 0.08-0.17 ppm). In the Pearce (1982) diagram
(Fig. 12), most Southern Group samples overlap the Vanuatu and Mariana arcs fields. The Upper
Thalle Kussomik suite volcanic rocks are closer to the type 1 Northern Group lavas, whereas some
Muchilu and Bauma Harel volcanic rocks are closer to the type 2 Northern Group lavas. In these
cases, Southern Group volcanic rocks are substantially enriched in Th and depleted in Ta relatively
to Northern Group lavas, which is compatible with an increasing influence of subduction from
north to south (“W” in Fig. 12). The Southern Group thus appears to correspond to an arc setting

with some immature, tholeiitic features.

Evolution towards a more mature arc: the Nubra-Shyok area in Eastern I.adakh.

Most lavas from the eastern Ladakh Nubra-Shyok area have clear arc to active continental
margin characteristics. The basalts and basaltic andesites have generally higher REE contents, than
their Skardu area equivalents (Tables 1 & 3), and all lavas from the Volcanic Unit have clear Nb-
Ta, Eu, Ti, and P negative anomalies (Fig. 7¢). Basalts and basaltic andesites are clearly enriched
in Th (2-9.4 ppm) comparatively to the Skardu area Southern Group, corresponding to the upper
part of the calc-alkaline field (Fig. 12), which is comparatively higher than for the Vanuatu and
Mariana arcs. Such high Th contents suggest the presence of significant crustal contamination or
sedimentary assimilation (“CC” in Fig. 12) and crystal fractionation processes (“CF” in Fig. 12).
However, the east Ladakh Nubra-Shyok lavas correspond to a more mature arc setting than the

west Ladakh Skardu area volcanic rocks.
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Was this arc based on continent or oceanic crust?

the basement of the arc has been contradictorily interpreted as * continental ” (Raz and
Honegger, 1989) or “ ophiolitic ” (Reuber, 1989). Our observations in the Largyap area indicate
that the "migmatites” found in this zone by Raz and Honegger (1989) may be highly deformed
granodiorite and granitic pods around a granitic intrusion. Hence, the only possible preserved
basement of the arc appears to be the Chang La Ultramafic Unit. The presence of N-MORB like
gabbros, although scarce, associated with dunitic ultramafics in this unit favours the ophiolitic
interpretation of Reuber (1989), although it is not a complete ophiolitic section. Further, structural
relations of the ophiolitic rocks to the rest of the Shyok Suture Zone formations are not clear. The
Sedimentary Formation lies in direct contact with the ultramafics, but it is difficult to argue that the
sediments were previously emplaced stratigraphically on the ultramafics. From the structural
relations with the Sedimentary Unit, it is clear that the ophiolite has been thrust northward, over the
Shyok Suture Zone formations. Therefore, the hypothesis that the ophiolitic rocks were the
basement of the arc has not clearly been tested. Moreover, geochemical affinity with Spongtang and
Nidar ophiolites, located south of the Ladakh batholith and interpreted as supra-subductive
environments, suggests that this ophiolite was located south of the Shyok Suture volcanic arc

formations.

Can the Katzarah Formation belong to the arc complex?

The Katazarah lavas are alkaline OIB-type basalts to trachy-basalts, erupted in a sedimentary
environment. Similar OIB-type basalts are known in back-arc settings (e.g. Fiji Basin, Eissen et
al., 1994; Nohara et al., 1994). In figure 12, Katchoura and Shigar basalts plot very close to the
north-Fiji basin enriched back-arc basalts field. Katchoura and Shigar basalts could then have been
erupted either in a back-arc or in an Ocean Island. However, from the relative scarcity of volcanic
rocks in the Katzarah Formation, it could be argued that volcanism did not correspond to a short
time-span event with relatively large amounts of lavas as generally required for Ocean Island
volcanism. More probably volcanism resulted in small amounts of lava, interbedded in quite large
amounts of carbonated and pelitic sediments, more compatible with a marginal basin setting.
Further, these lavas have marked geochemical differences to the proper Shyok Suture Zone lavas
and hence correspond to a different geodynamic setting, possibly occurring to the south of the
Southern Group volcanic arc. Moreover, though outcropping directly south of the Southern Group
of the Suture Zone, there is no structural or lithological continuity with the Shyok Suture Zone
Units. Hence, the Katzarah Formation could have been formed in another marginal basin, south of

the Shyok Arc and Back-arc formations.
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Evolution from a back-arc to an arc in the Shyok Suture Zone

On the northern side of the arc, the geodynamic setting is marked by a transition from an
olistolith environment in the north-west to a platform-type environment in the south and south-east.
The platform was built of limestones in the west (Skardu area) and mainly of pelites and sandstones
in the east (Nubra-Shyok area), suggesting a transition from marine sedimentation in the west to
more continental sedimentation in the east.

The textures and structures of the lavas of the Northern Group (Skardu area) indicate an
effusive emplacement in a sub-marine environment (pillow-lavas and lava flows). These volcanic
rocks, emplaced as olistoliths interlayered in distal volcanic deposits (tuffs), are interpreted to have
been deposited in a back-arc basin environment, close to the northern margin of the Ladakh Arc (1
in Fig. 13). Farther south and east, in the Southern Group of the Skardu area and lower Nubra-
Shyok area Volcanic Unit, volcanism is characterised by still relatively distal volcanic formations,
with minor pyroclastites (2 in Fig. 13). The upper part of the Nubra-Shyok area Volcanic Unit,
however, is characterised by catastrophic aerial eruptions (huge masses of ignimbrite rthyolitic
layers), which correspond to a mature volcanic arc environment (3 in Fig. 13). Due to its higher
Th, LREE contents and calc-alkaline character, this volcanism could either be linked to an active
C()ntinental margin setting, however no continental basement has been observed in the Nubra-
Shyok area, or to the marked influence of subducted sediments (4 in Fig. 13). Hence, the
geochemical evolution along the Shyok Suture Zone corresponds to a progressive transition from a
back-arc basin setting in the Northern Group to a volcanic arc setting in the Southern Group of the
Skardu area, and to a more mature arc in the Nubra-Shyok area Volcanic Unit. The Nubra-Shyok
lavas are geochemically close to the farther east Ladakh and Tibetan margin lavas, interpreted as
being erupted in an active continental margin setting (Coulon et al., 1986; Ahmad et al., 1998), and
dated as Albian-Santonian (110-80 Ma) by Coulon et al. (1986). These lavas, ranging from basalts
to rhyolites, have especially high ALO,, low TiO, and MgO contents and marked Nb anomalies,

which are in the same range as the Nubra-Shyok lavas.

Post-Cretaceous structural evolution

The structural evolution of the region is linked to the initial arc - back-arc geodynamic
environment. Tectonic stacking of different arc and back-arc units in the Shyok Suture Zone of the
Skardu area occurred in the Late Cretaceous to Early Tertiary. This tectonic stacking corresponds to
strong north-south (0-10°E) compression, close to the India-Asia direction of convergence. Thin
bands of mantle-derived serpentinized and sheared ultramafics underlining the thrust contacts in the
Skardu Shyok Suture Zone suggest that the stacking of thrust sheets occurred during subduction of
the back-arc under the Karakoram margin, as already suggested by Rolfo et al. (1997).
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Fig. 14 - Proposed
geodynamic model of
the Cretaceous (Albian-
Cenomanian)
Karakoram Asian
margin.

Back-Arc Karakoram
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: tuff

BBl lava flows
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continental lithosphere

[ oceanic lithosphere

“Fig. 13 - Reconstruction of the LadakH
volcanic arc in the Albian -Cenomanian times
(108-92 Ma). :
The geological formations are typical of (1)
back-arc, (2) immature-distal arc, (3) mature
volcanic arc, accretionary prism (4), and (5
active continental margin.

"

nennn

pee

#%% Continental crust == Andean-type volcanism
[_1 Oceanic crust 4—4_4 Subduction front
MMM Volcanic arc AB  Cross-section of Fig. 12

This event might have started in the Late Cretaceous (102-85 Ma), as indicated by “Ar/*Ar
and K-Ar dating in Kohistan (Treloar et al., 1989), and 115 to 95 Ma subduction-related granitoids
in Karakoram (5 in Fig. 13; Crawford and Searle, 1992; Searle et al., 1989). In the Nubra-Shyok

area, antithetic thrusts on each side of the suture and large scale east-west folds, also indicate a

north-south compression possibly occurring after the emplacement of the Eocene Shyok Molasse.
Finally the Shyok Suture Zone units are less affected by deformation and metamorphism probably
due to the absence of a back-arc basin. Hence, the Shyok Suture in the Nubra-Shyok area
corresponds to a single thrust contact.

The Skardu area Karakoram margin 120°E foliations indicate a 30°E compression, oblique to
the north-south Indian-Asia convergence direction, in contrast to the Shyok Suture Zone. This
difference indicates a possible partitioning of the deformation, related to strike-slip shearing along

the Karakoram Asian margin.

After closure of the back-arc basin and collision of the Ladakh Terrain, Karakoram and
Ladakh were deformed as a whole. Subsequent tectonism and metamorphism affected both

Karakoram and Ladakh, especially along the Karakoram Fault,

5. Conclusion

The presence of back-arc sequences has been clearly identified in the northern part of the
Kohistan arc (Khan et al., 1994, 1996; Treloar et al., 1996). Our data confirms the existence of
back-arc formations in Ladakh, although it was probably narrower and ended progressively
eastward. A paleogeographical reconstruction of the Karakoram margin in the Late Cretaceous has
been presented, with opening of a back-arc basin on the northern side of the Ladakh Arc in
response to northward subduction of the Tethyan oceanic lithosphere (1 in Fig. 14). This back-arc
seems to have progressively opened towards the west and was closing in the east. The
asymmetrical opening suggests subduction oblique to the Asian margin, emplaced intra-oceanically
in the west (Kohistan and western Ladakh) whereas it was emplaced along the Tibetan continental
margin in the east. Such processes of dissymetrical opening of marginal basins, with isolated thin
strips of continental lithosphere on the border of a continental margin, have been invoked for the
Cretaceous to Eocene evolution of the south-west Pacific margins (e.g. Cluzel et al., 1999),

The geochemical evolution of the northern Ladakh Arc itself also fits the model. From west
to east, the arc lava geochemistry features an evolution from an immature-arc to a mature arc.
Western Shyok Suture Zone arc lavas are geochemically close to the Dras lavas (Dras I of Dietrich

et al., 1983) in south-western Ladakh, and to the Chalt Kohistan Cretaceous magmatic and volcanic
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rocks interpreted to have been emplaced in oceanic settings during Albian to Cenomanian times
(Petterson et al., 1991; Sullivan et al., 1994; Treloar et al., 1996; Khan et al., 1997, Kausar,
1998). From the comparable structural positions of Chalt and northern Ladakh series, it appears
logical to consider Chalt as the western continuity of the Shyok Suture Zone arc - back-arc system.
The correlation of the Dras I unit in southern Ladakh with the northern Ladakh Skardu area arc
series is less certain, although both series have comparable age and geochemical affinities. Finally,
the problem of the presence of one or several arcs, more or less contemporaneous during Mid to
Late Cretaceous times is posed. Could the situation of the Asian Margin at this time have been
comparable to the current south-west Pacific tectonic setting, with a variety of arc and back-arc
systems resulting in the formation of the Kohistan-Ladakh system? These intra-oceanic settings are
not found in the Mid-Cretaceous units of eastern Ladakh (Nubra-Shyok area) and Tibet (Coulon et
al., 1986).

The geochemistry of the east Ladakh Nubra-Shyok area volcanic rocks suggests an evolution
towards a more mature volcanic arc in the east, possibly built on continental basement and
associated with a more continental sedimentation. Finally, the Cretaceous arc complex evolves
eastward, along the Tibetan margin, towards a mature continental margin setting (Coulon et al.,
1986).

In such a system, the Chang La ophiolite may represent a part of oceanic lithosphere,
originating from the south of the arc, but its structural relations with the arc itself are not yet clear.
The Katzarah Formation, made of sedimentary basin series alternating with OIB-type basalts, might
reflect the formation of a separate marginal basin to the south of the Skardu area arc series.

Subsequent evolution of the arc - back-arc system corresponds to the closure of the back-arc
basin by subduction along its northern Karakoram margin (2 in Fig. 14). Subduction and
associated south-vergent stacking of units was important in the west and less important in the east,

due to the ending of the proper Shyok Suture Zone in eastern Ladakh.
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Appendices: analytical procedures

Samples were analysed for major and trace elements using X-Ray fluorescence (XRF) at the
University C. Bernard of Lyon, and Inductively Coupled Plasma Atomic Emission Spectrometry
(ICPAES) at the University J. Fourier of Grenoble. Loss of ignition (LOI) was determined at
1000°C for 30 minutes. For trace elements analysis samples were prepared and analysed following
the method of Barrat et al. (1996), using Inductively Coupled Plasma Mass Spectrometry (ICPMS)

at the University J. Fourier of Grenoble. The reproducibility of measurements, based on 9

measures of BHVO standard, is between 1 and 3 % (20) for all the REE and their accuracy is also

less than 2 % (20) for all the REE, see in Table 1 for values.

Selected samples for mineral chemistry of volcanic rocks were analysed on a Cameca SX-
100 microprobe at the University B. Pascal of Clermont-Ferrand. Count time was 10 seconds per
element. The accelerating potential was 20 kV for a sample current of 20 nA. Standards used were
natural silicates.
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I11.2. Processus géochimiques et implications géodynamiques

Dans le chapitre précédent, nous avons utilisé les données géochimiques pour reconstituer
I’environnement géodynamique et la paléogéographie de la zone d’arc le long de la marge sud-
asiatique au Crétacé Moyen. Dans ce chapitre, nous tenterons de mieux définir les processus
pétrogénétiques a 1’origine de la grande diversité des laves observées dans la zone de suture de
Shyok. Les données utilisées au cours de cette étude sont des données en éléments majeurs et traces
et des données isotopiques (Sr, Nd, Pb).

Ces données montrent que les laves de I’arc du Ladakh n’ont subi que des degrés modérés de
cristallisation fractionnée dans la partie ouest-Ladakh au moins, ou il n'y a pas de termes
volcaniques différenciés. Par contre, la présence de termes thyolitiques dans la partie est-Ladakh
implique des degrés de cristallisation fractionnée plus importants. Mais il apparait, méme pour I’est-
Ladakh, que I’enrichissement en terres rares légéres n’est pas corrélé au degré de différenciation
des laves, des termes moins différenciés présentant des enrichissements plus forts en éléments
incompatibles que des termes plus différenciés ; la cristallisation fractionnée n’est donc pas le
processus principal d’évolution pétrologique.

Par ailleurs, les données isotopiques suggérent des variations importantes de la composition
de la source. Pour Iensemble des laves du Ladakh, les rapports isotopiques du plomb, du
strontium et du néodyme sont dans la fourchette de valeurs de ’anomalie “ DUPAL ”, comme il a
été observé au Kohistan par Khan et al. (1997). L’ensemble des données isotopiques est
compatible avec un mélange entre un pdle mantellique déprimé de type IMM (manteau n-MORB
indien) et un pdle enrichi correspondant aux valeurs des sédiments pélagiques et a celles du
manteau de type EMII. De plus, certaines laves ont des compositions particuliéres de type adakite et
basalte riche en niobium, qui ont souvent été décrites ensemble dans les contextes de convergence
rapide ol une crofite océanique jeune a été subduite (e.g., Defant et al.,, 1992 ; Sajona et al.,

1996), ot elles ont été interprétées comme le résultat de la fusion de la crofite océanique subduite

dans ces contextes. La composition isotopique de ces laves, notamment un eNd trés bas, témoigne

d’une contamination par une source enrichie. En particulier, le basalte riche en niobium tombe
précisément sur le pole sédiments pélagiques, au-dela des compositions proposées pour le pdle
mantellique EMIL Il est donc possible que des sédiments pélagiques subduits aient contribué a la
signature isotopique enrichie des laves, interprétée comme signature “ DUPAL ” par Khan et al.
(1997).

Par ailleurs, le caractdre trés primitif de certaines laves, allant parfois jusqu’a des

compositions picritiques, témoigne de degrés de fusion partielle élevés de la zone source des laves,

jusqu’a ~ 30%. Cette zone source mantellique a pu étre échantillonnée dans la région du Chang La,
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oll une vaste portion d’ultramafites est exhumée au cceur du batholite du Ladakh. Les reliques de
manteau échantillonnées dans cette zone montrent des assemblages minéralogiques €quilibrés a
haute température et sous de fortes fugacités en oxygene, suggerent également des taux de fusion
¢levés. Des laves primitives, magnésiennes et pauvres en silice, de type boninite et andésite
magnésienne ont été décrites également dans les régions de Chalt et de Dras. La conjonction de taux

de fusion élevés et de compositions isotopiques enrichies de type “ DUPAL 7, la présence de laves
riches en niobium, et de type adakite, présentant des eNd trés bas, suggerent la fusion de la crofite

océanique subduite et des sédiments pélagiques associés. Des interactions entre liquides crustaux et
roches mantelliques supra-subductives pourraient expliquer ces taux de fusion élevés. De telles

interactions sont également suggérées par la minéralogie des ultramafites du Chang La.

Cette interprétation s’oppose a celle de Khan et al. (1997), selon laquelle I’arc du Kohistan se
serait formé en bordure nord du continent indien, plus de 2000 kilométres au sud de sa position
actuelle, et non en bordure sud du continent asiatique, comme généralement admis. Par ailleurs,
nos observations de terrain (Rolland et al., 2000b) montrent bien que la partie nord-Ladakh au
moins se raccorde bien 2 la marge asiatique tibétaine & 1’est. De plus, la zonéographie du Kohistan
s’avére comparable 2 celle du Ladakh : Khan et al. (1994, 1996) et Treloar (1996) montrent bien la
présence d’assemblages de type arri¢re-arc dans la partie nord du Kohistan, il serait donc logique
de rattacher ces deux ensembles, d’autant qu’ils ne sont séparés que tardivement par I’exhumation
rapide du massif du Nanga Parbat - Haramosh (e. g., Zeitler et al., 1993); la continuité entre
Kohistan et Ladakh étant d’ailleurs réalisée par une bande mince mais cependant continue de roches
vertes, qui subsiste au nord du massif de gneiss himalayens de I’'Haramosh (Lemennicier, 1996).
Par ailleurs, les datations effectuées sur des plutonites recoupant la zone de suture montrent que
celle-ci était fermée dés 75-80 Ma (Petterson & Windley, 1985 ; Weinberg et al., 2000), alors que
si cet ensemble d’arc se trouvait sur la marge nord-indienne son accrétion n’aurait raisonnablement
lieu qu’a partir de 65-50 Ma, date de la collision Indo-Asiatique.
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Abstract

The Kohistan-Ladakh Terrane in the NW Himalaya is a remnant of an arc sequence obducted
onto the Indian 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 was
erupted in consequence to the northward Neo-Tethys ocean subduction.

The Western Ladakh in Pakistan comprises three groups of mainly tholeiitic lavas: (1) the
Northern back-arc Group, (2) the Southern tholeiitic arc Group, and (3) the alkaline Katzarah
Formation. In Eastern Indian Ladakh, the arc related lavas are more homogeneous and more
differentiated. Isotope and trace element data are compatible with a high-degree melting (20-21%)
of a slightly depleted mantle source for back-arc lavas, lower-degree melting (14-16%) of a fertile
MORB-mantle source for the tholeiitic arc series, and variable low to moderate-degree melting (5 to
18%) of a Nb-Ti enriched source for the alkaline lavas. An adakitic lava and a Mg-poor Nb-rich
basalt are spatially associated with the tholeiitic arc lavas. The composition and geological setting of
these lavas suggest melting of the subducted crust and associated sediments. Isotope co-variations
suggest a two-component mixing model involving a depleted mantle component close to the Indian
MORB mantle and either an enriched mantle component close to the EMII end-member or a pelagic
sediment component isotopically close to the Nb-rich basalt. These geochemical heterogeneities are
interpreted in terms of interaction between crustal melts and mantle. Lavas from the Katzarah

Formation have picritic compositions and trace element contents and patterns similar to the Nb-rich
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Mg-poor basalts in agreement with interaction processes of melts from pelagic sediment with the

sub-arc 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

a single entity in the Mid-Cretaceous, emplaced south of the Asian margin. Slab and
ready proposed for the Oman

arc as
sediment melting imply subduction of young oceanic crust, as al . .
ophiolite farther west. The fast northward drift of the Indian Plate could have triggered wide-scale

inversion of the divergent tectonic regime 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.

Keywords: Ladakh, Himalaya, island arc, back-arc, crustal melting, isotopes.

1. Introduction

o ; . : s
Since Permian times, complex tectonic disturbances, involving closure of oceanic domains,

crustal aggregation and mountain building occurred in the peri-Tethysian realm to form the present

day Himalayan mosaic. One puzzling problem concerns the origin and ir-litial geodynan?ic setting of
some parts of this mountain belt. Among these, the geodynamic evolution of the KohlstanuLadjakh
Terrane (Fig. 1a) in the Mid-Cretaceous times remains poorly understood. The Cretffic:eous Alblffm-
Cenomanian Kohistan-Ladakh arc-series were built somewhere between the Indian and Asian

plates in response to the subduction of the 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 margin (Tahirkeli et al., 1979; Bard et al.,

1980: Thakur and Misra, 1984; Khan et al., 1996; Treloar et al.,, 1996), or a south dipping

subduction zone, in the oceanic zone of the Dupal anomaly, more than two thousand kilometres to

the south of its present position (Khan et al, 1997). At present, it is still difficult to llmderstand
whether and how the Kohistan-Ladakh arc was connected to the Tibetan Asian c<?nt1nenta1' arc
(Lhasa Block), a region in which there is no evidence of oceanic arc or back-arc basin format.mns
(Coulon et al., 1986). West of Ladakh, the Kohistan arc has generally been interpreted as a unique
1980, Tahirkeli et al.,, 1982), but it is possible that more than one arc system
existed view of the wide initial oceanic realm separating Asia and India in the Lower Cretaceous

and to the long time-span of convergence before collision (Lower Cretaceous-Eocene). Located
the Ladakh region

arc (Bard et al.,

between the Kohistan intra-oceanic arc and the Tibetan continental arc-series,
, o . i
represents a key area for a better understanding of the geodynamic situation of the Asian marg

and Indian Tethyan arc-systems in the Mid-Cretaceous times.
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In a previous paper Rolland et al. (2000b), we presented the geochemical features of the
igneous components of the Northern Ladakh Terrane and proposed a geodynamic setting of this
terrane in Mid-Cretaceous. We suggested that during the Mid Cretaceous (i) a narrow back-arc
basin was present, ending progressively into Eastern Ladakh, and (ii) the Eastern Ladakh lavas
developed in an active margin setting showing close similarities with the Tibetan continental arc-
rocks. This implies that the intra-oceanic Kohistan-Western Ladakh arc probably evolved laterally
towards an Andean-type margin in Tibet and 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-Pakistanis Ladakh, sampled in two areas (Figs. 1a-b): (1) the Skardu area in Pakistan Ladakh
(Western Ladakh), and (2) the Nubra - Shyok and Teah areas in India or Eastern Ladakh. These
new data allow us to better constrain 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 northward 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 the south by the Indus suture zone (Fig.
la). 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 suture zone (Tahirkeli et al.,
1979, Honnegger, 1983). Arc-volcanism began during the Mid-Cretaceous, as suggested by Rb-Sr
and Ar-Ar ages of 110 and 90 Ma, both obtained in Ladakh (Schirer et al., 1984) and Kohistan
(Treloar et al., 1989; Mikoshiba et al., 1999). These ages have been confirmed by palacontological
associations of Albian-Aptian age in both Kohistan and Ladakh (Desio, 1974; Tahirkeli, 1982;
Dietrich et al., 1983; Pudsey, 1986; Reuber, 1989; Rolland et al., 2000b).

