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CHAPTER 1

THE WESTERN ALPINE MOUNTAIN CHAIN

1.1 INTRODUCTION

The western part of the Alpine Mountain complex forms an arcuate structure
stretching for over a thousand kilometers from the Aar-Gotthard massifs in the north to
Corsica in the south, and includes the massifs of Mont Blanc, Aiguilles Rouges,
Belledonne, Grandes Rousses, Haut Dauphiné and Argentera. (see Fig 1.1)

These massifs consist { of a series of crystalline rocks, mainly metamorphic in
composition, but the central part of each of the massifs is formed by a series of
intrusive igneous rocks for the most part granitic in composition. In general the nature
of each of these massifs, consists of a central core made up of intrusive rocks
ranging from granites to granodiorites with either monzonitic calc-alkaline or sub
alkaline affinites(LeFort, 1973; Von Raumer, 1984; Vivier et al, 1984) to high-K
syenites with probable alkaline affinites. These have been intruded, in two major phases,
into a series of older volcano-sediments and granites which have been metamorphosed
in general up to the greenschist-amphibolite facies but in some rare cases up to eclogite-

granulite facies. These are surrounded by carbonates and sediments of the Upper
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Figure 1.1 GStructural and Lithological map of the ECHMs: ltﬁevonian to
Lower carboniferous formations. 2. Metapelite Formations, Upperr
Froterozoic (7) to Lower Paleozoic. 3. Chamrousse Ophiclite (475 Ma)
4. Upper Proterozoic to Lower Faleozoic basement (Gnei§5e5 and
amphibolites). S.Lower Paleozoic to Upper Devonian Orthogneisses. 6.
Lower Carboniferous granitoids.

Paleozoic-Mesozoic cover which have either slipped to the west along decollment
planes (Siddens, 1983) to form the massifs of the pre-Alps e.g. The Bauges, Chartreuse,
Vercors and Devoluy massifs in the south and west (Fig 1.2), or have been folded into
immense nappes as in the case of the Morcles nappe in the Helvetic zone , or have been
caught up in graben like structures, e.g. the Bourg d'Oisans syncline, which have
subsequently undergone spectacular faulting and folding during the Alpine uplift

period.(Barfety and Gidon, 1981,1983; Gratier and Vialon, 1980; Beach, 1981)

1.2 REGIONAL METAMORPHIC AND STRUCTURAL HISTORY

In the western part of the Alps, the basement relics occur in the Helvetic (Alpine external
zone or Dauphiné zone) and the Penninic (Briangon and Piemont zones) domains. These
are respectivly classified as the External and Internal Crystalline Massifs (ECMs and
ICMs) and this summary will only deal with the ECMS, these being relevant to the
subject of the thesis.

The ECMs appear as dome-like structures of crystalline basement unconformably
covered by Upper Carboniferous (Westphalian D - Stephanian A), Permian and Triassic
detrital sediments in an overstep sequence. They are considered as sub autochthonous
and overriding their own sedimentary cover, towards the West and North-West
(Bellieres, 1988). The overstep sequence consists of continental deposits (Debelmas and
Kerckhove, 1980) associated with volcanics and pyroclastics of silicic and intermediate
composition and having calk-alkaline affinities (Banzet et al, 1985; Shenker, 1986;
Oberhansli et al., 1988; Mercolli and Oberhansli, 1988). These sequences express late
Variscan rifting with pull apart and strike-slip tectonics related to the evolution of

intramontane basins (Menard and Tapponnier, 1988).
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The Alpine overprint leads to anchizonal to episonal metamorphism (Monie and Maluski,
1983; Aprahamian, 1988) disturbing the Rb/Sr isotopic ratios of the Variscan
paragenesis (Demeulemeester et al., 1986). Moreover a rejuvenation of the Variscan

faults is testified to by the occurrence of Upper Paleozoic to Liassic tectonic slices.

