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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: (1) a Precambrian basement, displaying a minimum amphibole Ar-Ar
age of 651 Ma; (2) athick Cambro-Ordovician platform-type sedimentary unit overlying the Precambrian basement. These series are dated
by graptolite and crinoid faunas, and are confirmed by concordant 87Sr/%6Sr and *3C “ages’ of the marbles; (3) a dismembered ophiolitic
series formed by slices of metagabbros and metabasalts separated by ultramafic lenses (the Masherbrum Greenstone Complex). The
occurrence of such Cambro-Ordovician series overlying a Precambrian basement in south-eastern Karakoram similar to the south-western
Karakoram shows 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) are indicative of a supra-subductive
environment. The presence of LREE-enriched calc-alkaline rocks [(La/Yb)y =4.4-5.6; (Nb/La)y =0.2-0.3; eNdggs =5.1-7.1] and
L REE-depleted tholeiitic rocks [(La/Yb)y = 0.5-1.3; (Nb/La), = 0.6-0.9; eNdggs = 5.6-7.8] are consistent with arc and back-arc settings,
respectively. A high-Mg andesitic dolerite and an Ol B-type metabasalt, with lower eNd ratios (eNdsgs = 0.5 and 4.5) are in accordance with
source heterogeneity beneath the arc. The Masherbrum Greenstone Complex, along with other Cambro-Ordovician central-eastern volcanic
series give evidence of atectonic 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. © 2002 Editions scientifiques et médicales Elsevier SAS.
All rights reserved.
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1. Introduction

Since Early Palaeozoic, continuous plate tectonics, in-
volving closure of oceanic domains, crustal aggregation of
numerous micro-plates and mountain building occurred in
the central-eastern Asian realm resulting in the present day
Himalayan mosaic. One of the puzzling problems concerns
the Palagozoic geodynamic setting of certain parts of this
mountain belt. The Karakoram, located in a central tectonic
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position of central-eastern Asian blocks (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 Trias-
sic series resting on a Pre-Arenigian (> 465 Ma) basement
@. The northern Karakoram region has revealed Permian
to Jurassic rocks, starting with Lower Permian terrigenous
aluvia material, covered by Upper Permian and Triassic
carbonate peritidal-type carbonate formations and ending up
with Liassic molasse layers and shallow Upper Jurassic
marine carbonates @l However, the age and geodynamic
evolution of the south-eastern Karakoram margin remains
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Fig. 1. Schematic map of the Pamir-Karakoram syntaxis, with location of principal tectonic blocks and sutures. The main geological units of Karakoram are
shown. The location of studied area in south-eastern Karakoram is indicated. MKT: Main Karakoram Thrust.

poorly documented, due to a strong Tertiary metamorphic
overprint in this area since the Eocene India-Asia collision
(050 Ma) up to Pliocene (09 Ma). This metamorphism
culminates with amphibolite to granulite facies conditions
and an important plutonism in the Braldu Valley, Askole
area , Fig. 2. This part of the Karakoram is currently
thought to be the southern equivalent of Upper Palaeozoic

northern Karakoram series E However, a lower meta-
morphic grade areais exposed from the upper Thalle Valley
in the south, along the Shyok Suture Zone, to the Masher-
brum Peak in the north [ZJl. This lower grade area has seen
little geological attention in the recent past, but was pio-
neered by geologists at the end of the nineteenth century.
Initial investigators of the area noted the presence of
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Fig. 2. Geological map of the Karakoram Metamorphic Complex (Skardu area - NE Pakistan), with locations of the samples of [EablesT and 1 and those of

Figs 3 and 8.

fossiliferous limestones on the southern slope of the Mash-
erbrum Peak, with echinoderms of the genus Sphaeronites
that they attributed to the Silurian . Although these
es were subsequently used in regional reconstitutions
, the fossils were never described in more detail.
Further, the Masherbrum formations were attributed a
Permo-Carboniferous age on the basis of sediment facies
analyse [17]. Over the past thirty years no bio-stratigraphic
constraints have been provided for the Palaeozoic protolith
of the Karakoram, and the Silurian fossils were not taken
into account
The purpose of this work is to provide further constrains
on the pre-Himalayan history of the Karakoram margin and
to attempt to integrate it in the geodynamic history of
central-eastern Asian blocks during the Lower Palaeozoic.
We focus on the lower grade metamorphic zone of south-
eastern Karakoram, from Upper Thalle Valley to the south-
ern edge of the Masherbrum Peak (Fig. 2). Age constrains
are provided by both palaeontological and isotopic (Sr, Nd,
Ar, C) chronometers. The geodynamic setting is reconsti-

tuted using geological and geochemical analyse of sedimen-
tary and magmatic rocks, and their comparison with current
settings.

2. Geological setting

The limits of the Karakoram block (Fig. 1) are still only
approximately defined. The western limit of Karakoram
with east Hindu Kush is proposed along the Tirich Mir fault
or the Chitral fault where serpentinized ultramafic rocks
have been found m To the north, the boundary with
south Pamirsis poorly defined, as access to the Wakhan part
of Afghanistan is still difficult for political reasons. But a
limit along the Kilik fault has been propo&dm asthis
fault thrusts Permo-Carboniferous sediments over northern
Karakoram Cretaceous sediments, and can be followed
westwards to the western Karakoram . Terrains
located on the eastern side of the Karakoram Fault have
been included in the Karakoram sl. by severa authors



Table |
Geochemical analyses of Precambrian Basement and of representative rocks of the Masherbrum Greenstone Complex.