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 represent the fore-arc and arc,
respectively. For Treloar et al. (1996), these different formations succeeded in time, Kamila
amphibolites being the basement of the arc.
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According to various authors, the Ladakh Mid-Cretaceous volcanic and plutonic rocks (Dras,
Spontang, Nidar) belong to an arc developed above a north dipping subduction zone (Reibel and
Juteau, 1981; Honegger et al. 1982; Dietrich et al., 1983; Maheo et al., 2000). These arc-
formations are intruded by large granodioritic plutons in Ladakh (De Terra, 1935; Dietrich et al.,
1983; Honegger, 1983; Raz and Honegger, 1989), as in Kohistan (Tahirkeli et al., 1979; Bard et
al., 1980; Petterson and Windley, 1985). The earliest intrusions are, as the lavas, Middle
Cretaceous in age (103 Ma in Ladakh, Honegger et al., 1982; Schirer et al., 1984, and 102 Ma in
Kohistan, Petterson and Windley, 1985; Treloar et al., 1989) and display then similar geochemical
features (Petterson and Windley, 1991; Sullivan 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 suggest
that the Kohistan-Ladakh arc Terrane evolved as an active margin after its accretion to the Asian
plate (Petterson and Windley, 1991; Treloar et al., 1996). The structures of the Kohistan-Ladakh
arc are now obscured by the post accretion plutonism and tectonism. 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.

Rolland et al. (2000b) have distinguished two different units in the Western Ladakh rocks
along the Shyok Suture Zone (Skardu area, north-east Pakistan, 1 in figures la & 1b): (1) the
Northern Group with volcanic and sedimentary rocks emplaced in a back-arc basin, and (2) the
Southern Group composed of arc tholeiites. The Northern and Southern Groups are separated by
irregular and curved contacts, limited by ultramafic serpentinised rocks. South of the Shyok Suture
Zone, the Katzarah Formation consists of metapelitic rocks and rare OIB-type pillow-lava
interlayers. The tectonic stacking of these various 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 Cretaceous (Rolfo et al., 1997; Rolfo, 1998).

In Eastern Ladakh, along the Shyok Suture Zone (north-west India; 2 in figures la & 1b),
four units have been recognised (Rolland et al., 2000b), which are from north to south:

- The “Mélange Unit” is exposed in the Nubra valley and Pangong Range and is
composed of deformed volcano-sedimentary formations in which metapelites represent the most
abundant lithology (Rai, 1983).

- The “Sedimentary Unit” consists of a thick pile of Aptian-Albian sandstones with
minor limestone beds, interlayer in its upper part with basalts and andesites.

- The “Volcanic Unit” overlies the previous unit and consists of a thick sequence of

arc-volcanic rocks starting with basalts and andesites and finishing up with rhyolitic

ignimbrites.
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- The “Chang La Ultramafic Unit”, in tectonic contact with the Volcanic Unit, is
composed of harzburgites and gabbros, well preserved north of the Chang La pass (Reuber,
1990).

The sedimentary lithologies associated with the volcanic rocks suggest a west-east evolution
from a marine, carbonated environment in Western Ladakh to a continental, silico-clastic,
environment in Eastern Ladakh. In Western Ladakh, lithologies and geochemistry of volcanic rocks
(Fig. 1b) suggest 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 composition. It suggests that the intra-
oceanic Western Ladakh evolves eastwards towards a more mature arc (Eastern Ladakh) which is

probably in continuity with the Lhasa block (Tibetan) active continental margin.

3. Results

3.1. Petrography and mineral chemistry of the L.adakh Terrane volcanic and ultramafic rocks

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 metamorphism. Metamorphic assemblages are albite + actinolite / blue-green amphibole
+ calcite + 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 recrystallised, but most lavas are phyric and present relicts of
plagioclase, pyroxene and more rarely amphibole, generally defining an intersertal to

glomerophyric texture.

In Eastern Ladakh (Nubra-Shyok and Teah areas, on both sides of the Ladakh Batholith), a
minor proportion of volcanic rocks has escaped from metamorphic recrystallisation, regionally of
greenschist grade (Rai, 1983). The metamorphic assemblage consists of epidote + calcite +
actinolite. The lavas range from basalts to rhyolites. Pyroxene + plagioclase + spinel 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
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and K-feldspar and scarce clasts of albite and biotite define clastic and sometimes welded

ignimbritic textures.
crysts are present in only few basaltic andesites of the Nubra-Shyok area.

Unaltered pheno . .
Therefore mineral analyses of the more differentiated lavas have not been possible. Mineral
Ca-rich with frequent

analyses of basaltic andesite lavas are presented in figure 2. Plagioclase is

increase of the anorthite content from core to rim (An = 0.4-0.8), defining an inverse zoning (Fig.

2a). Spinel is a Ti-rich ulvospinel. Pyroxenes display diopsidic to augitic compositions (A in figure
2b), with frequent inverse zoning, defined by the increase of enstatite correlated with a decrease of

ferrosillite contents from core to rim. The pyroxenes plot in the non-orogenic tholeiitic and calc-

alkaline fields of Leterrier et al. (1982) (B in figure 2b). These compositions appear to be more
tholeiitic and closer to the non-orogenic fields than Dras lavas pyroxenes of Dietrich et al. (1983).

The Chang la Ultramafics are exposed north of the Chang la pass in Eastern Ladakh (2 in

figure 1b). Peridotites (mainly dunites) are composed of triple-jointed 80 - 90% olivine, 5 - 10% of

irregular and elongated orthopyroxene and 3 - 5% of large (0.1 - 0.5 mm) and isolated spinel grains

(clinopyroxene has not been observed). Minerals have tight compositional ranges, exposed in Table
1. Olivine is Mg-rich (Fo: 93.7 - 94.2), orthopyroxene is also Mg-rich (En: 89.8 - 91.6) and
' 2+
ALO,-poor (0.9 - 1.6 %), spinel has very high Cr# (Ct/(Cr+Al) = 0.85) and low Mg# (Mg™ /

(Mg?* + Fe™) = 0.2-0.4; Table 1). B
We have used the following reaction for the calculation of temperature and oxygen fugacities

(AlogfO,): 6Fe,SiO, (olivine) + 0, = 3Fe,S1,04 (orthopyroxene) + 2Fe,O, (Spinel), from the

calibrations of Nell and Wood (1991) and Balhaus et al. (1991). Temperature calculations of 1100

+30°C are obtained at a nominal pressure of 13 kbar. Accurate AlogfO, calculations depend on the

determination of the ferric iron content of spinels, derived stoichiometrically, and are thus sensitive

to errors in the in the measure of M** cations such as Al Nevertheless, Wood and Virgo (1989)
have argued that electron microprobe analysis yields precise enough data to obtain AlogfO,

values. AlogfO, calculations yielded high values, 2 to 3.3 log units above the fayalite-magnetite-

quartz (FMQ) buffer.
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Western Ladakh lavas
Shyok Suture Zone
Northern Group
< Southern Group (Kussomik)
¢ Southern Group (Bauma Harel)

4 Southern Group (Muchilu)
Katzarah Formation (Alkaline lavas)

O Shigar type
®  Katchoura type

x Eastern Ladakh lavas

Fig. 2 - (above and right side). Mineral
chemistry of Eastern Ladakh basaltic
andesites. (A, above) composition of
plagioclase in the albite - anorthite -
(orthose) diagram, and profiles of a single
plagioclase grain. (B, right side)
composition of pyroxene in the enstatite -
ferrossilite — (wollastonite) diagram (a);
and (b) pyroxene plots in discrimination
diagrams of Letterier et al. (1982). In the
discrimination diagrams, using the cations
Ca vs. Ti+Cr, Na+Ca vs. Ti and Ca vs. Al,
the fields represent 5% level confidence
for alkali and calc-alkali basalt data
compiled by Letterrier et al. (1982).
Eastern Ladakh pyroxenes are compared
to ‘Dras pyroxenes of Dietrich et al.
(1983).

Fig. 3 (left). Major and frace 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. Group 1-3: see
explanations in the text.
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3.2. Geochemical study of the Ladakh volcanic rocks

3.2.1. Alteration, Hydrothermal and Metamorphic effects

In a first approach, we will investigate the mobility of Sr, Nd, Th, U and Pb, on which the
isotopic study is based. Since zirconium is a moderately incompatible element that has generally
been shown to remain stable during alteration or weathering processes, it has been used as
reference to study the mobilities of Sr, Nd, Th, TiO, and Pb (Fig. 3). However, the concentration
of zirconium may vary in response to magmatic processes such as fractional crystallisation,
especially in the most differentiated lavas in which zircon has fractionated. SiO, vs. Zr (Fig. 3A)
and TiO, vs. Zr (Fig. 3B) plots show that: (i) the Zr enrichment is greater in the andesitic lavas than
to the basalts and basaltic andesites, (ii) SiO, does not correlate with Zr and (iii) the studied rocks
cluster into three groups with limited overlap. Group 1 has low Zr, low TiO, and high SiO,
contents, group 2 has low Zr, very low TiO, and SiO, contents, and group 3 has transitional Zr,
TiO, and SiO,. The differences between the three groups reflect magmatic processes rather than
alteration process, because both Ti and Zr are relatively immobile during alteration and weathering.

Sr does not correlate with Zr (Fig. 3C) but most of the analysed samples cluster into two
groups defined by low to transitional (50-180 ppm) and high (250 ppm) Zr contents at similar
ranges of Sr. Part of the scattering of the data may be due to plagioclase removal and/or
accumulation since plagioclase shows a high partition coefficient for Sr, and the lavas display
variable plagioclase abundances. Further, Sr variations are correlated with Al, also fractionated by
plagioclase (R*~ 0.8 in most series). The Nd and Th vs. Zr plots (Figs. 3D-E) illustrate a positive
correlation for all the analysed rocks though scattering exceeds the uncertainty range of
measurements. In the Th vs Zr plot, no correlation is observed within the Group 2 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 diagrams (Figs. 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 define two
trends (1 and 2 in figure 3G).

The variation diagrams of figure 3 indicate that (i) Sr and Pb could have been mobilised
during the alteration and metamorphism experienced by the Ladakh lavas, (ii) U and Nd have not
been notably affected by alteration processes, (iii) some samples (L58, L117, L118, L413, LK9b)
have been more intensely affected than the other studied lavas, spreading frequently out of the

trends or fields.
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Fie. 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. _

Samples 158, L117, L118, L413, LK9b have high LOI and/or anomalous major element
contents, in particular SiO,, MgO, Na,O (Tables 2 & 3), which could be the result of hydrothermal
alteration and/or metamorphism since these lavas are strongly recrystallised. In order to test the
effects of hydrothermalism, three volcanic rocks (L116, L117 and L.118) have been sampled in a
zone of silicification and sulphur (pyrite, chalcopyrite) impregnation, in a fracture zone crosscutting
the Southern Group of Western Ladakh (Fig. 1b). L117, sampled in the core of a 1 to 10 m thick
silicification zone is a fine-grained recrystallised aphyric quartz-albite rock, rich in small pyrite-
chalcopyrite grains, characterised by a very high silica content (72.8 wt%; Table 2). L118, sampled
10 meters away from the visible silicification zone, shows also a fine-grained recrystallised matrix
composed of quartz and epidote with quartz- and calcite-filled vesicles. Its high silica content (63.3
wt%) suggests that silicification remains important outside of the visible zone of alteration. L116,
sampled at approximately 100 meters 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 series. Its silica content (55.5 wt%) is
close to the mean of the series (54 wt%). Further, 1.117 and L118 show anomalous major element
contents with respect to the other silica-rich lavas found in Eastern Ladakh (Fig. 4). L117 displays
a particularly high Na,O content (6.2 wt%), while L118 is depleted in K, Na, Al, Mg, and enriched
in Ca and Ti. In figure 5, the trace element contents of L117 and 1.118 are compared to those of
L116. Relative to 1116, 1.117 is depleted in most High Field Strength (HFS) elements except
marked Nb, Ta, Zr and Hf enn'chrnénts, and shows paradoxical depletions in LREE and
enrichments in LILE (Figs. S5A-B). These relative depletions are difficult to explain through
differentiation processes, as depletion in LREE rarely correlates with silica enrichment. Preferential
depletion of the most mobile LREE, and immobility of the most compatible HREE (Yb and Lu),
could be explained 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 enrichm;:nt (Sr: 15.6; Rb: 0.11; Ba: 1.5; values for rhyolites in Nash and
Crecraft, 1985). The Nb, Ta, Zr and Hf enrichments can be due to the presence of zircon,
petrographically observed in 1117, and other minerals unaffected by alteration. In contrast, L118
shows quite similar trace element contents as L116 and the rest of Southern Group lavas (see §
3.2.2), with the exception of the most mobile LILE (Figs. 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 hydrothermal zone.
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In order to check whether hydrothermal alteration has had any effects on the Nd, Sr and Pb

isotopic compositions, samples L.116, 1117 and L118 have been analysed (Table 4). The eNd ratio

=
T

F16 LATE P, . of the most hydrothermalised sample (I.117) is higher (+6.7) than those of samples L116 and L118
74 (+5.96 and +5.56 respectively). The (*’St/**Sr),,, of the two altered basalts (L117 and L118) are
significantly higher than the preserved one (L116). The Pb isotopic ratios of 1.117 are also slightly

MORB- normalised

1
\ / \ l ‘L L,, :
L4 ; ‘ —l_"”__ s 7 higher than those of L116.
- From this section, hydrothermal alteration is shown to have an effect on relatively localised |
- PP TP S S zones, element mobility decreasing rapidly from the main fluid circulation zones. Data shows a ,
Ba Rb K Th Nb Ta La Ce P Nd Sm Zr Hf Eu Ti Tb Dy Y Yb decoupling of major vs. trace elements, and also of LILE vs. HFSE. To minimise mobility |

100
B problems, we always analysed the freshest samples. Nevertheless, more diffuse and unpredictable

L116,L118 element mobility has been evidenced. Consequently, to reduce problems of misinterpretation linked

to alteration effects, only most representative samples showing a lesser degree of major and trace

L L L- t element variation from the differentiation trend of the series, have been selected for isotopic
e

analyses.

| L1177 ¥ .-
10 -t . t—r—"7r

—o—1.118 (SiOp = 62wt%

—a—L116 (Si0p = 55wt%)
)
—-—--L117 (5i0g = 73wt%)

Chondrite - normalised

1 ! I | L ! 1 L I | L ! ! L

la Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

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 meters from the core of

the hydrothermal zone and L116 has been collected at ~ 100 meters from the zone. il
Chondritic normalisation values are those of Evensen ct al., 1978 and MORB |
normalisation values are those of Sun and Mac Donough (1989). Note the
depletion in LREE and MREE and the relative enrichment in Nb, Ta, Zr, Hf and
LILE of the most hydrothermalised sample (L117).
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LK% LK9 LK9% LKI15 LK16 L399

Area  Eastern Ladakh
N°Ech. L318 L1317 L1320 L424 L1352 L356 L423 L344
Nom basalt andesite andesite Basalt andesite andesite andesite dacite A basalt basalt dacite
Locality Teah Teah Teah Tangyaa Deskhit Deskhit Tangyaa Deskhit Deskhit Deskhit Deskhit
)
Si0, 51.56 5791 6194 51.84 5790 5879 62.03 6852 5216 5158 66.87
TiO; 1.05 1.66 084 173 085 0.86 143 053 177 102 051
ALO, 1798 1498 1791 2134 1767 17.67 1333 1390 1825 1876 1747
Fe0, 1.56 1.76 1.00 1.44 1.28 1.16 1.46 1.00 1.67 1.67 0.70
FeO 7.85 8.97 5.11 7.36 6.51 594 7.43 512 8.54 8.54 3.56
MnO 022 0.20 0.18 0.15 0.16 0.20 0.20 0.07 022 0.19 0.13
MgO 6.10 3.38 3.92 322 4.04 335 4.56 277 3.40 5.63 0.81
CaO 1066 586 282 772 796 686 612 346 921 976 328
Na,0 2.37 2.79 474 3.24 2.40 3.40 2.64 4.04 2.53 224 4.35
X0 0.34 2.03 1.45 1.95 1.07 157 0.80 0.54 173 0.44 2.10
PO, 0.19 0.45 0.08 0.01 0.16 0.21 0.01 0.05 0.51 0.17 023
LOI 0.75 029 1.44 2.03 2.36 133 1.81 1.64 0.46 1.67 072
(ppm)
Ba 66 339. 313 401 526 677 252 289 492 204 355
Rb 1235  76.80 39.04 9431 1997 3383 5615 6.66 6551 8.40 165.23
Sr 417 265 349 430 564 725 325 182 465 393 117
Ta 0.17 0.71 0.47 088 026 038 098 0.1 072 020 091
Th 1250 9.492 6376 9375 2920 29500 9.623 1.108 5.330 1730 15104
Zr 62 241 118 310 88 119 333 22 126 75 251
Nb 2.7 10.1 6.3 13.7 3.9 6.1 162 1.8 129 43 10.5
Y 2028 47.79 21.31 5224 2254 2138 5009 1146 4886 2409 26.67
Hf 1.68 6.39 313 744 243 305 748 0.79 347 207 607
Co 4071 3092 2271 28.08 2887 2393 2578 17.13 3197 3985 325
u 0328 1.852 1369 2280 0859 0746 2445 0445 1230 0530 5.836
Pb 717 1832 1381 8.20 9.00 8.81 717 L1 898 341 2378
Cs 5402 6844 4596 5601 0546 1838 2770 0514 7560 0800 11623
La 7.96 3158 1478 3317 1168 1497 33.67 386  29.83 874 2523
Ce 19.11 7199 3479 7545 26.64 3424 7746 8.49 6533 1979 5056
Pr 2.59 9.17 3.89 9.56 3.42 4.31 9.80 1.08 8.43 2.73 5.68
Nd 1147 3749 1524 3939 1478 1780 39.65 4.60 3518 11.82  21.09
Sm 2.90 8.45 3.45 8.97 368 423 8.86 1.26 8.37 313 459
Eu 1.045 1969 0911 2131 1156 1308 1.832 0410 2.096 1100 0.928
Gd 3.39 8.79 3.53 9.34 4.08 4.59 9.15 1.59 8.62 3.84 5.09
Tb 0552 1307 0553 1397 0590 0613 1318 0261 1302 0624 0705
Dy 3.39 8.14 3.39 8.42 3.62 3.61 8.07 172 7.74 3.92 371
Ho 0716 1663 0713 1806 0782 0725 1696 0380 1603 0844 0765
Er 2.032 4699 2.043 4862 2188 1926 4687 1144 4487 2426 2379
Yb 1.792 4204 2.041 4431 2207 1786 4341 1.147 4297 2407 2509
Lu 0279 0.638 0320 0702 0336 0264 0670 0.187 0.656 0362 039

rhyolite
Deskhit

79.10
0.12
11.37
0.16
0.81
0.12
Q.10
1.02
3.27
391
0.02
132

506
122.84
104
0.81
14253
82
10.1
26.40
2.88
125
2,121
13.51
4.349
19.40
42.94
4.65
16.89
377
0.614
3.96
0.608
3.44
0,739
2411
2.759
0.452

rhyolite  diorite
Deskhit Chang la

77.58
0.12
1349
0.20
1.01

0.05 -
028 -
0.72 -
2.04 -
4.49 -
0.02 -

1.95

764 331

BHVO
certifiate standard

errors (%)

275 1.2
13.53 07
11.23 1.0
0.17 a7
7.23 0.9
11.01 0.8
222 1.9
1.09 1.6
0.23 3.3

mean  standard
(n=9) deviation
(ppm) %

132.47

159.65 17226 9.08

68 66

402,67

0.70 0.56 1.25
14630 8.176 110

95 78
10.0 7.5

186.63
2032

1461 3047 2731

291 2.17

4.54

120 39.65 4495
2,750 0920 0.41
16.55 1177 2.07
10.767 21913 0.10
2849  21.86 15.84
48.88 39.62 38.22

4.52 491

5.44

1470 18.81 24.89

2.68 4.01

6.14

0618 0865 . 2.02

3.30 432

628

0.383  0.703 0.95

2.00 4.30

5.38

0.419  0.924 1.01
1.326 2517 242
1477 2.827 2.02
0239 0452 0.29

3.7
0.3
10
0.1
0.02
58
1.0
0.7
0.2
0.6
0.01
0.2
0.01
0.4
0.9

Table 3 - Major and trace element analysis of most representative Eastern Ladakh lavas.

Trace elements were prepared and analysed following the method of Barrat et al. (1996). Silica-poor samples (basalts to andesites)
have been attacked using a microwave heater. More silica-rich samples (dacites to rhyolites) have been attacked using a bomb for 48 h.
Major and minor elements were obtained using an Inductively Coupled Atomic Emission spectrometer (ICPAES) at the university

er (ICPMS) at the university J. Fourier of Greneble. Errors on mesurements are presented for each element above at 2 s %.
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Area WESTERN LADAKH

EASTERN LADAKH

M.FWMV Northern Group Southern Group Katzarah Formation
w1
" Katchoura type Shigar type
WW 50-59 52-56 49-54 50-51 5279
e 7-11 8-12 67 9:10 10-11"
w“m»w N,\.N;mu 3.09.6 9.1-132 5.6-11.8 32-6.1'
B 0.5-4.7 L1-14 11-14 2232

Mﬂwu mu_u__cmq.__ 6.4-99 11-15 11.5-16 7.7-10.7'

2-16: 16.2-19.9 12.3-15.5 123-155 18.0-21.3'
x.uo 0.08-1.02 03-17 0.3-05 0405 0220’
TiO, 0.46-136 0.6-14 Muchilu- 08 2025 1117
(La/Smyy Tt

1.0-13 0.5-0.8 1.0-1.6 1.8-3.0 1.4-2.8 2235 1.8-2.4% 32-65°
(La/Ybiy 10-1.4 0.6-08 1830 2639 3435 4493 2557 6.8-13.0°
(Th/Yb)y 35115 0.8-3.9 722 12-15 13-15 11-36 18-56° 131-257°
Mgwu 0.3-0.7 07-1.4 03-0.6 0.1-02 1.4-17 1.4-2.1 04-0.5% 0.4-0.6°
nzmﬂ Nd o.mmu.ou;w 0.5128-0.5129 0.5127-0.5128 - 05127 0.5126-0.5127 05126-05128%  0.5125-0.5127°
iy 47 +7-48 +5-46 : +4-45 +3 (+1.8 - +5.52)  (+0.5-+4)

r 07044-0.7196  0.7044-0.7050 0.7039-0.7045 - ‘ - 07042
eSry30 07-+14 0-49 6--1 - - - 2 .
HHMMH”” 2 18.41-18.69 18.36-18.59 - - 4 18.52-19.16° 19.10*
o ot - 15.57-15.59 15.54-15.61 - - » 15.60-15.62° 15.63°
- 38.66-38.80 38.40-38.70 - - = 38.70-38.80° 39.22°

': values for basalts; % values for basalts to andesites; *: values for dacites to rhyolites

Table 5 - summarised geochemical features of Western and Eastern Ladakh units.