PALEONTOLOGY AND LITHOLOGY

Paleontological data are scarce. Cambrian to Ordovician microfossils (Giorgi et al,
1979) have been reported from the black and green schists of the Huez formation
(Grandes Rousses massif) whilst Visean palynological relics (Bellier and Streel, 1980)
have been reported from metapelites of the South-Western edge of the Aiguilles Rouges.
These can be compared with the Upper Visean microfaunas of the Taillefer series
(southernmost part of the Belledonne) reported by Gibergy, 1968.. This Lower Paleozoic
age for epizonal sediments, which are lithologically similar to the Visean schists of the
Aiguilles Rouges and Taillefer (Southern Belledonne), highlights the weakness of
correlations based only on comparisons between similar facies .

The majority of the Paleozoic sediments have suffered greenschist to amphibolitic grade
metamorphism. As a consequence, a comparative lithostratigraphy of the Upper
Proterozoic and Lower Paleozoic formations is quite difficult to define.

However recent comparisons (Von Raumer, 1984,1988) have shown that three
evolutionary cycles may be tentatively distinguished in the ECMs within the pre Upper
Carboniferous basement, these are respectively related to the A) Upper Proterozoic -

Lower Paleozoic, B) Devonian and C) Lower Carboniferous periods.
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Al- The oldest of these cycles is made up of a series of sediments and igneous rocks

which have undergone a long lived orogenic event (Silurian to Visean), under deep
crustal conditions and have been metamorphosed up to amphibolite grade. These
conditions are testified to by the wide extent of migmatisation and the occurance of relict
granulitic and /or eclogitic parageneses. These formations could contain some relics of an
older basement found essentially in the Aar-Gotthard, Haut Dauphiné and possibly the
Aiguilles Rouge massifs which are, as yet, poorly understood.
In the Aiguilles Rouges, Belledonne and Argentera massifs these gneisses and
amphibolitic formations could represent a taphrogenic evolution from Cambrian to
Ordovician times that led to a general Ordovician rifting. This is supported by an
important sequence of bimodal volcanism (Liegeois and Duchesne, 1981; Von Raumer,
1987, Paquette et al., 1989).

A2- This series consists of Lower Paleozoic formations of a mainly amphibolitic
nature, which have however undergone a less severe and younger series of metamorphic
events during Upper Devonian to Dinantian times. The Chamrousse ophiolite is the most
spectacular representative of such terrains, being overthrusted and overturned upon
rocks of Devonian to Dinantian age (Carme, 1973; Scarenzi, 1984; Menot et al., 1987)

A3- A series of metapelitic formations deriving from flysch deposits which include
the series of St Gervais, Serie Satinee, Sarenne and Valetta these last two being
somewhat uncertain. Their age of deposition is badly constrained but is probably of
Precambrian or Lower Paleozoic age (Carme, 1970; Simeon, 1979). The tectonic
structure of these formations is related to supra-crustal conditions.

B- This group is of probable Upper Devonian age and has only been described and
dated in the south-western area of the Belledonne massif (Riouperoux-Livet formations)
(Scarenzi, 1984). Lower Carboniferous metamorphism grades up to epizonal and

mesozonal conditions (Carme, 1965; Menot, 1986,1987, Menot et al, 1987). Its
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southwards extension can be recognized within the Chaillol series (SW Haut Dauphiné).
The Lac Blanc volcanic and plutonic complex (Grandes Rousses)(Giorgi, 1979b) has
also been compared with the Riouperoux-Livet formations (Menot and Vivier,
unpublished observations) but this correlation is still hypothetical. The Devonian bimodal
volcanism and trondhjemitic intrusives (352 +/-56 and 365 +/-17 Ma; Scarenzi, 1984;
Menot et al., 1988b) are considered as resulting from an aborted mechanism of
continental rifting (Menot, 1987), whilst Carme (1975) and Carme and Pin (1987)
argued for an active margin context.