Unit Masherbrum Complex PB.
Sample N°. L10 L4 L12 L36 L28 L27 L20 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%)
SO, 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
AlLO, 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,O 0,15 0,26 0,22 0,12 0,35 0,42 0,07 0,20 1,33
POy 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)

a 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 0,11 161 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 52 86
Nb 1,6 24 4,0 05 2,7 11 26,4 3,9 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 - 0,173 0,082 0,647 0,614 0,173
Pb 13,04 7,86 7,38 4,31 9,40 1,80 6,90 4,91 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 2,70 4,06 3,58 0,89 1,94 1,72 8,72 143 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 2,73
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 143 1,97 2,03 1,10 1,89 1,85 2,47 117 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) chondriten 2,3 25 11 0,7 2,6
(L&Y b) chondriten 5,6 52 13 0,7 34
Mgt 0,58 0,54 0,48 0,75 0,54 0,48 0,54 0,68 0,69
|sotopic ratios:
143N d/A4“Nd - 0.512713+8 0.512751+10 0.513037+9 0.512969+11 0.513039+5 0.512689+3 0.512538+11 -
(MNd/**Nd) 565 - 0,51217 0,51227 0,51220 0,51229 0,51231 0,51214 0,51194 -
€ Nd)sgﬁ4 - 5,09 7,12 5,59 7,39 7,83 4,52 0,54 -
1479m/1#4Nd - 0,14656 0,12880 0,22713 0,18397 0,19678 0,14453 0,16228 -
87Sr/86Gy - 0.705246+9 0.705432+30 0.704846+21 0.706582+19 - 2 (%) 0.706750+25 -
(57Sr/%8Sr) 55 - 0,70506 0,70519 0,70392 0,70590 - - 0,70641 -
€(S)ses - 17,44 19,30 1,18 29,40 - - 36,53 -

T¢—T (2002) ST eV LORUIPoSD / [ 1 pue|jod A

P.B.: Precambrian Basement; B andesite: Basaltic andesite; and: andesite
(*): not determined due to elevated LOI
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Table 1
I sotopic compositions of Karakorum and Ladakh marbles.
83Crpg 87Gy/86Gy

Karakorum
L511(Askole) 3,05
L6 (Masherbrum) 3,82
L160 (Bauma Harel) 31
L77 (Upper Thalle) 4
L76 (Upper Thalle) 1,06
L73 (Upper Thalle) -0,07
L87b (Upper Thalle) -0,24 0.70906:+1
Shyok Suture (L adakh)
L391 0.70745x2
L427 0.70718+1

. But thisinterpretation is still debated, as Gaetani et
al 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 @
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)

The Karakoram is composed of two east-west striking
belts separated by the axial batholith of Mid-Cretaceous to
Upper Tertiary age @l The northern sedimentary belt is
formed by Permian to Jurassic dates and limestones

. The southern Karakoram belt is known as the
Karakoram Metamorphic Complex m In the south-
eastern Karakoram (Skardu area, Fig. 2), the Karakoram
Metamorphic Complex is mainly comprised of metasedi-
ments, which have been divided into the Ganshen Forma-

tion (paragneisses and subordinate marbles) and the Du-
mordo Unit (principally marbles and marls; ﬁ), and of
several orthogneisses. A minor proportion of amphibolites
and metabasites occurs from Askole in the West, to the
upper Hushe Valley (south of the Masherbrum Peak). This
last series, referred to as the Panmah ultramafic-mafic unit
by Searle et al. m 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 @ This unit is better preserved South of the
Masherbrum Peak, where it shows dlices of different mag-
matic origins, together with minor ultramafic interlayers;
consequently we prefer the name of Masherbrum Green-
stone Complex to that of Panmah ultramafic-mafic unit.

These units were intensely deformed during the Hima-
layan orogeny, which started with the collision of Indian and
Asian plates at (150 Ma m The tectonic style
during the 50-20 Ma period corresponds to the stacking of
a poly-metamorphic pile in a north-west — south-east strik-
ing, south vergent, compressive context, associated with
intense isoclinal folding | . The Shyok Suture Zone has
been reactivated mainly in its western Kohistan side, where
it is caled the MKT (Main Karakoram Thrust). During this
period, a first phase of magmatism occurred with the
intrusion of Mango Gusor type granites, the Mango Gusor
pluton being dated to 37-26 Ma [4142]. The phase of
plutonism culminated with the intrusion of the large Baltoro
Batholith at 21-25 Mam. During the later period (20-6
Ma), intense migmatization and granulite facies metamor-
phism developed along the Braldu Valley (Fig. 2), linked to
the development of a thermal anomaly
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'Tu.\serpa la - * iSGOOm \ (Eocene)

pass + » L 3 * & * v . .
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Fig. 3. Geologica map of the southern Karakoram Margin and Shyok Suture Zone in the Upper Thalle Valley (location on Fig. 1). 1: cross-section of Fig. 4.
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Fig. 4. Cross-section of the Southern Karakoram margin in the Upper Thalle Valley. For location of the section and nature of symbols, see Fig. 3.