“Qd,0/Adssz 03 SO0°0 PUE Adyur/Adez 103 LO0'0 “Adlboe/ Ao

RIALOTT O} PIE[NO[RI2I are sones o1dojos] “elep 91dojos] qd Pue PN IS - ¥ IqPL

10] 70°0 JO SIE PIEpaEIs SEN JO SUNI SAL} WI0K PaureIqo ‘SJUSTUSMSEI TO SIOLIF

“ETECEOT = Aduoe/Adaer (60E68 ST = Adlbo/ Aoz *SE069"9E = Ao/ Adce O PIMSESW 19m PIEPUEIS SEN JO SIN[EA Gd srdojosy

“(Z1F) §961 150 SeMm PIEPUEIS SHUUSY JO SINSESA "61TIL0 IO PNiy/P N JO ON[BA B 0) PASITEULIOU SBM PN T/PNew “(CTF) 0SZOTL'0 0} paINSaI Sem prepuels SN ‘ZELE ] O PASHEULION SEM IS5s/1S1s
“w0AT J0 *S'N"H 91 18 ¢ ewise[d DA B UO pauTeIqo SOSA[BUR 4y

*3STIO[MOL, JO J9TEQES *d ANSISATUN 3U) I8 JONIST[OSN[N 16T LVIN ST, B U0 PAUTRIQO SISATEUE 4

- - = ™ 7708 £6°TL " 1989 09°59 - T6'EL 0,89 8V
- - = =S ¥6°9 il = L6 L0'8 - o1t 2801 vILV
- = - - zoret £75°81 - 69581 015°81 L 6581 0z5'81 ...U:S.msin_msb
- - " $ LTyst 129°61 = £09°S1 8LECT - £29°ST L09°ST ..azﬁnmswﬁmhsu
= - - " £TT6E 0SL'8E - €9L°8€ 799'8¢ * 9r8'8t S0L'8E " o__SnA&mesb[
- - g = - - = - 97T - = = M(1g)3
- > - - : ; - - Tworo - F - TIS/11s)
= - i = - - = ] 165810 - - = Hmm»mn_m 8
796" we 90T 913 4 850 181 86°C - ST°E 05°S LT po'E R INE]
+00Z15°0 Q76TIS0  68STISO  069ZIS0 CISTISO  68SZIS0  9E€9Z1IS0 = 9cO7IC0  8LLTISO  TTOTISO  6E9TISO M DN/PNest)
76L08T°0  £5808T°0  OTZOIT'O T8STET0  8PSLSTO GSTSET0 6698£1°0 - FILSEL0 CLOLET'0  6YTOETO STOESTO PNy /TS 4
? - " : - - . ? 017 - : E o)
_ = a - - - - = 09t0L"0 = - - ISesMSes
01F 1% 9F 15 9¥ 01% LF 2 8+ LF =3 v+ S+
.050zZ150  EIEIS0  .6SL9TIC0  .9E6LTISO 146921670 ..S989TIS0 . ISVLZISO - CLSLTISO .PLLSTISO .68TLTISO ¥OSLTZISO PN /PNy
g1dueqy  B]suey)d npsed npsag np{saqg npsed pseq IR{saqg IMpsed RS qeal eaL
2)uoTp 0I1qqes aoAys e Q110ED 2)1sepUE asopue suaxoIkd ay1sapue Eseq ajsapue eseq
66¢£71 L6t 91T 996211 YPET €TVl 95T 6T 4559 § eyl LIET 81€T
yepe] uI2iseyq
> - - - 68°¢S E'19 - 98'%S = = - - TOLS 9E'8L : - vigv
= - - ™ 18°¢ vO'11 - S6'9 " - * b 9T'L 18 - = VILY
- - " 22 685°81 6¥581 i 19¢°81 - " & ¥ T £69°81 LOV"81 ™ L A / O
g - ® T Lad ¥ [AL R » 165°CT - - = - 63561 1LSST * = B G YL )
= k= - i 0r9'8¢ 999°8€ - PLE'BE i - - ” L6L'8E 199'8€ - - (O 0/ U0}
" = - - €0 'l wT 19" S0°6T- S8El - 9E£°0L 870 ££6 88°ET £L°0" BE
- o = - L80¥OL'0 OCPPOL0  66ZF0L0  LZ6S0L0  VTETOL'0  LVESOLD 2 LTE60L0 TCEVOLD  8ZOSOLD  BYESOL'O LZ96ILD {180/ 1S ss)
- - i = 60VERE0  6YLELTO  T6ETBOOO LRISTT'O 9ve1T9'1l Sry890°0 k 8T3LI00 T0PLI00  9L6610°0 8681600  6BE6YLO 1S,/ A¥ s
8Py oLy (143 65T 95'% w9 96°S 95's 89T vo'y €0 9L1" L9 68'L LS9 L4 (PN)2
£1LT1S0 CTLZIS0  099Z15°0 919Z1S'0  0ELTISO P8ISO TOBTISO 18LTIS0 £385T16°0 0SLTIS0  C6ETISO  9OFZISO TY8TIS0 1062150 £E8ZISO Z0LTISO TN/ PNert)
LIEPPT0  PTOIET0  ¥6v9I'0  BLEGET'O 6SSOCT'0  8LPOOTO  €88091°0  S¥I99T0 8F8LG00  08STOTO  86E6YITD 86E6YT'0  6LISOTO 18161T°0 1LO661'0  $88681°0 PN/ WS 1
“ " = - 11+ o1+ viF I+ 11+ 01F - 6+ 6F 6F L1F LF GoF
- » = - 0g9¥0L'0  8L8YOL'0  TIEPOL'O €TIPOL0  65S8¥0L'0  ¥SPSOL'O # SSEGOL0 SLEYOL'O 650SOL'0  Z6FSOL'D  TSEFOLO JS5i1S 1
LF LF §F &F LF S+ 6+ F CvF YiF & 9F (ad & LF F [Chaks
L78TIS0  BTBTISO  06LZISO 97LZIS0  6E8TISO S86TIS0  8IGTISO 1062150 £5971S°0  SG8TISO  00STISO  FISTISO 686TIS0  6SOETS0  9L6TISO  BESTISO PNe/PNen
EIMOUdey  eInoudlely Te3ns TeSTS  SSeq of[eL  NUOSSM  IHOSST MI0SSN3] (areondnp) 7 dAL 7 2dAL T odAL 1 2dAL
sy[eseq QuIEy[E §)[eseq aur[ey[e SINH 2)1spuE SN[eses] av alL VAN avViIN ore-yoeg ore-yoeg oIe-joeg ore-yoeg
€LST ELST 6L171 SLTT w11 LITT 8111 911'T o1 651 ce1 5991 LSTT LT 9811 (14498

epe] TI91S9M



3.2.2. Major and trace element, and S, Nd, Pb isotopic compositions of Ladakh volcanic

rocks

samples of Eastern Ladakh have been
2 & 3. Analytical procedures are
es of Eastern Ladakh

e analyses are

Thirty-one samples of Western Ladakh and sixteen

selected for major and trace element analyses presented in Tables
summarised in Table 3. Fifteen samples of Western Ladakh and nine sampl

were selected for Nd, Sr and Pb isotopic analyses, presented in Table 4. All thes

summarised in Table 5, for each geological unit.
s confirm the hypotheses presented in Rolland et al. (2000b) based on field study

ace element data. Main geochemical differences between the different

These result
and prelimiar major and tr
geological units are summarised below.

Northern Group mafic lavas: Back-Arc basin affinity

) exhibit high FeO, and MgO, and
d REE contents close to
ce elements and

The Northern Group pillow-lavas (5 samples in Table 2
low CaO, ALO, and TiO, contents. Northern Group lavas show trace an
those of N-MORB (Fig. 6A). Two types have been distinguished on the basis of tra
REE contents. Type 1 is slightly enriched in LREE [e.g. (La/Sm), and (La/Yb)y in Table 5], with
LILE and Th enrichments [e.g. high (Th/Yb), in Table 5], relative to chondritic and MORB values.

Type 2 is LREE-depleted ((La/Sm), and (La/Yb), are less than 1), and does not show the Th and

LILE enrichments of Type 1 [low (Th/Yb),; Table 5]. Northern Group lavas have high and rather

homogeneous eNd,,,, with the exception of Type 1 basalt L140 that has a significantly lower

eNd,,, (Table 4; Fig. 7a). The €51y, ratios span a large range of values (from —0.78 to +13.88)

which do not correlate with the ENd,,,. Pb isotopic ratios are in the same range as the arc-related

Southern Group (described below), with 38.664 < 2*Pb/**Pb < 38.797, 15.571 < 207pp/24ph <
15.589 and 18.407 < 206ph/24Ph < 18.693 (Table 4).

Considering major and trace elements and REE,
affinities, transitional between N-MORB and Island arc tholeiites (IAT). Northern Group lavas

Northern Group lavas show tholeiitic

have higher eNd, , than the rest of the analysed Ladakh lavas, suggesting a more depleted source.

Considering both the sedimentary environment, dominated by avalanche-type deposits featuring a

marginal basin, and the geochemistry, the Northern Group could be interpreted as the remnant of

back-arc basin series developed on the northern side of the arc.
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Southern Group lavas: intra-oceanic arc tholeiitic affinity

Most of the Southern Group lavas (Kussomik suite in the Upper Thalle Valley, Muchilu and
Bauma Harel, Fig. 1b) occur as pillowed or massive flows and tuffs. The Javas are basaltic
andesites in composition, with high ALO, and low TiO, (0.7-1.4 wt%) contents. Moreover, they
are enriched in Th and LILE, and display strong Nb and Ta depletions [e.g. low (Nb/La)y for the
Kussomik suite, and very low (Nb/La),, for the lavas from Muchilu and Upper Bauma Harel; Fig.
6B-D, Table 5]. All lavas of the Southern Group show LREE enrichments. The lavas of the
Muchilu and Bauma Harel suites display higher LREE enrichments than those of Kussomik suite
[e.g. (La/Sm),and (La/YD)y ratios in Table 5]. Relatively to the Northern Group lavas, Southern

Group lavas show slightly lower eNd, ,, and &Sr;;, values, and similar Pb isotopic ratios (Tables 4-

5 & Fig. 7a). .
Considering both the geological context, lithologies being exclusively volcanic, and the

geochemical data, the Southern Group features a tholeiitic intra-oceanic volcanic arc environment.
Particular lava types of the Western Ladakh Southern Group:

Among the lavas of the Southern Group, four samples, viz. (i) a tholeiitic dacite, (ii) a Mg-
rich shoshonitic basalt, (iii) a Nb-rich basalt, and (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, all interlayer in the volcanic arc series (Fig. 1B).

(i) Tholeiitic dacite. The dacite L.59 (Si0, = 71.27 wt %) differs from those from Eastern
Ladakh by low K,0 (0.4 wt%) and relatively high FeO, (6.5 wt%) contents. Its trace element
contents are lower than basalts and basaltic andesites of the Southern Group (Fig. 6D). Moreover,

this tholeiitic dacite has a flat REE pattern, and strong Nb and Ta negative anomalies [relative (o

MORB; (Nb/La), = 0.23], which are characteristics of tholeiitic arc-lavas. Its €Nd,;, (+4.94) and

£Sr,,, (+13.85) are lower than those of most Western Ladakh lavas (Fig. 7a; Table 4).

(il) Me-rich Shoshonitic basalt. This basalt (L144) differs from the arc-tholeiites of the
Southern Group by high K,0 (3.3 wt%) and MgO (9.8 wt%) contents. The MORB normalised
multi-element plot of this basalt (Fig. 6C) shows high LILE (Ba = 500 ppm) and LREE
enrichments [(La/Sm), = 2.1) correlated with a HREE depletion ((La/Yb) , = 8.0)], and marked Nb
and Ta negative anomalies [(Nb/La), = 0.28]. Moreover, this basalt is characterised by a lower

eNd,,, than those of most Western Ladakh lavas (+4.56), similarly to the tholeiitic dacite. Its €51y
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is lower than that of the dacite (-4.03). Its Pb isotopic ratios are lower than those of the arc-
tholeiites and/or back-arc basin lavas (***Pb/?**Pb = 38.640, *’Pb/**'Pb = 15.544 and **Pb/***Pb
= 18.589; Fig. 7a & Table 4).

(iii) Nb-rich basalt. The major element abundances of basalt L55 are transitional between

those of the Southern Group arc-tholeiites and the Katzarah alkaline lavas (next section). Indeed,
this basalt has higher TiO, (1.5 wt%), FeO, (11.6 wt%) and CaO (12.2 wt%) and lower ALO,
(16.6 wt%] contents than the Southern Group arc-tholeiites. L55 has have high Nb, Ta [(Nb/La),
= 1.30) Th and LREE contents (Table 3a), and do not display the Ti negative anomaly (Fig. 6D).

55 has particularly low €Nd,,, (-1.76; duplicate: -2.03) and high &Sr,,, (+70.36) which are far

more radiogenic than those of any Ladakh lava (Fig. 7a).
(iv) Adakitic lava: The mineralogy and major elements compositions of this felsic lava (L65)
are similar to adakites (Table 2; Fig. 4). L65 is composed of abundant plagioclase, and less

abundant hornblende, biotite and sphene phenocrysts. On the basis of its major element
composition (Si0, = 59.9 wt%; Na,0 = 4.31 wt%; K,0 = 2.8 wt%), L65 is quite similar to
Eastern Shyok andesites. .65 has high LILE contents, (Ba = 725 ppm), a strong LREE enrichment
((La/Sm), = 4.7) and a marked HREE depletion ((La/Yb), = 55.8; Fig. 6D). The (La/Sm), and
(La/Yb), ratios are in the field of adakites (Martin, 1986). L65 displays also marked Nb and Ta

negative anomalies ((Nb/La), = 0.28), which are common features for adakites. L65 shows lower
eNd,,, (+1.68) and €Sr,,, (-29.05) ratios, which are lower than those of most Ladakh lavas (Table
3; Fig. 7a).

The Katzarah Formation: Alkaline affinity

The lavas of the Katzarah Formation can be divided into two types on the basis of the major
element contents and REE patterns (Fig. 6E & Table 2). The Katchoura type (Fig. 1b) is
characterised by high CaO and MgO abundances and low FeO, and TiO, contents. The Shigar type
(Fig. 1b) differs from the Katchoura type by high TiO, and lower CaO contents (Table 5). Both
types show low but variable ALO, contents. The two most Mg-rich samples (L575 and L175) of
both Katchoura and Shigar types show picritic compositions with Mg# of 0.7 and 0.8,
respectively. The Katchoura type lavas are flat-HREE patterned (Fig. 6E), while the Shigar type
rocks are progressively more depleted in HREE from Tb to Lu.

Both lava types are LREE, LILE and Th enriched [e.g. (Th/Yb),; (La/Sm), and (La/Yb)
ratios in Table 5] and are not depleted in Nb [(Nb/La), ~ 1], , Ta and TiO,. Katzarah lavas have
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lower eNd,,, ratios tha

eNd, ,, (+4.48 to 4.70) than the Shigar type (from +2.59 to +3.44).

Considering major, trace and isoto
of Oceanic Island Basalt (OIB).

n Northern and Southern group lavas. The Katchoura type has higher

pic compositions, Katzarah Formation lavas have features
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Eastern Ladakh volcanic rocks

Eastern Ladakh samples were collected along the Shyok Suture Zone in northern Ladakh,
north of the Ladakh Batholith (Nubra-Shyok area: Kardung-Deskhit localities, ten samples; and
Tangyar, three samples) and from the Teah area, south of the Ladakh Batholith (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 rthyolite, with very

homogeneous geochemical features. Geochemical compositions of the lavas are consistent wi.th.an
arc-tholeiitic to calco-alkaline evolutionary trend (Table 3b; Fig. 8). Most major element vanat{on
diagrams (Fig. 8) show an evolution from basalts with low K,0, moderate MgO, CaO and TiO,
and high ALO, evolving to rhyolites with high K,0 and low MgO, CaO and TiO,. However, there

is some scattering in TiO, and K,O variation diagrams. |
These lavas have obvious arc affinities, with LILE and Th enrichments [higher (Th/Yb)y

values than Western Ladakh lavas, Fig. 6F & Table 5]. They have marked negative Nb anomalies

and high LREE enrichments (see (La/Nb),, (La/Sm), and (La/Yb), ratios in Table 5). | '
Isotopic values are quite homogeneous, basalts and andesites of Teah area have 1sotopiC

values in the same range as basalts and andesites of the Shyok Suture Zone, and €Nd,,, does not

decrease as SiO, increases. Eastern Ladakh lavas show lower eNd,,, than Western Ladakh lavas

(Fig. 7; Table 5). Pb isotopic ratios are higher than those of the Western Ladakh lavas (Table 5).
This relative geochemical homogeneity is compatible with limited variations in the source of the

Eastern Ladakh lavas, notably more radiogenic than that of Western Ladakh arc lavas (Fig. 7a).
The very low eNd value of the diorite L399 (eNd,,, = -7.5) suggests that a higher amount of

crustal material was afterwards involved in the production of the Ladakh Batholith granitoids, and
the lavas cannot be directly related to the Ladakh Batholith, as proposed by Ahmad et al. (1998).

In summary, few remarks can be done on the basis of these first results:
Western Ladakh is characterised by three different suites, all with oceanic affinities (Fig. Tb

& Table 5): (1) The tholeiitic Northern Group with low La/Yb and high eNd, emplaced in a back-
arc basin, (2) the arc-tholeiites of the Southern Group are characterised by high La/Yb, and
relatively high eNd and represent the remnants of the intra-oceanic arc, and (3) the alkaline
Katzarah suite, has high La/Yb, like the arc tholeiites but differs by relatively lower eNd and the

absence of negative Nb anomalies, displaying an OIB-type affinity.
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Eastern Ladakh contains a more homogeneous and differentiated volcanic arc-suite of

continental affinity with lower eNd and higher La/Yb.

4. Comparison with other Ladakh and Kohistan Cretaceous volcanic 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.

-In Ladakh, the Dras lavas (Reibel and Juteau, 1981; Honegger et al., 1982; Dietrich et al.,
1983) are mainly basalts, with no andesitic end-members, characterised by high Mg contents (MgO
~ 12 wt%; Table 6) with similar tholeiitic arc characteristics as the Southern Group. In south-
eastern Ladakh Nidar area, two types of lavas are present (Maheo et al., 2000; Table 6). The first is
TiO,rich (~ 2 wt%) and MgO-poor (~ 5 wt%) and similar to I-MORB. The second differs by low-
TiO, (~ 0.5 wt%) and high-MgO (~ 9 wt%) contents, and have compositions close to those of
high-Ca boninites compatible with a fore-arc setting (Pearce et al., 1992). Finally, the Spongtang
gabbros, with low MgO (~ 5 wt%) and TiO, (~ 0.7 wt%), are geochemically closer to N-MORB
than to arc-type lavas (Maheo et al., 2000).

-In Kohistan, the heterogeneity of the Cretaceous volcanic and plutonic rocks has been
shown by several authors (Table 6). The Chalt lavas with commonly picritic or boninitic
compositions (Petterson and Windley, 1991) with high MgO (~ 11-16 wt%) and CaO (~ 10-12
wt%) contents, correlated with low TiO, (~ 0.2-0.3 wt%) and ALO, (~ 10-13 wt%) resembles
high-Mg basalts and andesites (Kay, 1978; Shinjo 1999; Table 6). The Kamila amphibolites have
been separated in two groups by Khan et al. (1997): (1) a high-Ti group and (2) a low-Ti group,
which are respectively similar to -'MORB and high-Ca boninites, and appear to be very close to the
Ladakh Nidar area lavas. Finally, the Chilas gabbronorites (Khan et al., 1997 and references
therein) have been shown to display relatively high TiO, (~ 1-1.2 wt%) and AlL,O, (~ 18 wt%), 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 geothermal gradient

beneath the arc. In the following section, we will investigate the reasons for such geochemical
aspects.
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BEBEEE] rggﬁ% Egggg 5. Discussion: Geochemical Processes
caxsuszezit] § 650
§§§§§§,§§;E§§§ = EE% The geochemical study of Western Ladakh lavas has revealed the presence of lavas with’

N N ué 5 il widely contrasting geochemical characteristics. These geochemical heterogeneities suggest the
22585558888 g 2i¥ g § contribution of several sources and geochemical processes. In particular, the presence of adakitic
corEmesEe 3% E’gg gg and Nb-rich lavas suggests the contribution of melts from subducted oceanic crust (e.g. Sajona et
P S el 3; %g "R al. 1996 and references therein). Other lavas such as high-Mg basalts and andesites, which have
SEERISE §§§§m §§§ been described in Dras and Chilas suggest the interaction of slab melts with the overlying mantle
ssuseeREsd ?gg ; | (e.g. Shinjo, 1999). Does crustal melting play a role in the geochemical variety observed in
N — % ~ i: ‘ Western Ladakh? To answer to this question, we will investigate the respective contributions of the
ERARS T ERENR %ﬁ nature of the source, partial melting and fractional crystallisation in the geochemical heterogeneity :?‘
SGREE BRES 5 %% g occurring in Western Ladakh. |

8"k 5.1. Degree of partial melting and fractional crystallisation

23EEIERERER $iee |
A éééa The Western Ladakh lavas, compared to those of Eastern Ladakh, display only limited .
AR e ey e variations in La contents at given values of La/Yb (Fig. 9A). The positive correlation of La and '
osszrengEgd gi‘g La/Yb, shown by the Western Ladakh lavas can be interpreted as the result of only limited degree i

o %""‘ of fractional crystallisation (CF in Fig. 9A). These variations seem to be more related to different |
SHEBLSEREE g vg 3 melting rates or sources compositions, than fractional crystallisation. In the case of Western Ladakh i‘ ‘;,
[ ;,,E%a lavas, the Northern Group lavas show lower La/Yb ratios than those of the Southern Group, 1
il S gﬁ EF g probably because they are derived from the melting of a more depleted source and/or because of
cpweapeniny Egég lower degrees of melting. The high La/Yb ratio of the adakitic lava cannot be explained by
FRSEREREEoN g fractional crystallisation of any Western Ladakh arc suite. Further, Eastern Ladakh lavas can be

separated into two groups: a REE-Ti rich group and a REE-Ti poor group (Figs. 9A-B). Although \‘
the presence of rhyolitic ignimbrites suggests important levels of fractional crystallisation, H
enrichments in trace elements such as La are found to be independent of the SiO, content of the |
lavas (Fig. 9A). However, as the degree of fractional crystallisation of a lava is linked to the #Mg |

[(Mg+Fe)/Mg], melting rate estimates will be based solely on the most primitive samples with #Mg
(> 60).
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ontrast, Eastern Ladakh

An estimate of percentage melting can be made using a simple batch melting model, Using
Shaw (1970) equation: C, = C, (D + F(1 - D)) (1), D being the bulk distribution coefficient of the
residual solid (D = C/C)), C, being the concentration of a given element in the solid residue and C,
in the liquid and F being the weight fraction of melt produced by partial melting.

Assuming D, ~ 0 for incompatible elements, (1) becomes: C; / C; = 1 /F, and F values can
been determined for the most primitive lavas. The value C, of Fertile MORB mantle (Pearce and
Parkinson, 1993) can be chosen considering the isotopic ratios of the lavas. F values have been
calculated for the most primitive lavas of each series (calculations are summarised in Table 7). For
all the lavas of Table 7, except the Shigar type lava, presence of residual garnet is improbable
considering their flat HREE patterns. Estimated partial melting values are high for all the lavas (arc-
tholeiite L124: F = 14-16%; Back-arc lavas L.156, LL199: F = 19-21%; Katchoura lava LL575: F =
16-21%). Shigar lavas display higher Sm/Yb values, consistent with the presence of garnet in the
source, consequently the percentage melting values estimates using MREE-HREE are two high,
and the value obtained with Nd and Zr (F ~ 7-8 %) should be more coherent.