C- This last group of Lower Carboniferous formations outcrops within the different
massifs as a series of intercalated volcanic and sedimentary sequences, (bimodal
volcanism with essentially clastic sediments) (Aar-Gothard: Marcolli and Oberhansli,
1988, S.Aiguilles Rouges: Laurent, 1968, Belieres and Streel, 1981, Bellieres, 1988;
Belledonne: Bordet and Bordet, 1963, Gibergy, 1968, Carme, 1970, Vivier et al., 1987).
These formations have been metamorphosed in epizonal conditions, sometimes showing
a strong mylonitic fabric (NE Belledonne). They could represent syn to late orogenic

basins of the pull apart type.

TECTONICS

The deformation and metamorphism displayed within the basement rocks of the ECMs
can only be explained by a sequence of events during Paleozoic times.

The major tectonic structures consist of vertical to steeply dipping foliation planes, which
are related to large scale upright folds, with horizontal axes (Von Raumer, 1984,
Bogdanoff, 1986) and/or non-cylindrical shear folds, associated with regional strike slip

zones (NE Belledonne: Carme, 1970; Vivier et al., 1987).
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Late tectonic structures, essentially mylonitic zones associated with NE-SW lateral strike
slip movments, occur in regions of epizonal metamorphic conditions and overprint
former penine style folds and nappes which have been recognised in the Aiguilles Rouges
(Von Raumer, 1984; Von Raumer and Menot, 1989), Argentera (Bogdanoff, 1980,
1986) and Aar massifs (Oberhansli et al., 1988).

The central and eastern parts of the Haut Dauphiné seem to be structurally more
complicated as both gently dipping and subvertical formations co-exist within the pre-
batholithic basement.

Finally some areas e.g. the south western edge of the Belledonne and the westernmost
part of the Haut Dauphiné are characterised by monoclinal or broadly folded structures

(Bordet and Bordet, 1963; Carme, 1973; Le Fort 1973; Menot, 1987).

METAMORPHISM

A Variscan multistage evolution has been described in most areas of the ECMs by a
variety of workers a review of which is given by Von Raumer, (1984 a and b).

1. The earliest event is one of high pressure and temperature of late Silurian to early
Devonian age, U/Pb dates of 425-395 Ma (Paquette, 1987, Paquette et al., in press),
supported by relics of eclogitic and granulitic facies: Aiguilles Rouges 780°C/11Kb
(Liegois and Duchesne, 1981), Argentera 710-760°C/ 12-14Kb and 710-760°C/9-11Kb
(Latouche and Bogdanoff, 1987). Recent petrological observations have led to the
conclusion that not only the ecloglites but also major parts of the basement had reached
lower crustal conditions by this stage. (Von Raumer, 1988)

2. The subsequent evolution is expressed by a P-T path where early kyanite is followed
by sillimanite bearing assemblages, and mineral assemblages with cordierite-K feldspar

in anatectic melts and incongruent cordierite bearing melts which appear at the thermal

1-8

|

peak. 650-700°C/4-6Kb (Von Raumer, 1984b, 1987); A late growth of andalusite is
locally recorded (Aig. Rouges: Von Raumer,1984: Mont Blanc: Oliver, unpublished
observations). This general P-T-t path indicates a regional change towards higher
geothermal gradients with amphibolite facies conditions being of Devonian age.(NE
Belledonne 373 Ma, Demeulemeester, 1982, Argentera 375-350 Ma, Monie and
Maluski, 1983).

This metamorphism is accompanied by structural transformation with early nappe
tectonics being succeded by strike-slip shearing. The later being partly contemporanous
with intrusions of lower Carboniferous granites (Carme, 1970; Vivier et al., 1987; Joye,
1989).