3. Resaults
3.1. The Precambrian basement

The Precambrian basement outcrops in a kilometre large
window on the northern side of the Shyok Suture in the
Upper Thalle Valley, near the village of Kussomik (Figs 3
and 4). It appearsin the core of an anticline, on the northern
limb of the Shyok Suture, overlaid by Lower Palacozoic
pelitic series (see 8 3.2). The contact between the Precam-
brian basement and the Lower Palagozoic series is discon-
tinuous and underlined by a boudinaged amphibolite layer
(Fig. 4). The basement (sample L131) is a mildly foliated
metadiorite, which in thin section consists of centimetre
large magnesio-hornblende / pargasite and plagioclase crys-
tals (An 20-30) 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 analyses of amphib-
ole grains show a progressive substitution of a pargasitic
edenite core, with a CalK of 020 by magnesio-hornblende
towards the rim showing a Ca/K of [015.

Ar-Ar spectra of the amphibole separate of sample L131
is presented on Fig. 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 and Ca/lK
ratio are positively correlated (Fig. 5B). This discordant
argon spectrum is interpreted to reflect important Ar loss
from amphibole through recrystallisation during greenschist
grade Himalayan metamorphism. We believe that, as a-
ready proposed for some metabasites from the Shyok Suture
Zone by Villaet al. [44], the higher CalK 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 [45.46]. The core
would probably represent the magmatic stage, whereas the
rim would represent metamorphic reequilibration. In par-
ticular, the very low CalK values of the lower age steps
(0-7) are due to the contribution of phyllosilicates that are
finely intergrown at amphibole rims. 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
infCanlell and Fig. 6. L131 isahigh-Mg diorite, with similar
major element contents as current Mg-rich andesites

. L131 has mafic characteristics including high Mg
# (Mg/Mg+Fe?* = 0.72), elevated Fe,O;+ 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-Taanomaly [(Nb/La)y,ors-n = 0.2], typical of arc lavas.
Further, it displays low HREE contents (Yb =0.76 ppm)
and arelatively high Sr content (385 ppm), similar to those
of current adakitic lavas [e.g., ]. These compositions are
therefore transitional between adakites and typical calc-
alkaline arc lavas. Such compositions are currently found in
volcanic arc settings El Adakites require elevated tem-
perature conditions in the source region, and are likely
produced by subducted slab melting and interaction with
overlying mantle (eg., [51=53]). Consequently, such
geochemical compositions are suggestive of a supra
subductive setting and a high geothermal gradient.
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Fig. 5. A, Ar-Ar spectra of L131 hornblende separate. B, Ca/K vs. age
diagram (cal culated from the data obtained with the rare gas spectrometer).
The CalK ratio of amphibole core, obtained with a microprobe, has also
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3.2. The Lower Palaeozoic series

In the Upper Thalle Valley, the basal part of the Lower
Palaeozoic series is a thick layer of metapelites and sand-
stones or quartz-arenites overlying the Precambrian base-
ment (Figs3 and 4), and forming a 2500 - 3500 m-thick
band parallel to the Shyok Suture. The mainly silico-clastic
nature of this basal part resembles the Ganshen Unit and
Hushe gneisses [Z]. In the metapdlitic lithologies, the
assemblage: muscovite + biotite + quartz + K-feldspar cor-
responds to greenschist facies metamorphic conditions. This
basal part of the Lower Palaeozoic series is structurally
overlain by a folded sequence of marls and limestones
(upper part). The contact between the two parts is a north
dipping extensive fault (Fig. 4). The mineralogical nature of
the upper part shows lower metamorphic grade assemblages
(calcite, smectite/chlorite, quartz £ phengite). The mainly
carbonaceous nature of this upper part looks similar to the
Dumordo Unit described by Desio and Searle . The
limestones contain abundant palaeontological faunas,
mainly graptolite and crinoid clasts, mixed with rounded
quartz grains (<5 mode-%), defining a detrital platform-
type environment. The graptolites are of the type Dicty-
onema flabelliform, characteristic of the Lower Ordovician.

In paralel to this palaeontological age, we also used
complementary methods of dating.

« We measured the isotopic 87Sr/%8Sr ratio of a pure
marble bearing graptolites and crinoids (L87), of the
low-grade metamorphic zone (Table I1). This ratio,
plotted on the Sr isotope evolutionary curve of seawater
versustime@], yields an age of 1500 Ma (Fig. 7a), at

100 |
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and of atypical (Ladakh) island arc andesi te@ are shown for comparison. Note the good fit of L131 and adakites, except adeeper Nb-Ta negative anomaly.
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the Cambrian — Ordovician boundary. To test the valid-
ity of this Sr-age estimation, two foraminifera-bearing
samples of known age (Mesorbitolina, Albian-
Cenomanian), from the neighbouring Shyok Suture
Zone, were analysed with the same method. Their
87Sr/86Sr ratios are concordant with the pal acontol ogi-
cal age, confirming the validity of the geochronological
method.

* A complementary method of *3C dating has been used
(Table Il and Fig. 7b) to estimate ages of samples from
the low grade zone of Upper Thalle valley to the
high-grade zone of the Braldu valley. Upper Thalle
samples (L76-L87) display low 6*°Cppg values, which
plot from the Cambrian-Ordovician transition to the
Upper Cambrian on the curve compiled from
Samples from the northern and western parts of the
Lower Paaeozoic series (L6, L160 & L511) show
higher 8**Cpp Values, suggesting a Lower Cambrian
age. All these are interpreted as sedimentary ages
because any open system metamorphic effects would
have shifted the 83Cppg downwards [e.g., Bd].