Loczility - NG F* NG F* SG F* HMS F* Shigar KF F* Katchoura F*
KF

Sample FMM L156 L199 L124 L144 L175 L575

N°

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 1857 0.07 20.55 0.07 B8.454 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
Mg# 0.60 0.61 0.67 0.67 0.69 0.80

Table 7 - Melting rates estimates, follow:ng a simple batch me ting model. FMM: Fertile MORB mantle
composizion

used in the calculation.

*(D = 0), SG: Southern Group, MG: Northern Group, KF: Katzarah Formation, Mg# :

Mg/(Mg+-Fe2+)

5.2. Source mixing processes

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

Reference Line (NHRL; Hart, 1984), Pb isotopic ratios have been represented as A7/4 Pb and A
8/4 Pb (Fig. 10). The DUPAL anomaly is defined by low eéNd (< 7 - 8), high *’St/**Sr (> 0.704 -

705), high A 8/ 4 (> +60) and high A 7/4 (> +8; Hart, 1984; Hart, 1988).
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F B

The isotopic compositions of the Ladakh lavas are compared to those of the Eastern Kohistan
igneous rocks (Khan et al., 1997) which also display DUPAL characteristics. 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-ecastern Asian
margin (Tu et al.,, 1991), which suggest that this anomaly is either larger in space or more
heterogeneously distributed than expected. Another alternative 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 Sun (1980) and Woodhead (1989)..

To test which component is responsible for these radiogenic isotopic ratios, Ladakh and
Kohistan (Khan et al., 1997) data are plotted with a representative set of geochemical end-members
in figure 11. The Ladakh and Kohistan lavas plot as a sublinear field on the figures 11 A-C (Pb vs.
Pb plots), suggesting that these rocks likely derived from the mixing of mainly two components:
IMM and EMII or Java type pelagic sediments. The trends are unIikelyr to represent mixing

trajectories with a hotspot Kerguelen-like end-member. On figures 11 D-F, (&Sr,,, or €Nd,,, vs.
2ph/**Pb plots) the Ladakh and Kohistan lavas define larger fields, but the fields of EMII and
pelagic sediments are again very close. In the €Sr,,, vs. €éNd,,, plot (Fig. 11F), the Nb-rich basalt

plots very close to the PPS end-member, suggesting 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 Nb-rich basalt sample.

5.3. Slab and sediment melting processes. the adakite - Nb rich basalt association

Adakites are rare during island-arc volcanism, because they are generated at specific
geodynamic settings (Rapp et al., 1991; Sen and Dunn, 1994). An anomalous thermal regime is
necessary to attain the required pressure-temperature (P-T) conditions at which hydrated oceanic
crust can melt (Peacock et al., 1994). These P-T conditions are those of the garnet-amphibolite
facies (Defant and Drummond, 1990; Drummond and Defant, 1990), which is several hundred
degrees above “normal” conditions inferred or calculated in the subducting slab. Such anomalous
conditions are fulfilled in the case of fast or low-angle subduction of young and hot oceanic crust
(generally younger than 20 Ma), which undergo high shear stresses (> 100 MPa).
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The studied adakitic lava differs from classic adakites in having low Sr (<400 ppm) and St/Y
ratios (Fig. 12B). This depletion could be due to alteration, or could feature the presence of a
plagioclase residue in the source, as proposed for Archean tonalites-trondhjemites-granodiorites
(Martin, 1999). The presence of plagioclase in the source would then imply pressures lower than
17 kbar and a minimum temperature of 800°C (Fig. 13; Gasparik and Lindsley, 1980; Carswell and
Harley, 1990), contrasting with the conditions of formation of modern adakites (P = 20-30 kbar,
i.e. 60-90 km) under which plagioclase is unstable.

Adakites are often associated with Niobium-rich basalts (Defant et al., 1992). As such
basalts are more likely to be produced from the melting of mantle than crust, their spatio-temporal
association with adakites has been interpreted to result from mantle-adakite interaction (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, thus, are also sub-contemporaneous to arc volcanism.

As shown in section 5.2, the two types of lavas are isotopically distinct, and may not be produced
by the same sources. However, the very low €Nd,;, and high €Sr,, of the Nb-rich basalt are

unusual in an arc context. Similar isotopic values for arc-lavas have been found only in the case of

the Banda Arc (Fig. 7a), for which contribution of a continental material and pelagic sediments
could explain the exceptionally high €Sr,,, and low €Nd,,, ratios (Vroon et al., 1993; Vroon et al.,

1995). The experiments of Nichols et al. (1994) have shown that the hydrated solidus of clay-rich
pelagic sediments is reached at 650-700°C at a 40 kbar pressure (120 km), suggesting that
subducted pelagic sediments can cause melting at relatively low temperatures. These values are
close to hydrated basalt solidus values obtained by Green (1982; Fig. 13), suggesting that the
subducted sediments could trigger 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, in
particular its very low Mg# (52) at 47 wt% of SiO, are not compatible with melting of a mantellic

source, but more probably with melting of a Mg-poor and Ca-rich source, close to the composition
of pelagic sediments.

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 experiments of Rapp et al. (1999) have
shown that at equal proportion of slab melt and reacting mantle, melt is fully consumed. At ~ 2/1
melt-reacting mantle proportions, liquids produced are Mg-rich and still silica rich. These melt -
mantle interaction processes can account for the production of high-Mg andesites (Yogodzinski et

al., 1995; Shinjo, 1999). Another way to produce high-Mg lavas is the partial melting of a hydrous
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mantle (Kushiro, 1974; Hirose, 1997). The difference of the two processes is that the derivative
liquids produced by melt-mantle interaction will keep the same trace element 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. Shigar and Katchoura Nb-rich lavas display transitional
isotopic ratios between depleted mantle and the Nb-rich basalt L55 (Figs. 4 & 7b). Furthermore,
they have the same trace element patterns as L55 (Fig. 12). Shigar and Katchoura Nb-rich lavas
could thus feature Nb-rich melt — mantle interactions. Such interactions are also supported by the

high percentage melting (~ 16-21%) estimated for the Katchoura lavas in § 5.1.

55 The Chane la ultramafics: behaviour of the sub-arc mantle

The composition of the Chang la orthopyroxene - spinel - olivine assemblage corresponds to
an extreme case of depletion in a subduction context (Figs. 14A-B). In figure 14A, compositions of
Chang la spinels are compared to those of the Cretaceous southern Ladakh ultramafic rocks,
exposed in the Indus Suture Zone (Tso Morari, Nidar; de Sigoyer, 1998) or obducted onto the
Indian Margin (Karzog, Spongtang; Maheo et al., 2000) and to those of the southern Kohistan Jijal
Complex ultramafics (Kausar, 1998). Olivine is always Fo-rich (Fo 90-97 in Spongtang, Fo ~ 92
in Nidar and Fo ~ 99 in Karzog) and orthopyroxene is a low-Al enstatite (En 90, ALO, < 2 wt%;
Maheo, 2000). These complexes, firstly interpreted as pure ophiolite series on the basis of their
mineralogy (Reuber, 1986; Reuber et al., 1987), present some clear whole rock depletions in Ti,
Cr, Ni, Ta and Nb (Maheo et al., 2000), also observed in the Chang la dunites. Such depletions are
typical of supra-subductive peridotites, which are characterised by Mg-poor Cr-rich spinel, Mg-rich
olivine and Mg Al-rich orthopyroxene reflecting increasing degree of partial melting (Dick and
Bullen, 1984). Chang la Cr-spinels display higher Cr# and lower Mg# than those of other Kohistan
and Ladakh ultramafic settings (Fig. 14A). Olivine and orthopyroxene plot at the depleted end of
the subduction margin compositional fields in the Parkinson and Pearce (1998) diagrams
representing Mg# in olivine and Al,0; in Orthopyroxene versus Cr# in Spinel (not shown here).

Chang la olivine-orthopyroxene-spinel assemblages yield higher equilibrium temperatures and
AlogfO, than other Ladakh ultramafics (Fig. 14B), with values slightly higher than those obtained

for subduction margin peridotites (Parkinson and Arculus, 1999). In contrast, Spongtang to Nidar
peridotites plot in the fields of abyssal and fore-arc peridotites defined by Parkinson and Pearce

(1998). The positive correlation of Cr## and AlogfO, can be interpreted as the result of melt

extraction processes during decompression melting (Dick and Bullen, 1984; Balhaus et al., 1991),
or as the effect of melt / mantle interaction (Parkinson and Arculus, 1999).
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The petrographical aspect of Chang La orthopyroxene as elongated and irregular crystals
suggests disequilibria of orthopyroxene, interpreted by Parkinson and Arculus (1999) to reflect

melt / mantle interactions. Consequently, Chang La ultramafics show clear signs of depletion which

could be related to mantle-melt interaction processes.

5.6. Evolution towards a “ normal ” arc regime

The presence of Mg-rich shoshonitic lava (sample 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 towards a zone of “ normal ” arc regime. In western Ladakh the “normal” arc
regime featured by the Southern Group tholeiitic arc lavas is a primitive arc complex, characterised
by absence of differentiated lavas and only slight arc features (low La/Nb and Th/La ratios). In the
section 3.2.2, Bastern Ladakh lavas were shown to have relatively homogeneous geochemical
features of a more evolved arc. Eastern Ladakh lavas display more elevated Th/YDb ratios (Table 5).

These Th enrichments can be correlated to an increasing proportion of continental-type sediments
spatially associated to the lavas, lowei‘ eNd and higher A 7/4 and A 8/4 ratios. It is therefore

probable that the Th enrichment is linked to an increasing contribution of subducted sediment in the
source from west to east. Nevertheless, the data displays two different geochemical types: a high Ti
- REE enriched type and a low Ti - REE depleted type (see section 5.1). The two Ti-rich and Ti-
poor types, also found in southern Ladakh (Nidar) or southern Kohistan (Kamila), suggest a
bimodality of magmatism reflecting magma mixing of crustal-type melts (Ti and trace enriched)
with sub-arc mantle melts (Ti and trace depleted). Consequently, though developing on a thicker,
probably continental, crustal basis, the Eastern Ladakh arc system may also provide smoothed

evidences of crustal melt - mantle interactions.

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 formations and lowermost units to arc
formations (Rolland et al., 2000b). The association of Nb-rich lavas with arc lavas in the Muchilu
area of the Southern Group suggest a progressive transition from Nb-rich lava volcanism in the
south (Katzarah Formation) to tholeiitic arc lava volcanism in the North (Southern Group). The

Katzarah Formation could then correspond to a fore-arc unit. From the field and geochemical data,
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a reconstituted cross-section of the volcanic arc can be made, from the fore-arc (Katzarah
Formation) to the back-arc (Northern Group; Fig. 15).

The Katchoura lavas are produced by intense partial melting (F ~ 16-21%), in probable
consequence of mantle interaction with Nb-rich hydrated melts. Low-Mg Nb-rich and associated
adakitic lavas could be linked to the melting of the subducted slab and associated sediments.
Stability of garnet and unstability of rutile in the source region could account for HREE depletions
and absence of Nb-Ta anomalies respectively (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 interaction processes and a spatial transition
towards a “ normal ” arc regime. Nevertheless the “normal” arc regime is featured by still high rate
melting (F ~ 14-16%) of a slightly depleted mantle source. Northern Group back-arc basin lavas
are compatible with higher rate melting (F ~ 19-21%) of a more depleted mantellic source.
Nevertheless, these lavas show important geochemical variations, suggesting mantle heterogeneity
in the source region. Mantle heterogeneity under the back-arc basin zone suggests efficient mantle
convecting under the back-arc basin, probably linked to the rapid India-Asia convergence.

In Eastern Ladakh, the relative geochemical homogeneity of the lavas could be due to more
important mixing of the different end-members individualised in Western Ladakh, and to a thicker

arc complex.

7. Geodynamic implications for the Middle Cretaceous tectonic context of the
Kohistan-Ladakh arc series

From the data presented here, we interpret the Kohistan and Ladakh Albian-Aptian series as
a coherent and complete volcanic arc series. Most Middle Cretaceous Kohistan-Ladakh lavas
display high MgO contents, with frequently picritic compositions. Their composition is close to
high-Mg basalts and basaltic andesites and/or boninites (Table 6). 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 between at least two components (IMM - Pelagic sediments or EMII), and
more secondarily by variable levels of fractional crystallisation. We consequently propose that the
DUPAL anomaly represents enrichment linked to the assimilation of pelagic sediments (Fig. 11),
close to Nb-rich basalts composition 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 proposed by Khan et al. (1997). However, the spread of the
DUPAL-type mantellic anomaly, between the Asian and Indian plates in Mid-Cretaceous times, is

not well constrained for such a reconstitution.
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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 with a slightly
depleted mantle (IMM-EMII). High melting rates and crustal melting imply a high geothermal
gradient (T > 700°C at P < 17 kbar, Fig. 13). The thermo-barometric conditions required in the
case of slab melting are those prevailing in a young (<15-20 Ma) subducted crust. Two major
tectonic events may be combined to explain the subduction of such a young lithosphere. Prior to the
arc formation, (1) the rapid subduction of the Paleo/Meso Tethys Ocean, north of the Tibetan Lhasa
block, has lead to the accretion of this block against the Asian margin in Lower-Middle Cretaceous
(Besse et al., 1988). This accretion has blocked the only free (Asian) boundary of the Tethyan
system, whereas (2) intense north-vergent stresses prevailed on its southern (Indian) 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 could be more easily initiated. These data are therefore
compatible with the eastward prolongation of the subduction close to the ridge invoked for the

initiation of the Oman obduction (Coleman, 1981; Boudier and Coleman, 1981).

Consequently, we propose that the wide-scale inversion of the tectonic divergent opening of

the Neo-Tethys Ocean, due to the fast northward drift of the Indian Plate initiated in Early-Middle
Cretaceous, has induced the subduction of the Neo-Tethys mid-oceanic ridge. This hypothesis is
also supported by large-scale ophiolite obductions which have occurred on both the Arabic (Oman)
and Indian (Kohistan-Ladakh) margins, probably due to the coupling of the continental plates with

their respective subducting oceanic plates.
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I11.3. Conclusions sur la convergence ouest-Himalayenne en domaine
océanique au Crétacé Moyen

Nous proposons donc que ’arc du Kohistan-Ladakh présente bien un ensemble continu,
formé le long de la marge asiatique par subduction de I’océan Néo-Téthys vers le nord. La présence
de laves primitives, avec une composition proche des boninites, dans le nord-ouest du Ladakh, le
long de la marge sud-Ladakh (Honegger et al., 1982; Dietrich et al., 1983; Maheo, 1999;
Robertson, 2000), toutes datées dans la fourchette Albien — Aptien, par la présence de
foraminiféres (Pudsey, 1986 ; Reuber, 1989 ; Rolland et al., 2000b) et d’ammonites (Thieuloy et
al., 1989), suggére qu’'un événement tectonique de grande ampleur est a I'origine de ces séries
d’arc. Or, c’est juste avant cette période, au Crétacé inférieur a moyen que s’accrete le (ou les)
bloc(s) de Lhasa a la marge asiatique (Besse et al., 1984 ; Matte et al., 1996 ; Van der Voo, 1999).
Dans ce contexte de blocage, I’océan Néo-Téthys nouvellement formé et peu dense subductera
difficilement. Par ailleurs, dans un tel contexte, la ride océanique elle-méme pourrait jouer le role de
zone de faiblesse pour I’initiation de la subduction, comme cela a été proposé pour I’obduction de
1’ophiolite d’Oman plus a I’ouest (Coleman, 1981).

Il est donc possible que le mouvement de convergence Indo-Asiatique, brusque et rapide, ait
au moins pour partic provoqué la subduction de la ride néo-thétysienne. Cette subduction de
matériel peu dense s’effectue d’abord dans un contexte de convergence lente au Crétacé Moyen
(Patriat & Achache, 1984). La subduction d’une lithosphére océanique jeune et chaude, dans un
régime de fortes contraintes tectoniques permet la fusion partielle de celle-ci et des sédiments
associés (e.g., Defant & Drummond, 1990 ; Sajona et al., 1996). La contribution des sédiments
subduits explique les caractéristiques isotopiques enrichies de type DUPAL. Par ailleurs, la
subduction d’une crofite océanique jeune et chaude peut également expliquer les taux de fusion
élevés suggérés par les laves magnésiennes de type boninite et picrite. L.’accélération progressive de
la convergence, jusqu’a 18 cm an’ au Crétacé Supérieur — Cénozoique Inférieur (Patriat &
Achache, 1984) pourrait s’expliquer par la subduction d’une crofite de plus en plus vieille, et de
plus en plus lourde.

La fermeture de 1’océan Néo-Téthys est un événement a échelle globale, depuis 1’espace
méditerranéen a I’ouest, jusqu’a I’extréme-Orient a I’est. L’interprétation proposée ci-dessus permet
de raccorder les observations faites plus a I’ouest au niveau de la marge omanaise a celles qui sont
effectuées au Kohistan, au Ladakh et le long de la marge indienne.
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IIL.4. La fermeture de ’espace néo-téthysien

La premitre étape de fermeture de cet espace est marquée par ’accrétion de I’arc du Kohistan-
Ladakh 2 la marge Karakorum, et de 1’obduction de terrains océaniques sur les marges indienne et
omanaise. Les différentes unités de la zone de suture de Shyok sont séparces par des écailles
d’ultramafites, suggérant une tectonique et un empilement d’écailles intra-océaniques des terrains
du Kohistan-Ladakh (Rolland et al., 2000b ; Rolfo et al., 1997). L accrétion du Kohistan-Ladakh a
la marge Karakorum est antéricure 2 75 Ma, age des dykes de Jutial qui recoupent les structures de
la zone de suture (Petterson & Windley, 1985). Dans la zone de suture de Shyok, au niveau du
village de Muchilu (Fig. 2a in Rolland et al., 2000b), on trouve localement
I’assemblage (échantillon L61) : phengiteg;. ¢35 + amphibole tschermackite (Na,= 0.5-0.7 ; Al g,)
+ clinozoisite + biotite + plagioclase + quartz (Table 1111, annexe). Cet assemblage caractérise des
conditions de pression moyenne (Brown, 1977 ; Massone & Schreyer, 1987), calculées a P = 0.8
+ 0.1 GPa, T = 520 + 20°C avec le logiciel THERMOCALC de Powell & Holland (1985) (Fig.
I11.1). Ces conditions de pression et de température moyennes, localement préservées, suggerent
un gradient géothermique dans la zone de suture, au cours de ’accrétion, qui serait intermédiaire
entre celui d’une zone de subduction “ classique ” (schistes bleus) et d’un €paississement intra-
continental (barrovien). Ces conditions P-T intermédiaires suggérent que I’espace arriére-arc du
Ladakh était relativement restreint, et que la subduction de cet espace fut de courte durée, ou qu’un
gradient geothermique relativement chaud régnait dans la zone de subduction en raison de la
proximité de I’arc du Ladakh.

La seconde étape de cette fermeture correspond a I’obduction de I’ophiolite de Spontang sur
la marge indienne, a la limite Paléocéne-Eocene et s’effectue en deux temps (Garzanti et al., 1987 ;
Reuber et al., 1987). Elle intervient plus tardivement que celle de I’ophiolite d’Oman sur la marge
africaine débute & ~ 80 Ma (Lippard et al., 1986 : Michard et al., 1984 ; Goffé et al., 1988 ;
Nicolas, 1989). De fagon sub-contemporaine, une phase d’intense magmatisme oblitére
progressivement les structures du Ladakh acquises au cours de ’accrétion (Fig. 9 in Rolland et al.,
2000b). Les magmas les plus précoces sont de composition gabbro-dioritique. La profondeur et la
température de mise en place de ces gabbro-diorites peuvent é&tre estimées a partir des
métasédiments constituant 1’auréole de contact du batholite du Ladakh dans la région du Largyap La
(Ladakh indien, Fig. 9a in Rolland et al., 2000b), déja mentionnées par Raz & Honnegger (1989).
Nous y avons observé un assemblage & : orthopyroxeéne + grenat + quartz + plagioclase (éch.
L322), -
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Cet assemblage caractérise des conditions granulitiques, calculées 4 P = 0.6 + 0.1GPaetT =
780 + 30°C avec le logiciel THERMOCALC de Powell & Holland (1985, 1988 ; Fig. II1.1). Cette
estimation est compatible avec la présence de cordiérite signalée par Raz & Honegger (1989). Les
plus anciennes gabbro-diorites sont recoupées par des intrusions de plus en plus acides, avec une
zone de transition entre les diorites et les granites, composée de granite & enclaves dioritiques,
marquant 1’ assimilation des diorites par les granites (Fig. 9 in Rolland et al., 2000b). Ces derniers
liquides granitiques se sont refroidis A des températures de 705-650°C a faible profondeur (0.12-
0.28 GPa) dans un contexte de baisse simultanée de température et de pression (Sachan, 1996).
Ces intrusions sont principalement datées entre 60 et 40 Ma (cf. § TV.1; Honegger, 1983 ;
Schirer et al., 1984 ; Weinberg & Dunlap, in press). Elles sont donc sub-contemporaines de la
collision, qui s’effectue entre 60 Ma dans I’extréme ouest (Waziristan, Beck et al., 1995) et 54-50
Ma au Ladakh (Garzanti & Van Haver, 1988; Searle et al., 1990) et de I’éclogitisation de la crolte
indienne 4 55 + 12 Ma (de Sigoyer et al., 2000).

Au Kohistan, Petterson & Windley (1985) ont montré le méme type d’évolution et proposé
qu’elle soit liée & un changement de la zone source du magmatisme au cours du temps. Cette phase
d’intrusion granitique est moins bien marquée, I’essentiel des plutons, de composition gabbroique a
tonalitique étant liée au magmatisme d’arc au Crétacé moyen. Au Kohistan, la phase principale de
plutonisme est datée du Crétacé Sup. Le complexe de Jijal est daté par *Pb/**U 2989 =04 et
97.1 + 0.2 Ma pour des gabbro “ sub-granulitiques » 3 91.8+1.4 Ma pour une tonalite, et a 82.8
+ 1.1 Ma pour un dyke granitique (Schaltegger et al., 2000). Le tres large complexe gabbro-
noritique de Chilas est également daté 2 84 + 0.5 Ma (Zeitler & Chamberlain, 1991). On retrouve
tout de méme cette deuxiéme étape de plutonisme, Tertiaire, avec des intrusions plus acides de type
grano-dioritique 2 granitique datées entre 54 + 4 et 40 + 6 Ma (Petterson & Windley, 1985). La
derniére étape consiste en des réseaux de dykes leucocrates qui recoupent cet ensemble entre 34 =
14 et 26 + 1 Ma (Petterson & Windley, 1985, George et al., 1995). En ce qui concerne le
volcanisme, il existe des reliques d’une intense activité au Crétacé Supérieur, avec les volcanites de
Shamran le long de la marge nord, et celles de Dir-Utror au sud, localement recouverts par des
sédiments Paléocénes (Sullivan ¢t al., 1994). Ce volcanisme calco-alcalin tardif se retrouve au
Ladakh, dans la région de Khardung (Thakur & Misra, 1984). Les rhyolites y sont datées de
I’oligocéne par ces auteurs. Il est connu également sur la marge tibétaine (Coulon et al., 1986 ;
Turner et al., 1996 ; Miller et al., 1999), ou il se prolonge jusqu’au Pliocene. Ces données
montrent que la marge asiatique fonctionne comme une seule marge de type andin du Kohistan au

Tibet & partir du Crétacé Supérieur.
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IV. Convergence en domaine continental
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Aprés la fermeture de I’espace océanique néo-téthysien, la convergence est absorbée en
domaine continental. L’absorption de la convergence s’exprime alors par une évolution tectono-
métamorphique complexe. Dans cette partie, nous préciserons cette évolution par des données

nouvelles de trois ordres :

® Une ¢étude Ar/Ar des roches métamorphiques le long des marges sud-Karakorum et nord-
Ladakh, dans les zones de Skardu au Pakistan et de Leh en Inde. Cette étude permettra de

préciser la chronologie des différentes étapes thermiques de I’évolution tectono-métamorphique.

® FEtude de I'évolution tectono-métamorphique de I’ensemble Plaque indienne — Ladakh —
Karakorum. Un rappel du travail déja effectué sur les étapes précoces et un travail
complémentaire sur le métamorphisme tardif de la marge Karakorum permettront de reconstituer

les étapes de structuration de cet ensemble en termes de conditions P-T.

® Des données sur I’évolution pétro-structurale de la faille du Karakorum. L’étude de la [
déformation et du métamorphisme dans la zone de faille du Karakorum permettra d’évaluer |
I'importance de cette faille dans 1’accommodation de la convergence indo-asiatique. En
particulier, le but de cette étude est d’estimer la part respective de 1’épaississement par

chevauchement et de I’expulsion latérale de blocs par décrochement le long de la faille.
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Abstract of Part IV

After the closure of the oceanic domain, the indo-asiatic convergence is accommodated by
continental shortening, giving rise to a complex tectono-metamorphic pattern. In this part, we will first
discuss the timing of geothermal events in the NW Himalayan belt. Then, we will analyse the tectonic
and metamorphic, in particular the late (<20 Ma) tectono-metamorphic evolution. Finally, we will
discuss the importance of the Karakoram fault, in particular in the accommodation of the

convergence at the eastern limit of the Karakoram.
IV.1. Chronology of tectono-metamorphic events :

From a compilation of ages and a complementary Ar-Ar dating (Fig. IV.1), it appears that the

tectono-metamorphic evolution of the NW Himalaya (s.1.) can be separated into two major periods:

- Ages of 60-37 Ma are obtained all over the Himalaya-Ladakh-Karakoram area, they date either
directly (metamorphic rocks of the himalayan margin) or indirectly (plutonic rocks of the
Ladakh-Kohistan and Karakorum) the phase of crustal thickening. I will refer to this early phase
of deformation and metamorphism as D1-M1.

- Ages younger than 25 Ma, and usually younger than 10 Ma, occur all along the southern
Karakoram margin, NW Ladakh and Nanga Parbat-Haramosh spur in the studied area. These ages
underline an E-W thermal anomaly, tectonically characterised by an alignment of dome structures,
from the Raikhot fault in the west to the 8000-meter peaks of the Karakoram in the east. This
phase of doming will be refered to as D2-M2.

Our new Ar-Ar data bring additional precision on this two-stepped evolution in the south-eastern

Karakoram margin and Shyok Suture zone (Fig. IV.2). In the Shyok suture zone ages of >100 Ma

are preserved in the core of amphibole grains, as suggested by Ca/K microprobe profile and Ca/K vs.

age diagrams (Fig. IV.4, IV.6 in annexe). Amphiboles indicate a reequilibration at 50-40 Ma (Fig.

IV.5) ie. sub-contemporaneous to Ladakh batholith emplacement. In the southern Karakoram

margin, thermal reequilibration is weak and precambrian Ar-Ar age is locally preserved (Fig. IV 4,

IV.5). To the north of the Karakoram margin, towards the dome zone, ages become progressively

younger, 19 Ma in the Masherbrum area, and between 17 and 13 Ma in the transition dome zone in

the Askole and Dassu areas. These data suggest a strong thermal reequilibration occurring from circa

20 Ma in the dome zone.

IV.2. Syn-collisional tectono-metamorphic evolution of the Karakoram margin

Structural pattern of the Karakoram margin
Part of the structuration is pre-himalayan, as shown by refolding of old stratigraphical and foliation

surfaces in SW vergent D1 structures in the south-eastern Karakorum metamorphic complex. In the
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Shyok suture zone, serpentinised ultramafics which underline sigmoid-shaped tectonic contacts, show
thrusting may have already occurred intra-oceanically.

Deformation D1 lead to a south-vergent tectonic pile of recumbent folds and thrusted scales. The D1
tectono-metamorphic pile is cross-cut by 37 and 25-21 Ma intrusions, which mark the end of the
thickening period. The foliation, oriented N110-130°E, and steep stretching and/or mineral lineations
are indicative of a global shortening + south-eastward shearing regime (Fig. IV.7).

The D2 tectonic style is featured by sub-circular (Askole area) or elongated (Dassu area) domal
structures drawn by the composite (D1+D2) foliation. Mineral lineations, drawing a pattern either
radial or parallel to the dome axis, feature vertical extrusion or vertical extrusion + strike-slip motions.
To the south of the dome zone, normal south-dipping C-S structures indicate a relative uplift of the

dome zone relative to the southern less metamorphic units (1, Plate IV.1).

Late Metamorphic evolution of the Karakoram: mid-crustal granulite exhumation in dome zone

In the dome area, granulitic rocks have been recognised for the first time in the southern Karakoram

metamorphic complex. The analyse of the metamorphic evolution has been mainly done using the

pelitic lithologies. This analyse is presented in the article Rolland et al. (2000d).

The regional-scale metamorphic evolution in the calco-silicated, metabasic, and ultramafic series is

further developed, and presented on figure IV.8. The M2 temperature peak conditions deduced from

the assemblages in these lithologies are also consistent with very high metamorphic temperatures in
the core of the high-grade zone:

- The calco-silicated rocks show scapolite-garnet-plagioclase-biotite-quartz assemblages (2, Plate
IV.1), which imply temperatures above 775°C.

- The mafic rocks are absent in the core of the domes but yield upper amphibolite facies
assemblages (garnet-zoisite-hornblende-bytownite) equilibrated at 670 z= 60°C, in a transition
zone between domes area and other parts of the Karakoram Metamorphic Complex.

- Ultramafic rocks are found in the high-grade zone, with forsterite-enstatite-spinel+Mg-chlorite
assemblages yielding high temperatures of 817-853°C and oxygen fugacity values (Fig. IV.9).

- This metamorphic evolution, and the presence of mantle-derived magmatic rocks suggest thermal
advection from the mantle to the crust following indian slab detachement at 20 Ma (Fig. IV.10).

IV.3 Strike-slip motion at the eastern boundary of the Ladakh-Karakoram bloc: the Karakoram Fault

The age, duration, slip rate value, and finally the importance of the Karakoram Fault in the absorption

of the India-Asia convergence is still debated. Two main interpretations are opposed:

- Peltzer et Tapponnier (1988), Avouac & Tapponnier (1993), Liu et al. (1992) have proposed a
dextral offset of 1000 km, and high slip rates of 32 mm an™ since the Holocene.
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- Searle et al. (1998) and Weinberg et al. (2000) have proposed smaller offsets of 120-150 km in
the Nubra area, and Murphy et al. (2000) of 66 = 5.5 km in the Kailas area.

We have investigated the Karakoram Fault in the Nubra-Pangong area in northern India (Figs. Iv.11-
12). '

The strike-slip deformation is concentrated in a narrow zone in the Nubra Valley (2 km width
corridor), and is more diffuse at the level of the Pangong range (10 km width block). Deformation is
defined by a steep N140°E foliation, and slightly plunging stretching lineation (Fig. IV.13). Few
Kkilometres from the fault, deformation features a NE-SW shortening regime. In the Shyok suture zone
and in the Ladakh terrane, thrusts are sealed by grano-dioritic intrusions and should be older than the
Karakorum fault. But, in the Shyok suture zone some thrusts have been reactivated during the strike-
slip movement of the fault, as observed in the Deskhit area (Khalsar Thrust, Weinberg et al., 2000).

A study of metamorphism is presented in the IV.3.2 section. Granulite-grade metabasic rocks are
found in the core of the Pangong range (Fig. IV.11). Granulite assemblages found are (Plate IV.2):
clinopyroxene + quartz + garnet + hornblende + plagioclase + scapolite + rutile (samples L1442, 1453,
1456, 1.458), and garnet + orthoamphibole + ulvospinelle + rutile + hornblende (sample L459).
These assemblages suggest a minimal temperature of 750°C and a pressure of ~ 0.5 GPa (Fig. IV.16).
At the NE rim of the Pangong range, amphibolite grade rocks are found. In the metabasites, the
assemblage found is hornblende + garnet + plagioclase + quartz. In the metapelites, the assemblage
garnet + sillimanite + biotite + muscovite + plagioclase + quartz yields P-T conditions estimates of 700
+ 50°C and 0.65 + 0.05 GPa (Fig. IV.15). In the asian margin, amphibolite grade rocks are found in
the Saser Kangri range, displaying the assemblage cordierite + andalusite + quartz + biotite *

sillimanite.

The section IV.3.3. presents a discussion about the nature of the Pangong Range, and the timing and
kinematics of its exhumation.

Timing of metamorphism is constrained by Ar-Ar amphibole spectra (Fig. IV.5) and U-Pb zircon and
Ar-Ar mica ages given in Searle et al. (1998) and Weinberg et al. (2000). The obtained P-T-t paths
are drawn on figure IV.17. They allow a discussion about the vertical exhumation rates of the
Pangong Range within the Karakoram Fault zone. From this path, the estimated exhumation rates of
the granulitic core of the Pangong Range are low, of about 0.32 mm an’' between the granulite and
amphibolite stages, of about 0.8 mm an”' between the amphibolite and greenschist stages, and of 0.5
mm an” between the greenschist stage and present. These rates cannot be used to constrain the
horizontal offset of the fault, but the obtained ages fix the periods of maximal activity of the fault, as
metamorphic recrystallisation is contemporaneous to strike-slip deformation.

The obtained PT estimates suggest a very high geothermal gradient within the fault, up to 75°C km™.
This value is comparable to that found in the Red River Fault, and slightly lower than those of fossil
shear zones such as the Great Slave (Fig. IV.18). This value is too high to be only due to shear

heating, and a supplementary heat input (of mantellic origin?) is advocated.
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We suggest that the Tangtse granite has been emplaced within the fault zone, due to heating and
dehydration melting of the hangingwall amphibolitic part by the ascending granulitic part Pangong
Range, and is not the off-set equivalent of the Karakoram Batholith. This hypothesis is supported by
petrographical analyse of amphibolite grade metapelites. Further, the age of the granite (18 Ma) is
different to that of the Baltoro batholith (25-21 Ma), and the 106 = 2 Ma of zircon cores is different
to the 115-120 Ma age of K2 gneisses. But, the age of 106 Ma fits with the age of Shyok suture zone
volcanic rocks, and the Tangtse granite contains numerous granulitic enclaves, suggesting that the
granite has been formed by melting of Ladakh terrane formations (Fig. IV.20).

Consequently, we propose that the Karakoram Fault could be a lithospheric-scale shear zone, similar
to the Red River Fault. Its motion could have been initiated at ¢. 32 Ma. The offset of the fault could
be of 500 + 50 km from the lateral correlation of Karakoram and Lhasa blocs (e.g., Rolland et al.,
2000a; Fig. IV.19), suggesting a mean rate of dextral motion of around 10 mm y"' on 32 Ma, quite
similar to the estimate of 8 mm y of Searle et al. (1998) from the offset of the Karakoram Batholith
since 20 Ma. Anyway, it seems difficult to estimate the rate of slip along the proper fault, as it does
not offset rigid blocs, and as the Karakoram fault is not clearly connected to major strike-slip faults
on its NW and SE tips. The partly molten mid/lower crustal levels should partly accommodate the
convergence by ductile thickening + flattening.

The chapter IV.4, is a comparison of Himalaya (s.1.) with Variscan Chain and Occidental Alps.

We suggest that the granulitisation occurring in the Variscan Chain (Fig. IV.22) could be linked to
similar processes to those proposed for the NW himalayan segment in Rolland et al. (2000d). The
granulitisation of the crust in such orogens does not require extensional processes.

Occidental Alps show more incomplete thermal reequilibration and absence of strike-slip faulting as
compared to the late stages of Himalayan story. We interpret this difference in terms of more rapid

continental convergence in Himalaya.
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Fig. IV.1. Répartition et age du Métamorphisme dans le Nord-Ouest Himalaya (s.1.).
ISZ:Indus Suture Zone ; MMT:Main Mantle Thrust ;MKT:Main Karakoram Thrust.
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IV.1.1. Echantillonnage

Afin de compléter les données existantes (Fig. IV.2), nous avons échantillonné dans la partie
est de la marge sud-Karakorum, le long de la zone de suture (L65, L109) et depuis la zone de
suture a la vallée de la Braldu, ou zone des domes (L131, L167, L10, L12, BB37, BB58).

IV.1.2. Les différents groupes d’ages :

Le probléme de 1’4ge des séries du Ladakh et de celles du Karakorum, ainsi que celui de I’age
des événements intra-océaniques, ont déja été traités dans les parties II et III. Nous nous
attacherons ici seulement aux différentes étapes de I’évolution tectono-métamorphique syn a post-
collisionnelle de la chaine. -

IV. Pour la marge Himalayenne, un premier groupe d’dge a 50-40 Ma a été obtenu au sud-
ouest du Nanga Parbat par Treloar et al. (1989) et Treloar & Rex (1990) et dans le dome du Tso
Morari au Ladakh indien par de Sigoyer et al. (2000). Cette étape correspond, selon Treloar
(1997), a une premiére phase de métamorphisme régional liée au réchauffement de la plaque
indienne lors de I’obduction du complexe du Kohistan-Ladakh. Un second groupe d’dge a été
obtenu dans le massif du Nanga Parbat-Haramosh entre 16 et 1 Ma (voir la figure IV.1 pour les
références). Cette étape est interprétée comme le résultat de la fusion partielle de la crolite indienne
par décompression, liée a I’exhumation rapide du massif (voir par exemple Zeitler et al., 1993 ;
Schneider et al., 1997, 1999).

V. Pour les terrains du Kohistan et du Ladakh, un premier groupe d’4ges a 70-80 Ma est
obtenu tout le long de leur marge nord, ou zone de suture de Shyok (voir la figure IV.1 pour les
références). Cette étape, déja discutée dans le chapitre II1.3., semble correspondre a 1’accrétion des
terrains du Ladakh-Kohistan a la marge Karakorum (e.g., Petterson & Windley, 1985). La
simultanéité de cet événement a I’échelle de ’ensemble des terrains du nord-Ladakh et du nord-
Kohistan confirme qu’il s’agit d’un seul ensemble d’arc ayant évolué de maniére synchrone d’ouest
en est. Cette accrétion est contemporaine de 1’éclogitisation le long du MMT (Maluski & Matte,
1984 ; Anckiewicz et al., 1998).

Un second groupe d’age (60-40 Ma) existe au Kohistan comme au Ladakh (voir la figure IV.1 pour
les références). Il correspond & I’Age de mise en place des plutons les plus différenciés de
composition grano-dioritique a granitique, qui semblent constituer une partie mineure du Batholite
du Kohistan, mais une partie majeure de celui du Ladakh (Searle et al., 1999 ; Weinberg et al.,
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2000 ; Weinberg et al., in press). Seule la partie nord-ouest du Ladakh (zone de Skardu entre le
massif de I’'Haramosh et vallée de Shigar : Baycha, Ganto La, Fig. IV.1) montre des ages plus
jeunes, compris entre 36 et 6 Ma (Villa et al., 1996a, 1996b).

VL. Pour le Karakorum, le groupe d’age le plus précoce est celui des premiéres phases de
plutonisme, datées entre 62 et 37 Ma (Parrish & Tirrul, 1989 ; Searle et al., 1989 ;
Debon, 1995 ; Fraser et al., 1999). Il est difficile de savoir si les différents plutons correspondent
3 un événement tectono-métamorphique continu, ou a des étapes distinctes de I’histoire pré et syn-
collisionelle. Les plutons les plus récents recoupent les structures chevauchantes himalayennes
précoces. Ces intrusions précoces sont encore orientées nord-ouest — sud-est, et semblent donc
correspondre i une logique d’empilement et de métamorphisme barrovien, comparable a celui qui
prévaut dans la marge indienne, associé 4 un régime de convergence sud-est — nord-ouest.

Une seconde phase de plutonisme est marquée par I'intrusion du Batholite du Baltoro, daté entre 25
et 21.5 Ma (Debon et al., 1986, 1987 - Parrish & Tirrul, 1989; Searle et al., 1989, Schirer et al.,
1990). Ce batholite est allongé dans une direction proche de est-ouest (~ N100°E), et semble donc
correspondre & une phase de compression nord-sud. '

Un troisiéme groupe d’ages (21-1 Ma), principalement compris entre 3 et 10 Ma, est obtenu par
datation de roches métamorphiques et de plutons (Lemennicier, 1996). Ces Ages se retrouvent
surtout dans la partie sud-est du Karakorum et également dans la partie inférieure de la vallée de
Hunza (voir la figure IV.1 pour les références). Cette phase de plutonisme et de métamorphisme
tardifs semblent affecter I’ensemble Karakorum — nord-ouest Ladakh — marge nord-indienne
(massif Nanga Parbat — Haramosh) comme une seule pile structurale selon une bande est-ouest,

depuis la partie occidentale du massif de 1’Haramosh a la zone des sommets de plus de 8000 métres

du Karakorum.
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Fig. IV.S. Spectres Ar-Ar sur amphibole (sauf L65B). Abscisses : % Ar-Ar émis, ordonnées : Ages.

b. Datation Ar-Ar et interprétation des spectres

Les spectres Ar-Ar obtenus au laboratoire de géologie isotopique de Berne sont présentés sur
la figure IV.5. De nombreux spectres présentent un exceés d’argon au premier palier, ce qui est la
plupart du temps interprété comme indépendant de I’ge réel de 1’échantillon (Faure, 1986). Deux
types de spectres peuvent étre distingués : (a) les spectres relativement plats, permettant d’obtenir
un dge plateau, et (b) les spectres discordants qui demandent une analyse plus poussée de la chimie
minérale avant de proposer une interprétation.

(a) L’age plateau de I’échantillon L109, prélevé dans la zone de suture de Shyok (Fig. 5 in
Rolland et al., 2000b), de 52.3 + 0.5 Ma est compatible avec les nombreux ages a 60-40 Ma des
granodiorites, et suppose un rééquilibrage thermique au contact de ces intrusions qui recoupent la
zone de suture. Le spectre sur biotite de I’échantillon L65, fournit un Age plateau de 38.8 + 0.2 Ma,
qui est comparable aux autres dges de ~ 40 Ma obtenus sur la zone de Khaplu (Reynolds et al.,
1983 ; Fig. IV.1). Prés de la zone des démes, les échantillons du complexe de roches vertes du
Masherbrum (L10 & 1.12) donnent des dges plus jeunes. L12 donne un Age plateau de 19.0 + 1.2
Ma et L10, un spectre plus discordant autour de 24 Ma. Dans la zone de fort métamorphisme, les
¢chantillons BB 37 et BB 58 donnent des Ages plateaux de 13.0 = 0.4 et 17.2 + 0.9 Ma. Le
rééquilibrage de haute température enregistré dans la zone des ddmes, s’accompagne donc
¢galement d’un rajeunissement progressif des dges du sud vers le nord, depuis 1a zone de suture de
Shyok. .

(b) Le couplage de I’étude minéralogique avec les données spectrométriques permet
d’interpréter les spectres plus complexes. Les spectres discordants des échantillons L131, L65A,
L109 (derniers paliers) peuvent étre expliqués par la présence de zonations, observées sur les
profils microsonde de grains d’amphiboles (Fig. IV .4, annexe). Ces zonations correspondent 2 un
rééquilibrage partiel au cours de la rétromorphose, comme le montrent des valeurs progressivement
plus fortes de Si (IV) et plus faibles de Al (IV) vers les bordures de grains (Fig. IV.3). Les
amphiboles de rétromorphose, de bordure de grains, étant par définition de plus basse température
que celle du ceeur de grains, elles devraient théoriquement étre déstabilisées dés les premiers
paliers. Tandis que les amphiboles constituant le ceeur des grains, de plus haute température, ne
devraient €tre déstabilisés que dans les paliers de plus haute température (e.g., Villa et al., 1996b ;
Belluso et al., 2000 ; Villa et al., accepted). Ainsi, les paliers de haute température donnent une
estimation minimale de 1'dge du cceur de I’amphibole. Par ailleurs, la valeur du rapport Ca/K peut
Etre estimée a la fois sur spectrometre (Ca/K), et avec la microsonde : (Ca/K),_. Pour vérifier que
les paliers de haute température correspondent effectivement & 1'dge du ceeur de ’amphibole, il est
possible de comparer le rapport (Ca/K),, du ceeur de I’amphibole avec le rapport (Ca/K), des paliers
de plus haute température (Fig. IV.6, en annexe). Dans tous les cas, on constate une évolution
comparable du rapport (Ca/K),, entre cceur et bordure et de (Ca/K), des paliers de basse & haute
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température. Mais le plus souvent la valeur de (Ca/K),, du cceur de I’amphibole est supérieure a
celle de (Ca/K), des paliers de plus haute température. Ceci suggere effectivement que les paliers de
plus haute température ne donnent qu’un dge minimal de cristallisation des cceurs d’amphiboles,
qui ont probablement subi un rééquilibrage partiel. Dans ce cas, Villa et al. (1996b) suggérent, pour
estimer 1’age initial du ceeur de I’amphibole, la valeur maximale du rapport (Ca/K),, et d’interpoler
I’age jusqu’a la valeur (Ca/K),, du coeur de I’amphibole en utilisant un diagramme de corrélation
(Ca/K), vs. age (Fig. IV.6, en annexe).

Ceci se vérifie bien pour les échantillons L131 et L109. Etant donné qu’il existe une
corrélation relativement bonne entre le rapport (Ca/K), et I’Age, et que les rapports (Ca/K),, les plus
élevés sur les profils sont ceux des cceurs de minéraux, I'interpolation de I’age jusqu’a la valeur
(Ca/K),_ mesurée pour le coeur de I’amphibole pourrait donner une estimation de I’4ge du protholite.
Pour I’échantillon L109, une interpolation de I’dge jusqu’a la plus haute valeur de (Ca/K),
préservée au cceur du minéral donne un &ge de 120 + 20 Ma. Pour I’échantillon L.131, cette
estimation donne une fourchette de 650 2 800 Ma. Pour I’échantillon L65, il est possible que le
rapport (Ca/K), soit un mélange a plusieurs composantes : biotite, puisque les paliers de plus basse
température ont des rapports (Ca/K), inférieurs & 1 et que de la biotite se trouve souvent
interpénétrée dans le plan de clivage en bordure de I’amphibole, et deux types d’ amphiboles. La
premiére amphibole a une composition relativement homogene avec un rapport (Ca/K),, bas de ~ 10
comme le montre le profil-sonde. La seconde génération d’amphiboles, présente en bordure
d’amphiboles 1 ou dans la matrice, a un rapport (Ca/K),, tres €levé (~ 50). Ce mélange a trois
composantes (2 amphiboles + biotite) est donc plus difficile a interpréter. D’aprés le spectre
cependant, il semble qu’il s’agisse d’un mélange entre un 4ge de 50 Ma et de 38 Ma. C’est bien la
biotite qui contribue  la composante d’4ge de 38 Ma, puisque le séparat de biotite donne un age

plateau de 38.8 +£ 0.2 Ma.