3.3. The Masherbrum Greenstone Complex

3.3.1. Sructure

The Masherbrum Greenstone Complex is a kilometre
thick sequence best preserved on the SW side of the
Masherbrum glacier at elevations from 3900 to 6000 m
(Figs2 and 8). It mainly consists of discontinuous slices,
generally about 100 m thick, of metagabbros, metavolca
nics, ultramafic cumulates and metapelites, which may be
interpreted as a dismembered ophialitic sequence from field
observations alone. The whole series defines a kilometre-
thick unit folded inside the Dumordo marbles (Figs 8 and
9A-B). The curved shape of the tectonic slices of different
origins, which appear to thin and truncate laterally show that
initial tectonic stacking of units occurred before folding.
The superposition of ophiolitic slices on serpentinised
ultramafics shows that the serpentinite lithologies may
behave as “soap-rock layers’, and that the “décollement”
was possibly initiated during an intra-oceanic stacking
event. The whole sequence was subsequently thrusted over
the Lower Palacozoic marble series (Figs 8 and 9A-B). The
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Fig. 8. Geologica map of the Masherbrum Greenstone Complex. 1,
gabbro-dioritic rocks; 2, volcano-sedimentary rocks; 3, ultramafic rocks; 4,
crinoid-graptolite bearing marbles; 5, screens, torrential aluviums and
moraines, 6, glacier.

directions of the south-vergent (dipping 40-80°N) folds and
contacts range between 90 and 110°E, showing a strong
transposition of all origina tectonic and lithological sur-
faces in the direction of Eocene-Miocene Himalayan phase
structures (as for instance the Shyok Suture Zone, 20 km to
the south; Fig. 2). The Himalayan phase 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 as a consequence of Miocene Baltoro Batholith
intrusion and doming, which occur to the north [6=8].

3.3.2. Lithology

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

A 0100 m thick slice of volcano-sedimentary formations
is interlayered within the lower gabbroic sequence (b in
Fig. 9B). These formations are made up of thin (0.5-30 cm)
layers of metabasites and metapelites, and rare bands of
leptynite. In thin section, the metapelites are finely recrys-
tallised into muscovite — quartz — biotite —
albite + garnet + staurolite, whereas the metabasites are
finelly recrystallised into tschermackite— abite—
epidote £ biotite. The very thin structure of the rocks and
layering can beinterpreted as fine alternance of volcanic tuff
and sediments.

Further up, irregular slices of atered and serpentinized
meta-harzburgites (150-200 m thick; ¢ in Fig. 9B) overlie
the metagabbros. These ultramafic rocks are made up of
thick talc - Mg-chlorite— magnesite layers, containing
preserved boudin cores of serpentinite. Serpentinite is made
up of minor amounts of calcite (5-15 mode%) together with
antigorite and bastite (90-80 mode%) and millimetre-large
rounded chrome spinel cores, surrounded by magnetite rims
(1-8%). Serpentinite texture and mineralogy indicate
greenschist-grade replacement of clinopyroxene, olivine
and orthopyroxene. The protolith of these ultramafic rocks
could have been of harzburgitic composition regarding
minor proportion of calcite in replacement to clinopyroxene.
Local presence of chrome spinel layers shows the cumula-
tive nature of the ultramafic series.

At the top of the series (d in Fig. 9B), a thick band of
dark metabasites is sandwiched between two layers of
ultramafics. The rocks are very homogeneous, black and
finely recrystallised. In thin sections, they show recrystalli-
sation of mm-large calcite - chlorite - actinolite - albite
crystals with no trace of previous phenocrysts, that could
reflect aphanitic lava protolith.

Consequently, we interpret the lithological associations
of the Masherbrum Greenstone Complex as dismembered
sections of an ophiolite series defined as harzburgitic
ophiolite type by Coleman and Nicolasﬁ. From field
investigations, the following reconstitution can be proposed,
from base to top:

(1) the ultramafics present evidence of layering and
segregation, and could represent the transitional zone
or basal cumulative zone of an oceanic crust;

(2) the gabbroic section, cross-cut by the sheeted dyke
swarm, could represent the cumulative ophiolitic
section;

(3) the basaltic section at the sea-floor level forms the
upper part of the ophiolite;

(4) the overlying pelagic/ volcaniclastic sediments.

3.3.3. Mineralogy

The initial mineralogical assemblages such as the pri-
mary minerals pyroxene — plagioclase, recognisable textur-
ally in the metabasites, recrystallised into albite - tscherma-
kite - epidote + bictite as a consequence of the Himalayan
phase metamorphism. Metapelites with biotite - muscovite -
albite - quartz = garnet + staurolite, define epidote-
amphibolite facies metamorphic conditions.

Spinel grains have well-preserved chromitic cores (Table
Il and Fig. 10A), with high Cr,O5 (> 40 wt%), moderate
AlL,O; (020 wt%), FeO, (025 wt%), MgO ([05wt%) and
TiO, (< 0.1 wt%) contents, although their rims are magne-
tite. In a plot of Cr# (atomic ratio of Cr/[Cr+Al]) vs. Mg#
(atomic ratio of Mg/[Mg+Fe?*]) for core compositions,
Masherbrum spinels have Cr# and Mg# in the composi-
tional field of volcanic arcs (Fig. 10B), plotting in
the field of Kohistan arc spinels . Considering their low
Fe#t (atomic ratio of Fe/[Fe+ Cr + Al]) and TiO,, Masher
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Fig. 9. A, panoramic view of the Masherbrum Greenstone Complex (the photographs were taken from the left side of the glacier). B, geological cross-section
corresponding to photographs 1 and 2 of Fig. 9A. a, gabbroic dices; b, volcano-sedimentary slice; ¢, ultramafics;, d, metabasaltic dice; e, metapelites
(Ganshen Unit); f, granitic dyke; g, orthogneisses; h, marbles; i, moraines, screens and alluviums.
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Table 111

11

Representative compositionnal profile of a spinel grain (size: 2.5 mm), from the Masherbrum Greenstone Complex.

Mineral magnetite M M-C M-C chromite C C C C C chromite magnetite
position rim rim rim rim core core core core core core core rim
SO, 0,11 0,00 0,93 0,00 0,03 0,01 0,00 0,34 0,04 0,00 0,00 0,27
MgO 0,17 0,73 1,77 1,12 4,42 5,28 543 4,13 5,51 4,95 1,60 0,79
Al,Oq4 0,01 0,69 0,67 3,24 20,56 20,75 20,67 17,62 20,55 20,23 6,33 1,69
TiO2 0,13 0,07 0,04 0,05 0,00 0,06 0,01 0,03 0,03 0,02 0,05 0,01
FeO 84,35 55,52 56,27 51,72 27,65 26,32 26,11 28,69 26,00 26,92 47,58 71,96
Cr,04 1,88 36,52 33,04 37,12 42,14 43,05 43,42 39,67 44,15 43,39 38,91 19,13
MnO 0,21 1,35 1,46 1,30 0,91 0,79 0,79 0,78 0,95 0,98 1,35 0,55
FeO 28,49 29,11 27,25 28,82 27,01 25,93 25,71 25,76 25,65 26,25 28,90 29,92
Fe203 62,35 31,11 35,07 27,31 311 2,51 2,42 6,02 2,39 2,86 22,78 48,13
total 93,35 99,57 100,23 98,95 98,18 98,37 98,43 94,35 99,26 98,68 99,92 100,49
Calc. based on 32 O

Si 0,04 0,00 0,28 0,00 0,01 0,00 0,00 0,10 0,01 0,00 0,00 0,08
Mg 0,08 0,33 0,79 0,50 1,76 2,08 2,14 1,74 2,16 1,96 0,69 0,35
Al 0,00 0,25 0,24 114 6,47 6,48 6,44 5,86 6,36 6,32 2,15 0,60
Ti 0,03 0,01 0,01 0,01 0,00 0,01 0,00 0,01 0,01 0,00 0,01 0,00
Fe?* 7,84 6,15 6,05 5,94 4,62 4,52 4,51 4,71 4,49 4,56 5,67 6,87
Fe3* 15,43 7,83 8,07 6,94 1,56 1,30 1,26 2,06 1,22 1,41 5,82 11,18
Cr 0,49 8,69 7,84 8,74 8,90 9,01 9,08 8,85 9,16 9,10 8,88 4,54
Mn 0,06 0,34 0,37 0,33 0,21 0,18 0,18 0,19 0,21 0,22 0,33 0,14
Cr# 0,99 0,97 0,97 0,88 0,58 0,58 0,58 0,60 0,59 0,59 0,80 0,88
Mg# 0,01 0,04 0,10 0,06 0,23 0,27 0,27 0,22 0,28 0,25 0,09 0,04

brum spinels appear to be very close to boninitic mantle
spinels [62] (Fig. 10C). Consequently, spinel mineralogy
reflects a volcanic arc setting rather than an oceanic crust
setting.

3.3.4. Geochemistry

Eight samples have been collected through the different
mafic and ultramafic dlices of the Masherbrum Greenstone
Complex (cf. Fig. 8) and analysed by XRF and ICP-MS for
major_and trace elements (see analytical method in annex
and . Mgjor element data, featured by Harker plots
on Fig. 11, are characterised by relatively high Al,O5 and
Ca0, and low TiO, and Na,O+K,O contents, featuring
tholeiitic arc to calc-alkaline arc lava compositions. Three
samples are different. Metabasalt L 20 has higher FeO,, TiO,
and lower Al,O4 than the rest of the series at equivalent
MgO or SIO, contents. The particularly high TiO, and low
Al,O4 contents of L20 are typical of OIB lavas, though
Na,0 and K,O are low. Dolerite L 13 shows elevated MgO
and SO, contents of are characteristic of high-Mg andesitic
compositions. For L27, the lower Al,O5 content is associ-
ated with lower CaO and higher Na,O contents, which
could be due to anorthite-rich plagioclase removal at rela-
tively high silica content (60 wt%).

Trace element data allow more distinctions between
these rocks. Although recent studies have reached different
conclusions concerning trace element mobility due to fluid
metasomatism, there is however a general consensus for
considering LILE, Cs, U, and P mobile and Th, Ta, Nb and
REE, relatively immobile in aqueous fl uidsEﬁQ]l. Onthe

basis of these less mobile elements, the calc-alkaline to
tholeiitic samples can be separated into two types (Fig. 12):

« (i) type 1 (samples L4, L10, L12) is characterised by
enrichments in LREE (Light Rare Earth Elements) vs.
HREE (Heavy Rare Earth Elements), with relatively
high (La/Sm), and (La/Yb)y ). MORB-
normalised spidergrams (Fig. 12A) show clear negative
Nb-Ta and Ti anomalies and positive Th anomalies,
characteristic of an arc setting
(ii) type 2 (samples L27, L28, L36) is featured by
depleted to flat LREE patterns, showing very dlight
negative Nb-Ta, and positive Th anomalies (Fig. 12B).
These features are intermediate between MORB and
arc settings, which is often interpreted to represent a
back-arc basin environment [72=74].