IV.1.4. Conclusions de I'étude Ar-Ar

L’arc intra-océanique du Ladakh s’est érigé principalement au Crétacé moyen, comme en
témoignent les données paléontologiques des formations volcano-sédimentaires (Rolland et al.,
2000b), les datations sur les plutonites (voir la figure IV.1 pour les références) et les données Ar-
Ar sur les cceurs d’amphiboles magmatiques. Dans le cas de ’échantillon L109, I'age de 120 + 20
Ma est compatible avec 1'age relatif donné par des foraminiferes d’age Aptien-Albien (96-113 Ma),
le long de la suture de Shyok au Ladakh Indien (Rolland et al., 2000b) et I"age de ~100 Ma obtenu
avec la méme méthode par Villa et al. (1996b).
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Ces volcanites ont ensuite été¢ métamorphisées pendant la fermeture de la zone arriére-arc
menant a I’accrétion des terrains du Ladakh-Kohistan a la marge Karakorum vers 75-80 Ma, ce qui
est particuliérement bien établi le long de la marge NE Ladakh (Weinberg et al., 2000). Un
rééquilibrage métamorphique majeur affecte ensuite 'ensemble du Ladakh, lié & des intrusions
granitiques datées de 60 a 40 Ma. Les échantillons L109 et L65 montrent un rééquilibrage, en deux
étapes pour L65, dans cette fourchette d’ages. Nous interprétons donc ces dges comme les indices
d’un rééquilibrage associé aux intrusions grano-dioritiques. Cet épisode de plutonisme est
contemporain de la collision indo-asiatique et du chevauchement de I’ensemble du Kohistan-Ladakh
sur la marge indienne entre 65 et 50-52 Ma (Ypresien — Eocéne inférieur ; e.g., Rowley, 1996). Le
chevauchement de 1’ensemble Ladakh-Kohistan sur la marge indienne est reflété par 1’apparition du
massif du Nanga Parbat en fenétre sous ces ensembles d’arc, mis a jour au cours de la phase
himalayenne Néogene, et également par la klippe de Spontang, matériel océanique téthysien
obducté sur la marge nord-indienne.

La marge sud-Karakorum préserve des ages anciens. I.’échantillon de diorite L131 ne montre
que peu de rééquilibrage au cours de ’orogenése himalayenne. L’Age présumé du ceeur des
amphiboles a 650-800 Ma date 1a mise en place d’un pluton Précambrien (Rolland et al., 2000a).

Vers la zone des domes, on observe un rajeunissement progressif des ages Ar-Ar :

- Unrééquilibrage a 20 Ma peut étre observé sur le flanc sud du Masherbrum (échantillons L10 et
L12). Cet épisode a 20 Ma est également marqué par la mise en place du Batholite du Baltoro
affeleurant sur le flanc nord du Masherbrum (daté & 25-21 Ma par U-Pb sur zircon, Fig. IV.1).

- Ensuite, on observe des dges de 17 Ma prés d’Askole et 13 Ma prés de Dassu, pour des
conditions métamorphiques croissantes. Ces ages reflétent un rééquilibrage thermique le long
d’un alignement est-ouest d’anomalies thermiques qui affecte le bati structural Inde-Ladakh-
Karakorum.

L’ensemble des &ges 'obtenus dans la zone de Skardu illustre donc une évolution
métamorphique polyphasée, dans le temps et dans 1’espace. Le métamorphisme du Ladakh est plus
précoce que celui du Karakorum, et est contemporain de la mise en place du Batholite du Ladakh.
La marge sud-est Karakorum montre un rééquilibrage thermique faible durant 1’orogenése
himalayenne, avec des ages Ordoviciens préservés dans les zones moins métamorphiques (Rolland
et al., 2000a). Plus au nord, on observe un rééquilibrage progressif & 1’approche du batholite du
Baltoro et de la zone de la vallée de Braldu (Askole-Dassu) ou zone des domes. Au vu de ces
nouvelles données, il apparait que les dges Jurassiques obtenus avec la méthode K-Ar par Searle et
al. (1989) dans cette zone sont probablement des dges composites, sans signification géologique,

li€s au rééquilibrage incomplet d’dges ordoviciens lors du métamorphisme himalayen Tertiaire.
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structural et dans le régime thermique du métamorphisme affectant I'Himalaya du nord-ouest (s.1.).
Cet épisode métamorphique tardif, culminant dans le facies des granulites, n’est pas sans rappeler
celui qui affecte le massif du Nanga Parbat. Pour la marge Karakorum comme pour le massif du
Nanga Parbat un épisode métamorphique tardif s’accompagne de reliefs tres marqués, avec la
présence de sommets de plus de 8000 m (K2, Broad Peak, Gasherbrum). L’étude de ce
métamorphisme tardif, et de la déformation associée, doit nous aider & comprendre et contraindre la
formation de ces hauts sommets, marqueurs d’une exhumation particuliérement active. Au cours de
ce chapitre, nous détaillerons les conditions de ce métamorphisme et discuterons (Rolland et al.,

2000d), de mécanismes possibles pour expliquer ce réchauffement.
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La structuration du Karakorum procéde en deux étapes, en deux styles tectoniques distincts :
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1 — Tectonique en empilement d’écailles & vergence sud-ouest (D1-M1) : {

L’essentiel de I’épaississement crustal (aujourd’hui 1'épaisseur de la croite est estimée a 70
kilométres, Mangino et al., 1999 ; Caporali, 2000 ; Maggi et al., 2000) s’est fait par des structures
a vergence sud-ouest, initiées depuis la fermeture de la zone arriére-arc du Ladakh-Kohistan. Ces

structures s’observent dans toute la zone sud-Karakorum (e.g., Searle et al., 1999), ou nous les ‘

e o

avons cartographiées dans la zone comprise entre la vallée de la Shigar et celle de Hushe (Fig. '

V.7).
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La géométrie actuelle traduit I’empilement progressif 4 vergence sud-ouest d’unités

correspondant a des niveaux crustaux de plus en plus profonds du sud-est au nord-ouest.
L’essentiel de cet empilement, tel que I’on peut I’estimer d’aprés les dges des intrusions granitiques
et du métamorphisme associé se ferait entre 65 et 40 Ma (cf. § 4.1). Cette tectonique en empilement
d’écailles se serait arrétée avant 1’intrusion du granite du Mango Gusar, daté a 37 Ma, puisque ce
dernier semble recouper la pile tectonique & vergence sud-ouest (Searle et al., 1989).

Dans plusieurs zones, il existe des témoins d’une structuration initiale plus ancienne,
Paléozoique. Dans la vallée de Thalle, o le métamorphisme est trés faible, la surface
stratigraphique et la schistosité sont presque parall¢les. Elles sont replissées ensemble dans des plis
isoclinaux ouverts d’axe N130°E (stéréo A, Fig. IV.7), recoupés par les chevauchements. Dans
cette zone, les dges K-Ar (Searle et al., 1989) et Ar-Ar (ce travail) sont compris entre 170 et 650
Ma. Il y a donc clairement ici une structuration anté-himalayenne.

Dans la suture de Shyok, des ultramafites jalonnent les contacts entre écailles sigmoides (Fig.
4, Rolland et al., 2000b), indiquant que leur empilement est au moins en partie intra-océanique et
s’est fait au moment de la fermeture du bassin arriére-arc qui séparait le Ladakh-Kohistan de la
marge asiatique (Rolland et al., 2000b). On retrouve aussi des indices de cette structuration précoce
un peu plus au nord dans la zone du Masherbrum. Ici aussi, ’empilement d’écailles ophiolitiques
jalonnés par des ultramafites, reprises dans des plis isoclinaux himalayens d’axe nord-ouest sud-
est, suggere un épisode d’accrétion et de structuration ancien, peut-étre paléozoique (Rolland et al.,
2000a). '

Dans les zones plus métamorphiques les marqueurs structuraux, associés aux
recristallisations métamorphiques himalayennes, sont la foliation et les linéations minéralogiques
et/ou d’étirement. Les foliations sont bien groupées autour d’une orientation N110°E (cf. Skoro
Lungma et haute vallée de Hushe, stéréos B et C, Fig. IV.7). Les linéations d’étirement comme les
axes de plis ont tendance a se disperser, suggérant une composante en cisaillement forte et
hétérogeéne. Cependant, les linéations d’étirement sont majoritairement aval-pendage, et les
linéations d’intersection ou les axes de plis plutdt sub-horizontales, ceci indiquant un régime global

en raccourcissement + cisaillement vers le sud-ouest.

2 — Tectonique d’extrusion en démes (D2-M2) :

La zone des domes se localise le long d’une bande étroite a I’échelle du Karakorum, allant du
Nord du massif du Nanga Parbat — Haramosh a la zone des sommets de plus de 8000 métres du
Karakorum. Dans cette zone, un grand nombre d’ages trés jeunes ont été obtenus (25-1 Ma, cf. §
IV.1 & Fig. IV.1).
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La différence entre ces deux épisodes D1 et D2 se voit trés bien sur le terrain dans la zone de
Skardu (Fig. IV.7).

Dans la zone affectée par le métamorphisme M2, zone correspondant a peu pres a la courbe
d’apparition de la sillimanite (Fig. IV.7). La foliation D1 est déformée par D2, dessinant des
structures en ddmes fermées de taille pluri-kilométrique a I’échelle régionale. Ces ddmes sont
ovoides, allongés nord-ouest sud-est (Dassu), ou sub-circulaires (Askole), dessinant globalement
un alignement est-ouest. Au ceeur des domes de forme circulaire (Askole), la linéation d’étirement
est localement radiaire et la foliation dessine un cone irrégulier d’axe subvertical (G et I, Fig. IV.7).
Dans les domes de forme allongée (Dassu) la linéation d’étirement est paralléle a I’allongement du
dbme. Cette disposition en ddmes coniques ou allongés peut §’interpréter comme le témoin d’un
régime d’extrusion verticale pure (Askole) ou associant extrusion verticale, décrochement et
aplatissement (Dassu). Dans sa partie sud-est (versant sud du Masherbrum, Fig. 9B, Rolland et al.,
2000a), la zone d’extrusion des domes est bordée par une zone de cisaillement ductile marqué par
des bandes C-S (Berthé et al., 1979) pentées vers le sud (1, Planche IV.1), et marquant une

descente du compartiment sud par rapport & la zone des domes.

IV.2.2. Evolution métamorphique tardive du Karakorum: exhumation des

granulites méso-crustales dans la zone des domes

1 — Estimations P-T dans la série pélitique

La zone des ddmes structuraux correspond aussi a une zone de fort métamorphisme, ou zone
d’anomalie thermique (métamorphisme M2), jeune (<25 Ma) sccante sur les structures antérieures,
orientées nord-ouest — sud-est. Nous avons choisi de décrire et de quantifier le métamorphisme,
produit par cette anomalie thermique, & ’échelle régionale, a I’aide des paragenéses des roches a
chimisme gréso-pélitique, portant des silicates d’alumines. Cette étude est présentée dans Darticle
suivant (Rolland et al., 2000d). Les résultats présentés dans cet article sont complétés dans la
derniére partie de ce chapitre par I’étude des parageneses fournies par les lithologies carbonatées,

basiques et ultrabasiques.
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Evolution tectono-métamorphique du Complexe Métamorphique du Karakorum (zone de Dassu-
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ABSTRACT

In NW Himalaya syntaxis, recent (10-3 Ma) E-W elongated thermal anomaly (M2) and related
domes, affect the whole tectonic pile (indian himalayan gneisses, Ladakh terrane and Asian
Karakoram formations). This late tectono-metamorphic event post-dates the Paleogene (50-37 Ma)
phase of thickening of the belt featured by NW-SE structures and associated M1 amphibolitic facies
metamorphism.

M2 metamorphism is characterised by MP-granulites and coeval migmatites formed in response to a
thermal increase of ~ 150°C, culminating at a temperature of ~ 770°C at a pressure of 0.5-0.6 GPa.

Rapid exhumation of granulitic domes, at a rate of 3-mm year’, is accommodated by vertical
extrusion in the core of E-W crustal-scale folds. The crustal-scale folds are formed in response of
N-S syn-collisional compressive context and, enhanced by thermal weakening of the migmatised
continental crust.

M2 metamorphism is spatially and temporarily associated with granitoids showing a mantellic
affinity, firmly suggesting that the mantle could be the advective heat source for granulitisation and
associated granitisation. Such strong relationships between a mantellic-related magmatism and a
thermal anomaly in a compressive context support the hypothesis of break-off of the subducted
indian slab since 20 Ma. Southwards propagation of the thermal anomaly since 20 Ma suggests
rollback of the subducted indian slab following the slab break-off process.
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HT metamorphism and related granitisation in continental crust are generally interpreted as | g g £ o =
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results of thermal relaxation prevailing at the end of an orogenic cycle. In this context, post- 3 T8 s _Am@‘f}
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orogenic extension is the principal mechanism involved in the formation and exhumation of | 5 3 o 5 Rajf
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migmatitic and granulitic bodies during doming events (Davis & Coney, 1979, Van den Driessche | g; & = % gl
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& Brun, 1992, Gardien et al., 1997, Vanderhaeghe et al,, 1999). Recent studies, in Himalaya, 2 3 ;£§ ﬂ\s«i agﬂg ‘
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have shown the occurrence in several parts of the belt of mid-crustal granulitic rocks. These rocks % @, =0t d % ‘:é’-g |
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are linked to the thickening of the indian crust and exhumed in a compressive context (see Pécher,
1989: Harrison et al., 1999, for Central Himalaya, Pognante and Lombardo, 1989; Zeitler &
Chamberlain, 1991; Zeitler et al., 1993, for Western Himalaya, and review in Guillot et al., 1999).

Various mechanisms have been suggested to explain this HT metamorphism and exhumation
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during the thrusting and piling of the various himalayan tectonic units:
_ Shear heating, to increase or maintain high temperature conditions (Molnar & England,

1990; England et al., 1992)
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- Accretion of subducted material from the footwall to the hangingwall along the main thrust, o ‘3‘\
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coeval with erosion (Huerta et al., 1998)
- Long time span residence of hangingwall material above a low angle thrust décollement

(Harrisson et al., 1998).

Difference of thermal conductivity between the footwall and the hangingwall of the main
thrust (Pinet & Jaupart, 1987).

Refolding of an earlier metamorphic sequence (Searle & Rex, 1989).

As noticed by Hodges (2000) none of these models can satisfactorily explain all the

N

Al
2
g
@
&
[~
15
)
Q
:
&
=
a
wn

H.00.9L

+
+++++++

+++++++

Our recent investigations in NW Himalaya syntaxis (Shigar and Braldu valleys, North of
Skardu, NE Pakistan), following previous studies by Bertrand et al. (1988), Searle et al. (1989),
Allen & Chamberlain (1991) and Lemennicier et al. (1996), have evidenced a broad zone of young
(Miocene to very recent) middle-pressure high temperature (MP-HT) granulites in Southern
Karakoram (Fig. 1). In this paper, we will focus on this zone, which presents several particularities
as compared to other himalayan HT metamorphism areas:

It is one of the younger metamorphic zones all along the himalayan belt: by places,
metamorphic equilibration could be as young as 3 Ma (U/Pb ages, in Smith, 1993).
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If we don’t consider Mio-Pliocene reactivation of the MCT zone in Central Himalaya
(Copeland et al., 1990; MacFarlane, 1993; Harrison et al., 1997), such recent ages have been only
found in Nanga Parbat area, few tens km to the Southwest of the investigated area (Schneider et al.;
1997: 1999), and in the Eastern syntaxis, at the other extremity of the belt, (Burg et al, 1997).

The young metamorphic zoning pattern is aligned along an E-W direction, oblique to general
NW-SE orientation of the belt. The granulitic metamorphism overprints the older metamorphic
pattern, linked to the main SW-vergent piling and crustal thickening. The young granulites have
also been exhumed in a shortening context, during the continuous India-Asia convergence.

From a more general point of view, this zone clearly shows temporal and spatial
relationships between melting, mid-crustal granulitisation and doming in an active collisional
context.

The aim of this paper is to describe the tectonic and metamorphic evolution of two domal
structures in the Skardu area (NE Pakistan) and then to discuss the possible heat source of

granulitisation and granitisation of the continental crust in a convergent context.

Il — Geological setting

A — The main regional units

The north-western part of the Himalaya-Karakoram belt is characterised by remnants of a
huge intra-oceanic arc, the Kohistan-Ladakh arc, formed during Middle Cretaceous. It was accreted
at the Asian margin during Upper Cretaceous times (70 to 80 Ma, Petterson & Windley, 1985,
Weinberg et al., 2000). The arc-continent convergence being absorbed by SW directed piling of
tectonic scales.

North of the Kohistan-Ladakh arc, metamorphism is usually low, under greenschist facies
conditions (Hanson, 1989, Rolfo et al., 1997, and Rolland et al., in press). Several tectonic scales
are clearly evidenced by strips of serpentinised ultra-mafic rocks underlining the thrust contacts.
This pile of tectonic scales defines the Shyok suture zone, or Northern suture. It was later
reactivated along a steep brittle reverse fault, the MKT, classically considered as the cartographic
northern boundary of the arc formations (Coward et al., 1986; Pudsey, 1986).

50 Ma ago, during the India —Asia continental collision, the Kohistan-Ladakh arc was
pinched out between the two continental blocks and obducted on the indian margin along the Main
Mantle Thrust (MMT, Tahirkheli, 1979), or Southern suture, which is actually the western
prolongation of the Indus-Tsangpo suture zone. South of the MMT, deformation in the indian

margin gives rise to the Himalaya proper belt, with lower elevation compare to its central part (from
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Zanskar-Kashmir to Bhutan), where most of the highest peaks are found. Nevertheless, in the core
of the Western Syntaxis, indian crust outcrops in the N-S elongated Nanga Parbat-Haramosh
(NPH) spur, where elevations are again very high. In this zone, very young himalayan plutonic
rocks are found (1 Ma, Chamberlain & Zeitler, 1996, Schneider et al., 1997), and average
exhumation rates are very high (> 1 cm/y.) (Zeitler et al., 1982; 1993). The NPH spur is
interpreted as a huge transverse anticline reflecting deformation partitioning (shortening parallel to
the belt strike) in the oblique India-Asia convergence (Seeber & Pécher, 1998).

North of the Shyok suture, syn-convergent continuous thickening gives rise to the high
mountain Karakoram range. Its backbone is made by the large NW-SE elongated composite
Karakoram batholith. The core of the batholith (the Hunza granodiorite) corresponds to calc-
alkaline magmatism related to the Tethyan subduction (ages ranging from 120 to 80 Ma, Debon et
al., 1987; Searle et al, 1989). In Southeast Karakoram, the southern contact of the Hunza
granodioritic batholith is crosscut by a younger leucogranite, the W-E elongated Baltoro granite,
dated between 25 and 21 Ma (U/Pb on zircon, Schirer et al., 1990). Other still younger granitic
intrusions have been found all along the southern margin of the main batholith (Aliabad granite, 6.8
Ma, K-Ar on biotite, Le Fort et al.,, 1983, Sumayar granite, 9.2 Ma, U-Pb ages on uraninite,
Fraser et al., 1999).

South of the axial batholith, the Southern Karakoram is characterised by the stacking of
variably metamorphosed units, forming a continuous set of metamorphic formations (orthogneisses
and metasediments), called the Karakoram Metamorphic Complex (KMC). It displays a NW-SE
trending tectono-metamorphic zoning:

The lower part of the structural pile, above the Shyok suture, displays the lower grade rocks.
In upper Thalle area (NE of Skardu area), low grade calcschists and metapelites (muscovite- biotite
and smectite-chlorite schists) have yielded Ordovician fossils and overlie a basement with preserved
Precambrian Ar/Ar ages (Rolland et al., 2000a). A low-grade zone also forms the lower part of the
Karakoram metamorphic complex, in the Hunza valley (Searle et al, 1999).

Above those low grade rocks, metamorphism grades up (St-Grt, then St-Ky-Grt) and
reaches MP amphibolitic facies conditions (sillimanite zone) close to the contact with the axial
batholith (Bertrand et al., 1988; Lemmenicier et al., 1996, Searle et al., 1999)

In the low-grade metamorphic area (Thalle area, and in a less evident way, southern part of
Hunza valley), the different metamorphic units are clearly bounded by tectonic contacts. In the
high-grade zone, the suspected thrust contacts are hidden by the metamorphic recrystallisation,
defining a metamorphic foliation, oriented parallel to the regional SW-NE metamorphic zoning. In

some places, this metamorphic foliation clearly appears to be axial plane of km scale recumbent

folds, formed during SW-NE shortening.
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B) The domes

In most of the mapped area, the metamorphic foliation strikes regularly NW-SE (that is
parallel to the Karakoram southern boundary), from Hunza valley (NW of the studied zone) to
Chogo Lungma glacier (central part, north of the Haramosh spur), as well as in the Thalle area (SE
of the studied zone). But North of Skardu, in the Dassu-Askole area, the pattern appears to be
much more irregular (Fig. 2). It reflects the refolding of the foliation in kilometric scale non-
cylindrical (roughly conical) folds, which draw large domes, either sub-circular (Askole area) or
NW-SE elongated (Arendu and Dassu area), closer to the MKT, which it is reactivated by the
Shigar Fault in this area. These structures are also evidenced by a strong stretching lineation, which
draw a radial pattern all around the domes (Fig. 2).

The domes zone is also characterised by a late HT metamorphic imprint, here after referred to
as M2 metamorphism, by opposition to the metamorphism linked to the regional regular NW-SE
foliation, referred to as M1. M2 metamorphism is mainly evidenced in the core of the domes zone
by late sillimanite, underlying the stretching lineation, and by patches of migmatitic leucosomes
developed parallel to the M1 transposed foliation. The limbs of the domes locally display shearing
and small scale folding structures which mark exhumation movement of the domes relative to their
surrounding rocks (Fig. 3). Exhumation is also evidenced in Askole area by the attitude of the
cross-cutting leucosome (Fig. 4a) and of the dykes (Fig. 4b) feeding late granitic sills,
symmetrically tilted to NE or SW on the NE and SW limbs of the dome respectively.

Actually, our recent mapping (Pécher & Le Fort, 1999; this study) shows that the Dassu-
Askole domes belong to a series of domes which draws an E-W alignment, which can be followed
on more than 100 km from the Baltoro glacier to the Raikhot fault at western boundary of NPH
spur. This domes lineament, which crosscuts both the Shyok suture and the MMT, and which is
not or only slightly disrupted by the MKT, is a very recent structure.

C) Continuous tectono-metamorphic evolution versus multi-stepped evolution

Ages and detailed story of the main M1 tectono-metamorphic structuration is yet poorly
constrained. The main structural marker in all the Southern KMC is the metamorphic foliation,
which is clearly linked to the S-vergent thrusts and recumbent folds. S-vergent thrusting and
stacking could have started already in the Upper Cretaceous times, unless in the Shyok suture
(Petterson & Windley, 1985; U-Pb age of 80 Ma for granitic rocks crosscutting the early tectonic
contacts in the Eastern Shyok suture, Weinberg et al., 2000), and continued after the India-Asia
collision, circa 50 Ma (Treloar et al., 1989, Rowley, 1996). For Searle et al. (1989), the 37 Ma
Mango Gusar granite (Fig. 1) seals the S-vergent thrusts. Thus, the main metamorphic
structuration could have been a process extending since before 80 Ma, and more or less ended at
least 35 m.y. ago.
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Fig. 4. Late dykes and leucosomes tilted
at the limbs of the Dassu dome. (a) Way
up figures of migmatitic M2 segregation,
eastern edge of the dome (photo S.
Guillot, looking to NW; scale given by the
compass edge, 10cm). (b) Dykes and
sills products of the M2 partial melting,
assumed to be more or less vertical at
the time of their emplacement, then tilted
by the dome growth dome (photo S.
Guillot, looking to N; scale given by the
man, bottom left corner of the photo).To
the left, some minor folds emphasise

the extrusion movement of the dome core.