Some fractional crystallisation of Ti-oxides and plagio-
clase are suggested by negative Ti and Eu anomalies in
Fig. 12 spidergrams, for both types.

Samples L20 and L13 show contrasting REE and trace
elements patterns (Fig. 12C). L13 high-Mg dolerite shows
slight arc features, with only slight Nb-Ta and strong P and
moderate Ti negative anomalies, a marked Th positive
anomaly. This sample has L REE enrichment (similar to type
1 lavas) and a flat HREE pattern, features currently ob-
served in high-Mg andesites (e.g., Shinjo @). L20 me
tabasalt displays avery strong L REE enrichment and HREE
depletion, but no Nb-Ta negative anomaly, which is typical
of alkali and more likely OIB-type lavas except a marked
depletion in LILE. This depletion in LILE and the low
values of K,0 and Na,O are not coherent regarding the very
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Fig. 11. Harker plots of Masherbrum magmatic rocks.

high Th and LREE values of this metabasalt, so we propose
that they are more likely due to ateration/metamorphic
effects, which are probably very sensitive for this lava with
such a high LOI of 8.9 wt%.

As the importance of the Nb-Ta depletions are generaly
diagnostic of supra-subductive settings and Th enrichments
of contamination by acrustal component, aTa/Ybvs. Th/Yb
diagram has been used to evaluate the arc affinity and
crustal components in geochemical signatures (Pearce qu;
Fig. 13). 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 Fiji
basin dragged samples . The Masherbrum arc-type
samples (L4, L10 and L12) have high Th/Yb and low to
intermediate Ta/Yb ratios, at the transition between calc-
akaline lavas and shoshonitic Iavaslﬁ. They show similar
Th/Yb ratios as most differentiated Vanuatu arc lavas, but
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transitional Ta/Yb ratios, between most differentiated Van-
uatu arc lavas and OIBs.

The depleted-undepleted L REE samples (L27, L28, L36)
show lower TalYb and Th/Y b values, similar to tholelitic arc
series . 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 dehydration fluid component (Sin Fig. 13, E).
The shift towards higher Ta/Yb and Th/Yb for sample L28

features enrichment in both Nb-Ta and Th, that may be due
to the source (W in Fig. 13). Back-arc basin lavas are
generaly distinguished from MORBs considering their
relative LREE, LILE (Large lon Lithophile Elements) and
Th enrichments and Nb-Ta negative anomalies, linked to the
influence of subduction [e.g., Iﬂ] Considering that the
LREE-depleted / flat patterned samples show intermediate
geochemical features between MORB and arc lavas, they
more likely represent a back-arc basin environment.
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The two particular samples show higher Ta/ Yb ratios.
Dolerite L13 plot in the upper calc-akaline field, with
transitional Ta/Yb ratio between OIB and most differenti-
ated Vanuatu arc lavas. The akaline metabasalt L20 show
TalYb ratio in the field of OIB-type lavas.

In summary, the Masherbrum Greenstone Complex pre-
serves 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 two particular lavas suggesting the
contribution of OIB and/or pelagic sediments sources.
These contrasting geochemica types, which are interlay
ered, suggest either the aggregation of different blocks or
heterogeneities in the source region. Answering this ques-
tion requires an isotopic analyse of the samples.

3.3.5. Isotopic age of Masherbrum Greenstone Complex
samples

The Masherbrum Greenstone Complex is folded inside
Dumordo-like crinoid and graptolite bearing marbles of
proposed Lower Ordovician to Cambrian age (see section
3.2). In order to check that the isotopic composition of the
lavas is consistent with Lower Palaeozoic age, we have
plotted *47Sm/2Nd vs. 23Nd/***Nd ratios on Fig. 14 (see
analytical procedures in annex and ). The plot does
not strictly define an isochron, as the rocks are not neces-
sarily derived from the same source and may not be exactly
contemporaneous. As samples L13 and L20 show distinct
major, trace and isotopic characteristics, the right down-

going trend towards lower *Nd/**Nd and higher
17Sm/**“Nd (A in Fig. 14) may reflect the effect of the
source, so these samples must be excluded for any age
estimation of the MGC. However, using all the arc and
back-arc type samples, an isochron age of 565 + 272 (20)
Ma can be calculated. In spite of the large error, these data
are consistent with the proposed Lower Cambrian 3C age
of L6 carbonate (located on the lower part of the klippe, see
Fig. 8) and exclude the Mesozoic age proposed by Searle
[111 for these rocks.

3.3.6. Isotopic constraints on the nature of sources

The Sr isotope ratios may have been affected by alter-
ation_and metamorphism. For instance, &Sr/®°Sr ratios
(able ) define awider range than 43Nd/A*Nd ratios (e.g.,
L 28 with both high eNd of 7.4 and very high €Sr of 29.4);
athough high 8Sr/%Sr ratio can sometimes be correlated
with low ***Nd/**Nd (e.g., L13). Discrimination between
ateration/metamorphic effects and source effects does not
seem possible on the basis of Sr isotopes alone. Nd isotopic
ratios have been shown to be unaffected in low metamor-
phic grade terrains , and moreover were shown to be
immobile in the neighbouring Shyok Suture Zone E
Thus, to evaluate the nature of the different sources, we
have used an eNdsgs vs. Nb/La diagram (Fig. 15). The
Nb/La ratio features the importance of Nb-Ta negative
anomaly that is representative of the arc affinity of the lavas,
while the eNdgg ratio represents the enrichment level of the
source. Values of Indian MORB mantle (IMM), of enriched
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mantle (EMII), OIB m and pelagic sedimentsl@
represent possible source components involved in magma
genesis. The data mainly plot in the field defined for arc
lavas by E Samples L4 and L12 have very low Nb/La
ratio and relatively high eNdsgs, which are consistent with
melting of a fluid-metasomatised arc mantle source (e.g.,
[24]). Samples L36, L28 and L27 have eNdggs and Nb/La
ratios which are intermediate between arc-type lavas and
IMM component, and imply a contribution of source
material similar to IMM with minor fluid-metasomatic
input. The high-Mg dolerite plots close to the field of
pelagic sediments, with much lower eNdggs (0.54). This
value is consistent with an increased contribution of an
enriched source similar to pelagic sediments or EMII.
Finally, sample L20 shows lower eNdggs (4.52) than arc and
back-arc type samples and high Nb/La ratios, compatible
with the contribution of an OlIB-type component (e.g.,