Fig. 3. The Panmah dome. View looking

to the East from the W bank of the Biafo
glacier (photo Y. Rolland). The dome shape
is clearly evidenced by the folding of meta-
morphic foliation and migmatitic segrega-
tions.

Actually, younger tectonic and metamorphic processes have also contributed to the

Karakoram metamorphic pattern. The Baltoro granite, drawing a 20 km long E-W strip south of the
Karakoram axial batholith, and by places highly deformed and foliated at its southern contact, is
clearly a syn to late tectonic pluton. It has been dated at 21to 25 Ma (U/Pb ages by Parrish & Tirrul,
1989 and Schirer et al., 1990).

Most of the ages in the domes area ranges from 10 to 3 Ma. In the Baltoro area, ages of 8.5 +
0.8 Ma (Rb-Sr on whole rock, biotite, muscovite and K-feldspar and K-Ar, Debon et al, 1986;
whole rock K-Ar ages, Searle et al., 1989; Schirer et al., 1990), and of 8.8 + 1 Ma (fission track
on zircon; Carpena & Rutkiewicz, 1989) have been obtained. In the Dassu area, ages of 6-7 Ma
(U-Pb on monazite, Smith, 1993), of 7.0 £ 0.3 Ma (K-Ar on muscovite, Rex pers. Com. in Searle
& Tirrul, 1991), of 4.7 £ 0.2 Ma to 7.1 = 0.3 Ma (K-Ar on biotites, Searle et al., 1989) have been
reported. In the Chogo Lungma glacier area 9.0 to 9.6 Ma muscovite Ar-Ar ages, 4 to 7.7 Ma by
hornblende Ar-Ar ages, and 3.2 to 4.0 biotite Ar-Ar ages (Villa et al., 1996a; Villa et al., 1996b)
have been obtained. Similar cooling ages ranging from 10 to 3 Ma have also been reported in the
lower Hunza Valley of Karakoram (Fraser et al., 1999), in the Turmik Val]éy of Ladakh (Villa et
al., 1996b), and in the Nanga Parbat-Haramosh massif of himalayan gneisses (Zeitler, 1985;
Treloar et al., 1991; Smith et al., 1992; Zeitler et al., 1993; Winslow et al., 1994; Villa et al.,
1996b).

So the tectono-metamorphic evolution of the South KMC started as early as Upper
Cretaceous times, and achieved only in very recent times. Relationships between the main Ml
structuration and late M2 event have been variously interpreted. For Searle et al. (1989), Allen and
Chamberlain (1991) and Smith (1993), most of the metamorphic evolution and the highest
temperature conditions were reached during M1. Allen & Chamberlain (1991) have proposed a
single metamorphic cycle (M1-3), resulting from nappe-stage inversion of a crustal section (M1
stage) and decompression (M2 stage) associated with possible dome-stage heating (M3). Searle et
al. (1989) and Smith (1993) have proposed that a late metamorphic event (referred to as D3),
resulted as a continuous evolution from nappe-style deformation to doming, was due to contact
metamorphism around the Baltoro granite.

In contrast, for Bertrand et al. (1988) and Lemennicier et al. (1996), a time residence is
required to explain M2 heating. Bertrand et al. (1988) have proposed that the late thermal increase
and doming could result from the heating during the Baltoro granite intrusion (21-25 Ma).
However, Lemennicier et al. (1996) and Villa et al. (1996a) have shown that the thermal increase
and doming occurred far after the Baltoro intrusion, as evidenced by young cooling ages recorded
in the Hemasil dome syenite (~ 9 Ma), and also proposed that M1 could be younger,

contemporaneously with the Baltoro granite intrusion. Then, in their interpretations, M2
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metamorphism reflects thermal relaxation during decompression, shortly post-dating M1 pressure

peak. |
Actually the accumulation of more and more very young ages in the domes area (Mio-

Pliocene ages, see Pécher & Le Fort, 1999) clearly indicates a distinct M2 thermal story from, and

related to, specific kinematic and exhumation processes during the late 10 Ma. -

1. METAMORPHISM IN THE DASSU-ASKOLE AREA

III.1 Aim and procedures

The main topic of this section is to describe and constrain the pressure and temperature (P-T)
conditions of M2 metamorphism and in a lesser extent, P-T conditions of M1 metamorphic event.
We have studied more than 50 metapelitic samples, and 15 were selected for mineral analyses.
Analyses (Tables 1 & 2) were obtained on the Cameca Camebax SX100 electron microprobe of the
Blaise Pascal University in Clermont-Ferrand.

Aluminous rich metapelites are widespread throughout the studied area and have been
selected to study the metamorphic evolution. In those metapelites MnO and TiO, are very scarce
and only concentrated in garnet and rutile/ilmenite, and plagioclase is the only CaO rich mineral.
Thus metapelites can be described in the KFMASH system (Spear, 1993). In order to determine the
P-T conditions of the studied samples, we choose the following procedure. Metamorphic equilibria
and metamorphic reactions, deduced from textural relationships between the different mineral
species, in thin-sections, have been first projected on the KFMASH petrogenetic grids defined by
Spear & Cheney (1989), completed for granulitic facies conditions with the stability curves given
by Vielzeuf (1984) and Le Breton & Thompson (1988) for the KFMASH system. Complementary
P-T estimates have been done by using cationic exchange calibrations between garnet and other
minerals. We have used the Garnet-Biotite Fe-Mg exchange thermometer (GARB, Ferry & Spear,

1978; Hodges & Spear, 1982; Ganguly & Saxena, 1984; Perchuk & Lavrent'eva, 1984), and
several barometers based on net transfer reactions computed by Spear et al. (1991): Grt-P1-Sil/Ky-
Qtz (GASP; Hodges & Spear, 1982; Hodges & Crowley, 1985; Koziol & Newton, 1988), Grt-Pl-
Ms-Bt (GMBP; Ghent & Stout, 1981; Hodges & Crowley, 1985; Powell & Holland, 1988,
Hoisch, 1990), Grt-P1-Ms-Qtz (GMQP; Hodges & Crowley, 1985) and Grt-P1-Qtz (GPQ, Hoisch,
1990) barometers. As suggested by Spear (1993), it is impossible to know which calibration gives
the most accurate results as most of GARB thermometers, excepted Ferry and Spear (1978),

include corrections for the grossular component in garnet, which is known to mix non-ideally with

pyrope.
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% Or 94.23
% Alb 3.15
% An 2.62

Garnet

Analyse core rim core rim rim rim core
Sample L162 L162 L195 L195 SK26 SK29 SK29
Si0, 36.41 36.68 36.78 36.53 36.89 36.97 36.39
AlO5 21.11 20.98 20.72 20.79 21.21 21.47 21.30
" FeO 37.72 37.46 35.86 37.07 36.32 34.69 34.47
MnO 1.64 1.27 0.88 0.68 1.19 1.00 1.85
MgO 1.70 1.83 2.85 2.60 2.41 3.02 1.76
Ca0 2.09 1.82 3.05 1.85 2.60 3.51 4.21
Na,O 0.02 0.01 0.03 0.02 - 0.08 0.04
KzO - - 0.06 - 0.05 - -
TiO, - 0.01 - - 0.12
Total 100.69 100.09 100,23 99.64 100.68 100.73 100.13
Nb. Ox 24 24 24 24

Site T

Si 5.91 5.96 5.94 5.95 5.92 5.88 5.87
Al 0.09 0.04 0.06 0.05 0.08 0.12 0.13
Site O

Al 3.95 3.99 3.89 3.94 3.83 3.91 3.92
Ti - - - - - - 0.01
Site A

Mg 0.41 0.44 0.69 0.63 0.58 0.72 0.42
Fe2+ 5.12 5.09 4.85 5.05 4.87 4.62 4.65
Mn 0.23  0.17 0.12 0.09 0.16 0.13  0.25
Ca 0.36 0.32 0.53 0.34 0.45 0.60 0.73
Na 0.01 - 0.01 - - 0.02 0.01
K - - 0.01 0.01 - -
% Alm  83.66 84.48 78.41 82.56 80.42 76.12 76.80
% Gro 5.94 5.26 8.54 5.57 7.39 9.87 12.03
% Py 6.72 7.36 11,10 10.33 9.52 11.79 7.00
% Sps 3.68 2.90 1.95 1.53 2.68 2.22 4.7
XFe 0.83 0.92 0.88 0.89 0.89 0.87 0.92

K-feldspar biotite

Analyse  Core Analyse  rim core Inc.in Ky rim
Sample SK29 Sample L162 SK26 SK26 SK29
Si0, 48.78 SO, 35.66 34.21 35.52 34.75
Al;O5 33.93 Al,O4 21.57 20.19 19.31 20.34
FeO 0.55 FeQ 19.96 23.21 20.42 19.29
MnO - MnO 0.40 0.08 0.09 0.19
MgO 0.80 MgO 6.85 5.89 7.35 7.96
Ca0 0.29 Ca0 0.05 0.11 - 0.05
Na,0O 0.19 Na,O 0.41 0.23 0.31 0.19
K0 8.69 K0 9.00 B.96 9.21 9.36
TIO, - TiO, 2.10 2.34 3.18  2.69
Total 93.23 Total 95.99 95.22 95.39 94.81
Nb ox. 4 Nb. Ox. 22 22 22 22
Site T

Si 2.20 Si 5.37 5.38 5.48 5.37
Al 1.80 AllV 2.63 2.62 2.52 2.63
P 4.00 AlVI 1.20 1.12 0.99 1.08
Site A Fe 2+ 2.52 2.71 2.34 222
Mg 0.05 Mg 1.54 1.38 1.69 1.84
Fe 0.02 Ti 0.24 0.28 0.37 0.31
Mn - Mn 0.05 0.01 0.01 0.03
Ti -

Ca 0.01 K 1.73 1.80 1.81 1.85
Na 0.02 Na 0.12 0.07 0.09 0.06
K 0.50 Xy 0.62 0.67 0.58 0.55
b 0.60

chlorite

plagioclase

Analyse  Core Core Core Analyse Core Core
Sample L7 L162 L195 Sample L194 L30
Si0, 28.32 25.89 25.57 SiO, 68.46 62.80
Al;Oq 20.58 18.56 21.23 Al,0, 19.29 23.68
FeO 24.35 30.91 26.33 FeO 0.25 -
MnO 0.30 0.02 0.03 MnO 0.07
MgO 11.69 9.35 11.95 Mg0 0.02 -
Ca0 0.20 0.25 0.44 Ca0 0.29 4.68
Na,O 0.03 0.01 0.08 Na,0O 11.89 9.34
K0 2.74  0.37 0.37 KO 0.06 0.18
TiO, 0.74 0.18 0.10 TiO. - -
Total 88.95 85.54 86.10 Total 100.33 100.68
Nb. Ox. 36 36 36 Nbox. 4 4
Site T
Si 7.61 7.46 7.14 S 3.00 2.77
AllV 0.39 0.54 0.86 Al 1.00 1.23
AIVI 6.13 5.77 6.12 X 4.00 4.00
Fe 2+ 5.47 7.45 6.14 Site A
Mg 4.68 4.02 4.97 Mg -
Ti 0.15 0.04 0.02 Fe 0.01
Mn 0.07 0.01 0.01 Mn -
Ti - -
K 0.57 0.08 0.08 Ca 0.01 0.22
Na 0.01 - 0.02 Na 1.01 0.80
Xro 0.54 0.65 0.55 K - 0.01
bt 1.04 1.03
Si 0.31 0.30 0.28 .
Al 0.27 0.25 0.28 %Or 0.33 0.99
% Alb 98.34 77.54
% An 1.33 21.47
muscovite
Analyse  rim core inc.in ky core

Sample L1682 SK26

Si0, 47.72 46.47
ALO;  32.61 34.27
FeO 3.41  1.50

MnO 0.05 0.01

MgO 1.50 1.02
Ca0

0.38 0.05
Na,O 0.58  0.69
KO 9.55 10.20
TiO, 0.55 0.86

Total 96.35 95.05

Nb. Ox. 22 22

Si 6.34 6.19
AllV 1.66 1.81
AVI 3.44 3.57
Fe 2+ 0.38 0.02
Mg 0.30 0.20
Ti 0.05 0.09
Mn 0.01 -

K 1.62 1.73
Na 0.15 0.18
Xra 0.56 0.43

SK26

45.52
36.34
1.08

0.52
0.04
0.87
10.38
0.57

95.26
22

6.05
1.85
3.74
0.01
0.10
0.06

1.76
0.22
0.50

SK31

46.11
34.99
1.26

0.82

0.69
10.32
0.99

95.19
22

6.13
1.87
3.61
0.02
0.16
0.10

1.75
0.18
0.45

Core
SK26

60.90
24.15

5.84
8.35
0.24

99.49

2.73
1.27
4.00

0.28
0.72
0.01
1.02

1.36
71.12
27.52

Core
SK31

63.94
22.72
0.11
0.02
3.49
9.95
0.24
0.02

100.48

2.82
1.18
4.00

0.16
0.85
0.01
1.03

1.33
82.64
16.03

Table 1- Representative chemistry of M1 related minerals. Standards used were natural silicates; the acceleration voltage was 15 kV,
with a beam current of 20 nA and a counting time of 10 s.




Garnet 3 K-feldspar
Zone jra Tz TZ Tz Tz Tz HGZ HEZ HGZ HGZ HGZ HGZ HGZ HGZ HGZ HGZ HGZ  Zone HGZ HEZ
Analyse core rim core rim core rim core rim core nim | rim 1l core fim rim core core rim  Analyse Core Cora
Sample L527 L527 L545 L5645 SK60 SK60 L523 L523 L525 525 L525 SKi8 SK18 5SK46 SK46 SK57 SK57 Sample SK17  SK57
Si0, 36.88 35.60 37.58 36.93 36.60 36.09 37.11 36.63 36.59 36.15 35.69 36.99 37.04 37.40 36.24 3579 36.12 SO, 65.37 63.58
AlOy 20.90 21.41 21.80 21.69 20.72 20.47 21.42 21.74 21.47 20.91 20.50 21.1B 21.20 21.16 21.30 21.17 20.97 ALOs 18.79 18.87
FeQ 37.52 38.63 34.39 33.58 33.28 32.47 33.27 33.22 33.83 33.92 33.28 33.65 33.12 34.86 36.59 32.89 32.51 FeO 0.02 0.54
MnO 0.08 0.07 1.08 ©0.82 745 831 366 4.00 438 436 580 635 8.18 467 236 671 7.15 MO - 0.10
MgO 377 352 395 394 163 1.48 3.83 3.39 354 3156 211 249 2.28 196 260 190 1.765 MO - -
C0 0.74 062 2.82 3.01 111 112 149 2.01 133 113 1.2 1.01 0.72 1.28 135 117 129 CO 0.03 -
Na,0 - 0.02 - 0.04 - - 0.02 - 0.02 003 003 0.02 0.01 0.01 0.01 0.04 0.02 Na0 1.87  1.23
K0 0.04 - 0.03 - 0.02 0.04 0.01 0.01 - 0.07 0.02 - 0.03 - 0.00 0.02 KO 14.65 15.13
TiO, 0.05 0.02 - 0.03 002 0.04 - - 0.02 - 0.04 0.02 ©0.07 0.03 022 0.00 TiO 0.03 0.08
Total 99.99 ©99.890 101.62 100.05 100.83 99.97 100.88 101.00 101.16 99.65 98.70 101.74 102.57 101.44 100.48 99.89 99.81 Total 100.76 99.52
Nb. Ox 24 24 24 24 24 24 24 24 Nb ox. 4 4
Site T Site T
Si 595 580 592 590 593 5080 592 586 585 589 591 590 588 589 584 583 589 8§ 2.99 2.96
Al 0.05 0.20 0.08 0.10 0.07 0.10 0.08 0.14 0.14 0.11 0.09 0.10 0.12 0.01 0.16 0.17 011 Al 1.01 1.04
Site O z 4.00 4.00
Al 393 391 397 399 388 385 395 396 391 391 3.91 3,88 3.84 3.99 3.88 3.89 3.92 SieA
Ti 0.01 - - - - - 0.01 - - - ] - - 0.01 - 0.03 - Mg -
Site A Fe 0.02
Mg 091 086 093 094 039 036 091 081 084 076 052 059 054 047 062 046 042 Mn
Fe2+ 5.06 5.26 453 4.49 451 4.44 444 444 453 462 461 449 439 467 493 448 443 Ti - =
Mn 0.01 0.01 0.14 0.1 102 1.15 049 054 059 060 081 086 1.10 063 032 093 099 Ca - -
Ca 0.13 0.11 048 052 019 0.20 0.25 0.34 023 020 022 017 012 022 023 020 0.23 Na 017 011
Na - 0.01 - 0.01 - - - - 0.01  0.01 0.01 o E - - 0.01 0.01 K 0.85 0.90
K 0.01 . 0.01 - 0.01 - - 0.02 - 0.01 - 0.01 % 1.02  1.04
o Alm B2.85 84.40 74.53 7416 73.70 72.24 72.78 7239 73.12 7474 74.84 73.46 71.39 77.93 80.70 73.78 73.03 %Or 83.60 68.99
% Gro 209 174 7.84 851 315 3.18 417 561 3.67 3.18 3.49 2.82 200 3.67 3.82 3.37 371 %Ab 16.25 11.01
% Py 14.86 13.72 15.26 15.49 6.44 5.86 14.95 13.18 13.62 12.36 B8.46 9.67 8.77 7.82 10.20 7.80 6.99 % An 0.15
% Sps 0.21 0.15 2.37 1.84 1671 1872 8.11 8.82 959 972 13.21 14.04 17.85 1058 527 1525 16.26
XFe 0.86 0.85 0.83 0.83 0.92 0.93 0.83 0.85 0.84 0.86 0.90 0.88 0.89 0.91 0.89 0.91 0.91

_plagioclase biotite muscovite
Zone Tz Tz HGZ HGZ H&Z Zone Tz Tz hr4 HGZ HGZ HGZ Zone Tz Tz HGZ HaZ HaZ HGZ
Analyse Core Core Core Core Core Analyse rim core rim core core rim  Analyse rim rim rim rim core core
Sample L5268 SKBO L523 SKi18 SK46 Sample L6526 SK60 SK60 L523 SK1B SK57 Sample L1527 SK60 L523 L525 SK46  SKS&7
Si0, 59.59 62.15 58.21 63.76 63.16 SO 34,25 34.03 3424 3515 35.02 34,19 SO, 46.50 45.66 45.31 46.28 44.37 44.78
ALO; 24.94 24.30 25.63 23.17 22.56 ALO, 18.32 19.23 20.54 18.81 19.78 20.50 ALQ, 35.76 35.24 33.84 3652 36.58 36.54
FeO 0.03 036 006 0.21 018 FO 19.23 23.08 22.83 19.08 21.76 21.78 FeO 1.45 1.53 1.25 1.34 0.85 1.02
MO 0.01 0.01 0.02 0.03 - MO - 0.34 0.18 - 0.35 0.26 MnO - 0.02 - - - 0.03
MgO 0.01 - 0.01 0.02 - MgO 8.38 5.14 543 B.20 6.35 579 MgO 0.69 0.66 0.83 0.76 043 0.56
C0 6.91 5.34 7.90 3.86 3.54 C20 0.02 0.04 0.02 0.12 0.07 0.06 C0 T 0.03 ¥ 0.03 - 0.02
Na,0 7.76 8.39 7.26 9.83 9.97 Na0O 0.27 019 0.16 0.14 0.19 0.17 Na0 1.35 041 0.42 053 063 072
K0 0.33 0.20 0.04 0.22 013 KO 8.68 9.61 8.1 9.71 9.46 9.47 KO 9.55 10.84 11.29 10.14 10.61 10.48
Ti0, - - - - 0.01 TiO, 268 3.58 237 362 299 272 TiO, 0.60 0.31 1.54 0.24 029 0.15
Total 99.57 100.75 99.12 101.09 99.56 Total 91.82 95.23 94.88 94.84 95.96 94.91 Total 95.90 94.70 94.48 9582 93.76 54.30
Nb ox. 4 4 4 4 4  Nb.Ox. 22 22 22 22 22 22 Nb.Ox. 22 22 22 22 22 22
Sie T
Si 268 274 263 2.80 281 Si 541 538 539 539 543 537 Si 6.12 6.12 6.13 6.1 6.00 6.02
Al 1.32  1.26 1.37 1.20 1.19 AV 2.59 2.62 2.61 2.61 2.57 2.63 AV 1.8 1.88 1.87 1.89 200 1.98
) 4.00 4.00 4.00 4.00 4.00 AWVI 0.82 098 1.20 079 1.04 1.16 AWM 387 3.69 352 379 383 3.81
Site A Fe 2+ 2.54 2,71 267 245 251 254 Fe2+ 0.02 0.02 0.14 0.15 0.01 0.01
Mg - - - - - Mg 1.97 1.2 1.27 1.87 1.47 .1.35 Mg 0.14 0.13 0.17 0.15 0.09 0.11
Fe - 0.01 0.01 001 Ti 032 043 028 042 035 032 Ti 0.06 0.03 0.6 002 0.03 0.02
Mn - - - - Mn - 0.04 0.02 - 0.05 0.03 Mn - - - - - -
Ti - - = - E
Ca 0.33 025 038 0.18 017 K 1.75 1.4 183 190 187 1.89 K 1.60 1.85 1.95 1.71 1.83 1.80
Na 0.68 0.72 0.64 0.84 086 Na 0.08 0.06 0.05 0.04 0.06 0.05 Na 0.34 0.11 0.11 0.14 0.16 0.19
K 0.02 0.01 - 0.01  0.01 X 0.56 0.69 0.68 0.57 0.63 0.66 Xp 0.52 0.55 0.45 050 0.50 0.48
z 1.03 089 1.03 1.04 1.05
% Or 1.83 116 0.21 1.19  0.71
% Alb  65.79 73.14 62.29 81.20 83.00
% An 32.38 2570 37.50 17.62 16.30

Table 2 - Representative chemistry of M2 related mirerals. Standards used were natural silicates; the acceleration voltage was 15 kV,
with a beam current of 20 nA and a counting time of 10 s.

Similarly, the GASP calibrations yield consistent results, particularly when the garnet is
grossular rich. Thus, we calculate the uncertainties for each sample taking into account the sample
heterogeneity and the analytical imprecision (e.g., Kohn & Spear, 1991). Uncertainties for the

garnet-biotite thermometry corresponds to the standard deviation (at 2c-level) calculated for each
selected calibration on each sample. Uncertainties on pressure, also corresponding to the standard
deviation (at 2o0-level), were calculated on each selected calibration with the average previously

calculated temperature interval on the same biotite-garnet pair plus an additional plagioclase (and
muscovite for GMQP barometer).

In order to calculate P-T path evolution by thermobarometry on one sample, we follow the
methodology of St-Onge (1987). In order to evaluate earlier P-T conditions, we used systematically
biotite, (muscovite) and plagioclase included in the core of the garnet that represent frozen
equilibrium state. When garmet do not contain inclusions, we used the composition of garnet core
and we select compositions of biotite core, plagioclase core and (muscovite core) in the matrix that
are at the proximity (cm scale) of the studied garnet but not in contact with it. If relictual kyanite is
present, we choose in this alumino-silicate to equilibrate the net transfer GASP reaction. Then to
evaluate P-T conditions during the development of the main foliation, we used systematically
compositions of rim minerals that are in contact. As sillimanite is the alumino-silicate stable in the

foliation, we used systematically the sillimanite to equilibrate the net transfer GASP reaction.

1I1.2 Syn-stacking metamorphism (M1) outside the dome area

M1 metamorphic assemblages have been already described by previous authors (Bertrand et
al., 1988; Searle et al., 1989; Hanson, 1989; Searle & Tirrul, 1991; Allen & Chamberlain, 1991).
At a regional scale, from the lower Hunza Valley (Searle et al., 1999) to the Hushe Valley, Ml
metamorphism displays zonality parallel to the major NW-SE regional structures (Fig. 1). The Ml
peak conditions in the highest-grade zone (kyanite + biotite + garnet) were estimated at ~ 1.0 GPa
and 700°C (Bertrand et al., 1988; Seatle et al., 1989; Allen & Chamberlain, 1991). We complete
these data northwards (Ho Lungma valley) and southwards (from Shigar valley to Hushe valley) of
the Askole-Dassu domes.

1) In the Shigar-Hushe area, metamorphic grade increases from SW to NE, i.e. from the
lower to the upper part of the structural pile (Fig. 5a). In the lowest structural part, metamorphic
conditions are lower than described elsewhere in the S-Karakoram.
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defined by the assemblages observed in the metapelitic rocks. M1 NW-SE structures are well preserved in the
southeastern part of the area (Thalle and Hushe valleys). In contrast, M1 isograds strike E-W between Shigar and Braldu
M2 event. (b) M2 metamorphic zones, overprinting the M1 pattern along the

rivers, as they have been folded during the ‘
Braldu river. Notice that the two high-grade zones (granulite facies) are centred on the core of the Dassu and Askole-

Panmalh domes (see Fig. 2).

|
Fig. 5. Metamorphic maps, So-uthern Karakoram and Shyok Suture Zone, Skardu area. (a) M1 metamorphic zones
|
\

Fig. 6. Photomicrographs of the M1 assemblages. All photographs were taken in plane
polarised light. Scale bar: 0,5 mm. (a) Sample L162, Shyok suture zone. Garnet zoning

in a Grt — Ms — Bt assemblage. (b) Sample SK26, Ho Lungma. Kyanite - muscovite - rutile
relictual assemblage in a biotite-sillimanite gneiss (c) Sample SK26, Ho Lungma. Late
andalusite porphyroclast crosscuts the biotite - sillimanite association (d) Sample SK26, Ho
Lungma. Retrogressive replacement of garnet and muscovite by biotite and muscovite.
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Fig. 7. P-T thermobarometric estimates of M1 conditions. Thermometers (GARB): 1, Perchuk & Lavrent'eva (1984);

2, Ganguly & Saxena (1984); 3, Hodges & Spear (1982); 4, Ferry & Spear (1978). Barometers: solid lines (GMPB)
1, Hoisch (1990); 2, Powell & Holland (1988); 3, Ghent & Stout (1981); 4, Hodges & Crowley (1985); spaced broken

lines (GASP): 1, Koziol & Newton (1988); 2, Hodges & Crowley (1985); 3, Hodges & Spear (1982); 4, Qanguly &
Saxena (1984); unspaced broken lines (GMQP): Hodges & Crowley (1985); Bold solid lines (GPQ): Hoisch (1990).

The Ordovician fossiliferous calcschists interlayer with low-grade metapelites. In the
calcshists, the metamorphic paragenesis is defined by a smectite + highly Fe-rich chlorite (XMg =
0.35) assemblage, and by a muscovite-biotite-K-feldspar + chloritoid assemblage in the metapelites
(Rolland et al., submitted; Fig. 5a). Stability of smectite and absence of biotite suggest temperature
lower than 400°C and pressure lower than 0.5 GPa.

Farther to the NE (higher in the tectonic pile), occurrence of gamnet and destabilisation of
chloritoid mark increasing metamorphic grade. From SW to NE, the following assemblages are
found: muscovite — biotite — albite — chlorite + garnet + chloritoid, then muscovite — biotite — garnet
+ staurolite, and finally muscovite — biotite — garnet + kyanite (Fig. 5a). In all these assemblages
(samples 1162 and 1.195, Fig. 5a and 6a), garnets show a normal zoning, with a core rich in
numerous graphitic inclusions (Xalm=0.80, Xpyr=0.07, Xsps=0.03, Xgrs=0.09), and a rim free
of inclusion (Xalm=0.86, Xpyr=0.08, Xsps=0.03, Xgrs=0.04). From core to rim, almandine
increase and spessartine decrease suggest a temperature increase during garnet growth (Spear,
1988; Spear and Peacock, 1989). Plagioclase is albitic (An: 0-20) with no significant core to rim
(0.29) and XFe (0.62). Muscovite shows variable XFe
(0.43-0.62) and different Si** contents ranging from Si*'= 6.32 for the muscovite in the matrix to

variations. All biotites show elevated Al
Si**= 6.70 p.f.u. for the muscovite in the garnet, suggesting different generations of muscovite,
growing at different pressures (Massone & Schreyer, 1987). Muscovite included in the garnet
could have grown at relatively high pressure during M1 metamorphism, while lower pressure
matrix muscovite could have been re-equilibrated later during M2 metamorphism. As compared to
chlorite in the smectite-chlorite zone, chlorite in the biotite-chlorite zone is less ferrous
(XMg=0.45).

Thermo-barometric estimates (Fig. 7) have been made on the lower grade garnet-bearing
samples (L162 and L195). Using garnet core composition, sample L162 yields equilibrium
conditions of 531 +66°C and 0.4 = 0.1 GPa, and, using gamet rims, of 545 = 60 °C and 0.3 %
0.1 GPa. The sample L.195 yields similar conditions of 535 + 55°C and 0.5 + 0.2 GPa with garnet
core composition, and slightly higher equilibrium conditions of 613 + 54°C and 0.7 = 0.2 GPa,
using garnet rim composition. As also supported by the petrographic feature of L162 and L.195
garnets, showing clearly two generation of garnet growth, we believe that only the garnet core
belongs to the M1 event. The M1 event would then culminate at similar P-T conditions for both
samples (T = 530-535°C, P = 0.4-0.5 GPa). Further garnet growth shows that thermal increase is
more important for sample 1195, close to the domes area, than for sample L162, located
southwards in the Shyok Suture Zone. So the equilibrium conditions of garnet rims should rather

be due to M2 re-equilibration or to a second garnet growth during M2.
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Fig. 8. P-T path of M1 metamorphic evolution. KFMASH petrogenetic grid for XHyO = 1 and quartz in
excess. Dotted lines are almandine isopleths. The H20-saturated metapelite solidus from Thompson (1982),
Grt + Ms and Grt + Kfs producing reactions from Vielzeuf (1984), Ms to Kfs + Sil destabilisation from Le
Breton & Thompson (1988), others reactions from Spear & Cheney (1989). Minerals abbreviations following
Kretz (1983).

2) In the Ho Lungma valley, north of the Dassu-Askole domes, high-grade sillimanite
bearing rocks have been found (samples SK26, SK29 and SK31, Fig. 5a) in prolongation with the
sillimanite zone known farther to the NW and related to the SW-vergent nappe stacking (Pécher &
Le Fort, 1999). This M1 sillimanite zone is separated from the sillimanite bearing domes (M2
related metamorphism) by a zone of sillimanite free metapelites. Ho Lungma rocks are mainly
metapelitic gneisses, with sillimanite + biotite layers defining the M1 foliation and granoblastic
leucocratic layers, characterised by K-feldspar and numerous cm-garnet porphyroclasts containing
inclusions of rutile. Relictual kyanite also containing inclusions of rutile is texturally associated
with relictual muscovite and biotite, all these minerals are surrounding by the biotite + sillimanite
M1 foliation (Fig. 6b). Late andalusite porphyroblasts also crystallized in sample SK26 (Fig. 6¢).
No staurolite was observed in this area, but it was found further west, in the Chogo Lungma area
(Lemennicier et al., 1996) and further east, south of the Askole dome. Garnet do not present any
significant compositional zoning, they are almandine-rich and spessartine-poor (Xalm=0.78-0.80,
Xpyr=0.12-0.14, Xgrs=0.06-0.07, Xsps=0.01-0.02). Biotite in equilibrium with sillimanite is
always Fe-rich (XFe=0.67-0.68 in SK26 and 0.57 in SK31), whereas relictual biotite associated
with the kyanite is slightly less ferrous (XFe=0.61 in SK26), which is consistent with two stages
of biotite crystallisation. The later stage is associated with sillimanite crystallisation, at the expanse
of garnet and muscovite (Fig. 6¢). Relictual muscovite in equilibrium with relictual kyanite is
slightly Si** and Mg poor (Si*'=6.10 p.f.u., Mg=0.47 p.f.u.) compared to muscovite in the
foliation (Si**=6.20 p.f.u., Mg=0.45 p.f.u.). Plagioclase is albite rich (Xor=0.01-0.02,
Xan=0.71-0.82, Xab=0.10-0.27) and never presents any core-rim variations. Only one K-feldspar
has been analysed (SK29) and was found to be albite poor (Xor=0.94, Xan=0.03, Xab=0.03).

Destabilisation of earlier gamet and muscovite into sillimanite and biotite at the transition
from kyanite stability to sillimanite stability (sample SK 26, Fig. 6d) and according to the reaction
(Vielzeuf, 1984):

garnet + muscovite — sillimanite + biotite (1),
is related to the thrusting towards the SW of the NE Karakoram nappe over the less
metamorphosed sediments observed in the Shigar-Hushe area. In the KFMASH petrogenetic grid
(Fig. 8), this reaction implies a pressure drop associated with a slight temperature increase in the P-
T space 600-750°C and 0.6-0.7 GPa (Vielzeuf, 1984). Relics of kyanite before the crystallisation
of biotite + sillimanite imply higher P undetermined conditions, over 0.7 GPa.

P-T estimates based on cationic exchange for sample SK26, on the assemblage garnet —
biotite — kyanite - plagioclase are of 683 + 55°C and 0.7 = 0.2 GPa, using the gamnet core
composition. and on the assemblage garnet - biotite - sillimanite -plagioclase, using the garnet rim
composition, P-T estimates are of 633 + 36°C and 0.6 + 0.1 Gpa.
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These estimates are in good agreement with petrologic observations. The end of the P-T
retrograde path is constrained by the late occurrence of andalusite and the absence of cordierite,
which imply retrogressive conditions of ~500°C at a pressure above 0.3 GPa (Fig. 8).

Consequently, these results imply a cooling refrograde path after M1 (Fig. 8).
Contrary to the samples located south of the M2 thermal anomaly, the sample SK26 do not

record any significant temperature increase linked to M2, far from the dome.

1113 Syn-doming metamorphism (M2)

In the studied area, M2 temperature increase is spatially characterised by prograde
destabilisation of M1 assemblages. For the purpose of the description, we have separated two
zones, following the importance of the M2 thermal imprint (Fig. 5b): a transition zone (external part
of the domes zone), where metapelites have still well-preserved M1 assemblages, and are only
partially re-equilibrated under upper amphibolite-lower granulitic conditions during M2, and an
high-grade zone (core of the dome), with almost totally recrystallised and partly melted rocks in the
MP-granulitic facies conditions during M2.

a) Petrography and mineralogy of metapelites from the transition zone

In Askole area (Fig. 5b), transition zone metapelites are characterised by disequilibration
textures, with the presence of kyanite + garnet + muscovite + plagioclase + K-feldspar + staurolite
+ sillimanite mineral association, and rutile, ilmenite, graphite, zircon and apatite accessory
minerals. In the Dassu area (sample SK60, Fig. 5b), the same assemblages are observed, but
without any staurolite relics.

When the S1 foliation is not completely transposed by the S2 foliation, rutile and staurolite
crystals are often associated (sample L526). They form relics included into ilmenite and kyanite-
biotite assemblages respectively (Fig. 9a). Kyanite and muscovite form large crystals (1-3 mm),
generally irregular, with rim recrystallisation into K-feldspar and sillimanite. They are roughly
oriented in the S1 foliation transposed by the S2 foliation. Granoblastic biotite and fibrolitic
sillimanite intergrowths define the foliation S2 (samples 1522, 1526, L545, SK60). They
generally embed large garnet phenocrysts and relics of staurolite and muscovite (Fig. 9b). Garnets
of the transition zone are generally large euhedral minerals (1-10 mm, Fig. 9c), showing two
growth generations: early core gamnet (remnant of Ml garnet) contains inclusions of staurolite

(generally at the centre of the grain), quartz, muscovite and biotite.
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Late rim garnet, crystallised during M2, contains fewer inclusions of quartz and muscovite.
In the matrix of the samples L7 and L.552, garnets are smaller without inclusions of staurolite,

suggesting that they grew only during M2 metamorphism.

Both core and rim gamets are solid solutions of almandine (Xalm: 0.75 to 0.93, from core to"

rim), pyrope (Xpyr: 0.04 to 0.15), grossular (Xgrs: 0.02 to 0.12) and spessartine (Xsps: 0.01 to
0.18). As well illustrated by microprobe profile on the sample 1.526 (Fig. 10), gamets of transition
zone have grown during increasing temperature conditions. Core garnet shows relatively high
grossular and spessartine contents (Xgrs=0.01, Xsps=0.01) and low pyrope and almandine
contents (Xpyr=0.11, Xalm=0.76), while rim garnet show lower grossular and spessartine
contents (Xgrs=0.06, Xsps=0.00) and higher pyrope and almandine contents (Xpyr=0.14,
Xalm=0.79). The studied profile is not symmetrical, probably due to different minerals equilibria
on each rim. On one side (left side of profile, Fig. 10), garnet is in contact with biotite, a Fe-Mg
rich mineral, on the other side garnet is in contact with muscovite, which may have prevented
garnet growth (Spear and Peacock, 1989). Sample L552 provides a more symmetrical zoning,
showing a typical bell-shaped spessartine and U-shaped almandine profiles. Increase of almandine
and pyrope at the expanse of spessartine and grossular, from core to rim, evidence a garnet growth
(Spear, 1988; Spear and Peacock, 1989) only during M2.

In the transition zone, biotite ranges from low Fe (L545, XFe= 0.45) to high Fe (SK60,
XFe=0.69) contents, and from low Al (L.545, Al =0.22) to high Al (SK60, Al =0.30) contents

(Table 3). As all the samples come from the same area and show the same paragenesis, variability
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of biotite composition probably mainly reflects different initial whole-rock compositions.
Muscovite shows homogeneous and low Si** contents (Si*'=6.11-6.13 p.f.u.), but different Fe
contents (XFe from 0.45 to 0.55). Plagioclase ranges from oligoclase to andesine (Xan=0.20-
0.38).

b) Petrography and mineralogy of high-grade zone metapelites

High-grade zone metapelites from the Dassu-Askole dome zone are generally migmatitic
(Fig. 4a), and show a foliation underlined by biotite-sillimanite association (Fig. 9d), locally
transformed into muscovite. Most of sillimanite is fibrolitic, but prismatic sillimanite also occurs in
the inner core of the migmatitic domes (Fig. 9¢). Rare M1 related kyanite relics are found in the
Askole dome, as very small grains mantled by garnet or biotite + sillimanite suggesting that the
domal structures also record earlier M1 metamorphic conditions. Staurolite relics are no longer
observed. Leucocratic layers (Fig. 9f) are quartz and plagioclase porphyroclasts-rich. K-feldspar,

often perthitic (Fig. 9g), with albitic antiperthites, mainly occurs in migmatites leucosomes.
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Fig. 9. Photomicrographs of the M2 assemblages. Scale bar: 1 mm. (a) Sample L559, transition zone. Staurolite
destabilisation into M2 Ky + Bt assemblage. (b) Sample L545, transition zone. Destabilisation of Ms + Grt assem-
blage in Bt + Sil M2 decompression assemblages (c) Sample L526, transition zone..M2 large garnet porphyroblast
displaying biotite and staurolite inclusions (d) Sample, SK18, high-grade zone. Biotite - sillimanite assemb!age com-
pletely replacing garnet (e) Sample L523, high-grae zone, showing the typical Grt + Kfs + Bt + Sil (prismatic crystals)
of the granulites (f) Sample SK46, high-grade zone. Leucosome showing migmatitic round garnet and K-feldspg{‘
surrounded by residual biotite and sillimanite (g) Sample SK44, high-grade zone. Retrograde reaction of destabilisa-
tion of sillimanite and perthitic K-feldspar into muscovite and quartz (h) Sample, SK37, high-grade zone. K-feldspar
= quartz leucosome surrounded by residual biotite and sillimanite.
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Tt is associated with myrmekitic quartz and plagioclase and surrounded by biotite + sillimanite
association (Fig. 9h). Leucosomes are characterised by tabular mosaic textures, elongated parallel
to the foliation S2.

In the outer part of the high-grade zone, porphyroblasts in K-feldspar neosomes mainly
show muscovites inclusions (Fig. 9e). Garnets are huge porphyroblasts of euhedral shape
(radii>1mm), with numerous inclusions of biotite, quartz, plagioclase, graphite, ilmenite and
sometimes rutile. Main accessory minerals are tourmaline, apatite, zircon, graphite, magnetite and
ilmenite. In the inner core of the domes, K-feldspar neosomes are rich in biotite, plagioclase, quartz

and skeletal muscovite inclusions. They are sometimes associated with sillimanite fibrolites and

small (<1mm) rounded garnet (Fig. 9f).

In the high-grade zone, garnets show lower contents of grossular (Xgrs=0.015-0.05) and
spessartine (Xsps=0.002-0.08), and generally higher contents of almandine (Xalm=0.73-0.84) and
pyrope (Xpyr=0.11-0.15) than in the transition zone. As shown in gamet profiles (Fig. 10) of
samples 1525, 527, SK46 and SK57 (location on Fig. 5b), garnets from the high-grade zone do
not show significant compositional zoning. The depletion in almandine and pyrope contents of the
core of garnet SK57 can be explained by local reequilibration with biotite inclusions. The rather flat
profiles observed in the other samples could indicate either HT reequilibration (Spear, 1988) or
diffusive re-homogenisation during retrogression (Tracy et al., 1976; Yardley, 1977). As previous
thermochronological data in this area (Villa et al., 1996a) have yielded cooling rates of 70-110
°C/Ma, which seems too high for a complete diffusive garnet re-homogenisation during
retromorphosis, even for the small garnet (e.g., Spear, 1988), this flat zoning should rather result
from HT reequilibration. Nevertheless, almandine depletion at the garnet rim of samples SK46 and
SK57, and spessartine enrichment at the garnet rim of sample L525 (Fig. 10), suggest that
retromorphic diffusion also occurs at the gamet outermost rims. As the metamorphic minerals are
completely re-equilibrated during M2 metamorphism, in the following (part IV), we have used core
analysis of the large garnets (radii > 0.5mm) to fix thermobarometric estimates of peak M2

conditions and rim compositions to fix the beginning of the retrogressive evolution.

Three groups of biotites can be distinguished: biotite included in garnets, isolated in
leucocratic layers and in the biotite-rich layers drawing the foliatior. All these different biotites have
the same compositions (Table 3): relatively rich in Fe (XFe= 0.54 to 0.58) and Al (Al from 0.25
to 0.27). It implies that all the booties (even in garnet inclusions) have been completely
homogenised during the HT event, which is in good agreement with the chemical profiles of
garnets. Thus, the garnet-biotite compositions can be used in exchange thermometers to fix the M2

peak conditions. Muscovite shows homogeneous low Si** contents (Si**=6.08-6.30 p.f.u.), and
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low XFe (0.47 to 0.50), which characterise relatively low P-T conditions of crystallisation
(Guidotti, 1984; Massone & Schreyer, 1987; Guidotti et al., 1988), suggesting late retromorphic
equilibration. All K-feldspars are albite-poor (Xab < 0.2) and present numerous antiperthites of
albitic composition (Xab > 0.75). Plagioclase crystals yield andesine to labradorite compositions
(Xan=35-60) with a slightly albitised rim.

IV. P-T ESTIMATES FOR M2 METAMORPHISM

Thin sections observations of mineral relationships in the transition and high-grade zones
allow a reconstruction of the reactions that occurred during the M2 metamorphic evolution. M2
thermal peak conditions have been inferred from the grid of Spear & Cheney (1989), completed
with the grids of Vielzeuf (1984) and Lebreton & Thompson (1988). We have also used cationic
exchange calculations as discussed previously.

IV.1. P-T estimates of transition zone samples

Rutile destabilisation:

Rutile is rimmed by ilmenite at the proximity of kyanite and garnet, suggesting the following
net transfer reaction (Fig. 11):

Grt + Rt = Ilm + Ky + Qtz (2)

As this reaction is mainly pressure dependant, and its actual position is fixed by the
almandine content of garnet (Bohlen et al., 1983), and as the garnet core in the transition zone is
not re-equilibrated during M2 metamorphism, we have used the core composition to constrain the
pressure before M2, We deduce a minimum peak pressure of 0.8 GPa for the transition zone from

the sample 1.526, which preserved initial garnet core composition (with almandine content of 0.76,
Fig. 10),.

Staurolite destabilisation:

In the transition zone, relics of staurolite found at the contact with granoblastic kyanite and

biotite (Fig. 9a) suggest the prograde reaction (Fig. 11):

St + Chl - Bt + Ky (3)
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Due to its steep slope, this reaction is a convenient thermometer. The calibration of Spear &
Cheney (1989) give a temperature estimate close to 620°C for a pressure of 0.8 GPa, fixed by the

reaption (2).

Development of biotite + sillimanite:

This mineral association corresponds to the replacement of gamet by a biotite + sillimanite
assemblage, which wraps garnet crystal. The garnet destabilisation is rarely associated with
muscovite consumption. Thus, crystallisation of biotite + sillimanite assemblage must be a product

of the garnet + muscovite destabilisation, according to the reaction (Fig. 11):

Ms + Grt — Sil + Bt + Qtz (4)

For Vielzeuf (1984), who has observed this reaction in numerous granulitic metapelitic
gneisses, this reaction is mainly pressure dependant, the sillimanite + biotite assemblage being
stable under 0.6 GPa, and takes place at temperatures between 650 and 725°C. Biotite + sillimanite
can also be produced by destabilisation of garnet + K-feldspar (Vielzeuf, 1984). However, no
microscopic criterion for the occurrence of this reaction has been observed, as K-feldspar and

sillimanite are always stable together.
P-T evolution in the transition zone

In this zone, the M1 assemblage, characterised by rutile + staurolite relics, defines a pre-M2
P-T field bounded by reactions (2) and (3) at P > 0.8 GPa and T < 625°C (Fig. 11). Subsequent
destabilisation into biotite + kyanite implies a temperature increase in the kyanite stability field
according to the reaction (3) (T > 600°C, P > 0.6 GPa). It is followed by crystallisation of biotite +
sillimanite, symptomatic of a pressure decrease below 0.6 GPa during M2. The absence of K-
feldspar at this stage implies that temperatures have never exceeded 700°C, i.e. the M2 thermal
increase after the pressure peak must be less than 80°C in the transition zone (Fig.10).

This P-T evolution is also evidenced by thermobarometry. Ganguly and Saxena (1984),
Hodges and Spear (1982) and Perchuk and Lavrenteva (1984) calibrations give temperature
estimates close to those deduced from net transfer reactions (Fig. 12).

Estimated