or to mantle-adakitic melt interaction

4. Discussion

A wide variety of geological formations are observed
within the low grade metamorphic zone of the south-eastern
Karakoram margin. The section from the southern limb of
Karakoram to the Baltoro Batholith reveals a Precambrian
basement, exposed north of the Shyok Suture Zone, overlaid
by a thick pile of Cambro-Ordovician platform-type sedi-
ments, deposited in a detrital environment. These southern
Karakoram series were thrusted over by a complex ophi-
olitic series, the Masherbrum Complex, which witnessed the
intra-oceanic accretion of various arc, back-arc and possibly
OIB, dlices, representative of the geodynamics of the
Karakoram in the Cambro-Ordovician period. These results
can be compared with other parts of Karakoram in order to
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Fig. 15. eNdsgs vs. (Nb/La), diagram. The arc / back-arc type samples plot
within arc compositional field m closer to IMM pole in the case of
back-arc samples. The high-Mg dolerite plots close to the field of pelagic
sediments, with a very low eNd (0.5), suggesting interactions between
sediment melts and mantle @ L20 metabasalt yields also a low eNd,
compatible with the contribution of an enriched OIB-type source.

test the lateral continuity of the Karakoram block, and
discussed about the geodynamics of central-eastern Asiain
Lower Palaeozoic times.

4.1. Longitudinal continuity and geology of the Southern
Karakoram margin

The northern Karakoram has been shown to be a con-
tinuous belt of Upper Palaeozoic to Middle Mesozoic series
from the north-western Karakoram and Hindu Kush to the
west, and to the Upper Hunzavalley in the east [20.22]. The
discovery of a Precambrian basement overlain by Cambro-
Ordovician series in south-eastern Karakoram provides
evidence of geological longitudinal continuity within
the 0500 km long Southern Karakoram margin (Fig. 1), as
in the northern part of Karakoram. The south-eastern
Karakoram series described in this paper appear to be quite
similar to those described in south-western Karakoram in
the area of Chitral ﬁ 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 Cambro-Ordovician
series overlie older basements, Precambrian in the east and
probably Cambrian (ante-Arenigian) in the west. The Pre-
cambrian 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., E.]l). But the basement described in
western Karakoram is more alkaline and probably younger
@. Thus the Karakoram basement is not laterally homoge-
neous neither in composition nor in age. However, these



16 Y. Rolland et al. / Geodinamica Acta 15 (2002) 1-21

Precambrian rocks were eroded before the sedimentation of
the Cambro-Ordovician series.

The longitudinal coherence of the Karakoram block ends
at the contact with the Karakoram Fault E On the eastern
side of the Karakoram Fault, similar successions of
Cambro-Ordovician series overlying an older crystalline
basement as those of the south Karakoram, are only found
in the Lhasa block, where an Early Cambrian basement
gneiss (539 = 14 Ma, % is overlain by unmetamorphosed
Ordovician sediments . Both the Lhasa and Karakoram
blocks were accreted in the Lower Cretaceous times

. If Lhasa and Karakoram blocks were initially the
same geological block, the offset of the Karakoram Fault
would be 0300 km, based on the current positions of the
Kilik fault (northern boundary of Karakoram, and of
the Bangong suture (northern boundary of the Lhasa block;
Fig. 1).

4.2. Lower Palaeozoic Arc dynamics at the limb
of central-eastern asian blocks

Previous studiesin Central-Eastern Asia have shown that
thisregion is made of blocks and terranes that were accreted
from the Lower Palaeozoic to the Tertiary. Cambro-
Ordovician ophialites, in most cases presenting volcanic arc
affinities, have been described in most sutures of central-
eastern Asia: in the south Tianshan of the Pamirs %the
northern Kunlun - southern Tarim ophiolitic belt ;in
the northern Tarim-Yili-Junggar ophiolitic belt [94,95]; and
in the suture between north and south China Blocks m
Consequently, arc magmatism appears to be a common
feature of Cambro-Ordovician central-eastern Asia suture
zones.

The samples studied in SE Karakoram show contrasted
geochemical types. Although the Masherbrum Complex
displays an ophioalitic association, suggestive of an oceanic
crust section in the field, the chemistry of chrome spinels
and the geochemistry of most gabbroic and basaltic rocks
which are interlayered in the series indicate that the Mash-
erbrum Complex is a tectonic sequence of various origins
which were thrusted on each other (Fig. 16). These differ-
ences can be interpreted in terms of different geodynamic
settings: arc, back-arc and OIB. Similar Cambro-Ordovician
associations of arc and OIB-type lavas has been observed in
South Tianshan m However, such geochemical features
asthose of the OIB-type lava (sample L20) have been found
in current arc settings , SO we are not able to discrimi-
nate between OIB and arc settings on the basis of only one
sample. Furthermore, the presence of an high-Mg andesitic
dolerite (sample L13) in the arc series with a very low eNd
ratio, can also be interpreted as resulting from mantle-
adakitic melt interactions @] so that the presence of
Nb-rich magmatism (sample L20) within the arc series is
plausible.

4.3. Geodynamic significance of the Masherbrum
Greenstone Complex

The stacking of the different tectonic slices separated by
thick bands of ultramafics, favours the hypothesis of intra-
oceanic piling processes, possibly in consequence to the
closure of the back-arc domain (Fig. 16B). A similar inter-
pretation has been proposed for the neighbouring Shyok
Suture Zone (30 km to the south) in Upper Cretaceous times

. The geochemical and structural likeness of the
Shyok Suture Zone shows the recurrence of similar back-arc
and arc accretion dynamics on long-time span intervals
(0400 M) 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, where they are thought to result from
intra-oceanic subduction @ The obduction of the ophio-
lite over sedimentary platform could have preceded the
collision of two blocks (southern and northern blocks)
within the Karakoram (Fig. 16B).

5. Conclusions

Despite deformation and metamorphism that affected
most of the south central Karakoram during Himalayan
orogeny, the less metamorphosed south-eastern Karakoram
formations preserve Cambro-Ordovician platform-type se-
ries, uncomformably resting on a basement displaying a
minimum age of 651 Ma. The Lower Palaeozoic sedimen-
tary series appear to be similar to those occurring in
south-western Karakoram, which show that the Karakoram
is a continuous tectonic block. Coupled relative (palason-
tological), and isotopic (87Sr/%Sr and **C) datings have
shown that the age of the carbonates ranges from Lower
Cambrian to Lower Ordovician.

The Cambro-Ordovician series display a relic pile of
ophiolitic rocks (the Masherbrum Greenstone Complex)
which has witnessed the geodynamic evolution of the
Karakoram in the Cambro-Ordovician. The Masherbrum
Greenstone Complex shows the stacking of several dlices 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, respec-
tively. Two samples (L13 and L20) feature more important
contribution of an enriched mantle source. Along with dlight
arc characteristics considering REE and trace elements,
high-Mg dolerite L13 features mantle source heterogeneity
in the source region of the arc, and possibly increased
contribution of pelagic sediments. High eNd and Nb/La
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Fig. 16. Schematic diagram illustrating the tectonic evolution proposed for the Karakoram in Lower Ordovician times. A, during the Lower Ordovician
period, a phase of subduction has occurred, characterised 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 melting of an IMM-type source by sediment-dehydration and melting metasomatism, while
back-arc series were formed by melting of a nearly pure IMM-type source. B, intra-oceanic accretionary phase of the arc system and closure of the back-arc
domain. The arc and back-arc tectonic pile was afterwards obducted over the sedimentary platform (Lower Palaeozoic series) of the southern Karakoram

block.

ratios of metabasalt L20, could represent either Ocean
Island stacking or Nb-rich arc magmatism.

Consequently, the Masherbrum complex is another ex-
ample of Cambro-Ordovician arc ophiolite, showing that arc
dynamics were omnipresent at the limb of most central-
eastern Asian micro-blocks during the Cambro-Ordovician.
This result is consistent with palacomagnetic studies in
central-eastern Asia, which have shown that central-eastern
Asian was a puzzling tectonic network of micro-blocks,
aong with Siberia, Baltica, North China Block and North
America that were not connected to the Gondwanaland but
highly mobile during that period . The complexity,
polyphased and sometimes antithetic characters of some
suture zones show that the most acceptable model concern-
ing the tectonic situation of central-eastern Asia during

Cambro-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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. Appendix: 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 20kV for a sample current of
20 nA. Natural silicates were used as standards.

Nine igneous rocks were analysed for magjor and trace
elements . Mgjor elements, Ni, Cr and Co were
analysed using X-Ray fluorescence (XRF) at the University
C. Bernard of Lyon. Loss on ignition (LOI) was determined
by heating the sample at 1000°C for 30 minutes. For trace
element analyse, samples were prepared and analysed
following the method of Barrat et al. [103], using Induc
tively Coupled Plasma Mass Spectrometry (ICPMS) at the
University J. Fourier of Grenoble. Reproducibility (at 20),
based on 9 measurements of BHVO standard, is between
0.01 and 1% for the Rare Earth Elements (REE) and
between 0.01 and 6 % for al the other trace elements.

Seven igheousrocks (presentedin m and 3 marbles
have also been analysed for their radiogenic isotopic com-
position, for sample preparation see . Samples were
leached twice in a 2N HCI - 0.IN HF mixture. For the
determination of the #7Sm/1%Nd ratio, samples were
spiked with a solution of known 24®Nd/***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 *43Nd /
144Nid to avalue of 1®Nd/***Nd of 0.71219 and &7Sr/%5Sr to
avalue of 8Sr/86gr of 8.3752. Errors on the measurements
on the *Sm/**Nd ratio are of 1% (20). Eight marble
samples were also selected for stable isotope analysis (for
analytical procedures, see [105]). 8%3Cppg analysis of
NBS18 standard yielded -5.01. Analytica precision
(extraction + spectrometer) was £ 0.05 per mil.

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 Fig. 5, for more detail s about
analytical procedures see E:]I
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