3. Epizonal retrogressive metamorphism related to strike slip movements during Lower
to Mid-Carboniferous times (Carme, 1970; Demeulemeester, 1982; Bogdanoff, 1986;
Vivier et al., 1987)

The interpretation of this sequence of events leads to a complicated paleotectonic model
involving subduction-obduction, collision and hypercollision processes (nappe stacking,
crustal thickening, uplift and strike -slip shearing), from late Silurian to Mid
Carboniferous times. This type of evolution can be compared with that of the axial zone
of the Variscan belt (Matte, 1986; Von Raumer, 1984; Bogdanoff, 1986; Von Raumer
and Menot, 1989).

However, not all regions of the ECMs have undergone the same events, e.g. the SW part
and the western edge of the Belledonne massif only shows evidence of a single
metamorphic event. This major tectonic and metamorphic event is of Dinantian age
(between 365 Ma and 324 Ma Menot et al., 1987). It shows evidence of syn to late
metamorphic nappe piling in epi to mesozonal conditions (Carme, 1973; Menot, 1986;
Menot et al., 1987; Carme and Pin, 1987). This event implies an increasing P-T evolution

for most of the tectonic units.
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rner of this southwestern region has only been involved in the orogenic event o ‘ o
The far co s d Within some of the massifs there is evidence to suggest that these events have been

during Upper Devonian to Lower Carboniferous times (Menot, 1987) and probably _ '
superimposed on an earlier event.

represents an outer zone of the Variscan belt (Menot, 1987, 1988).
On the north western edge of the Belledonne massif and separated from it by a major U —
fault plane, is a metapelitic formation with possible metavolcanic horizons (Vivier, 1987),

i i he "Seri tinee" A3 above) has undergone a
this formation known as the "Serie Satinee" (see ) g oleanis: anil Siloleanic Bvente:
polymetamorphic evolution with successive events first in the upper amphibolitic

followed by greenschist conditions. This latest event is related to lower Carboniferous ) ) o ) ) . ) '
oflowed by & The products of this type of igneous activity consist of either basaltic or bimodal series,

heari Carme, 1970; Gasquet et al., 1981). No relics of higher grade assemblages . ' _ . . .
shearing ( q ) e mainly representative of stages of crustal distension, which have occurred at different

having been found. -
times.

It is in the Aar-Gotthard, Haut Dauphiné and Argentera massifs, where the oldest . ) ) ' o
P g Proterozoic and Lower Paleozoic metavolcanics: These consist of amphibolites included

hic events have been recorded: . - T
mEtamory in the gneissic and amphibolitic basement of the ECMs. Several types can be

i Id (1970 d Grauert and Arnold (1968) some formations from the o ‘ _
Following Amold ( ) e ¢ ) distinguished using the criteria of origin and age of the protoliths, as well as by their

Gotthard massif suffered successive metamorphic events under amphibolitic conditions ‘ . .
subsequent tectonic and metamorphic evolution.

i t anatexis, followed by granulite (circa 450 Ma) facies conditions before o . .
with subsequert ana s ( ‘ The oldest amphibolites (protolith age: circa 870 Ma) are known from the Gotthard

ing i d by Caledonian granitoids. . . . . : ‘
being intruded by Ca g massif and may be the result of active margin magmatism. The HP paragenesis being

th east rts of a) The Haut Dauphiné and b) The Argentera
T D B S e = i DR ) & related to an early Ordovician event (468 Ma) (Gauber et al., 1988).

massifs. two successive anatectic stages have been observed (Le Fort and Pecher, 1971, . . '
A R ( The most common type of protolith however is defined by retrogressivly metamorphosed

1984: Bogdanoff, 1986). The second event post dates relics of staurolite- _ o _
Von Raumer, ¥ ) P eclogites and mafic granulites. These indicate a period of ensialic rifting (Aig.Rouges,

ite-garnet eneisses and of sillimanite-cordierite bearing orthogneisses (Le Fort, . ‘ _ N
kyanite-g g & Belledonne and Arenterra massifs), as shown by the bimodal igneous activity, and the

r ff 1986). The two anatectic stages are considered as Cadomian or earlier ) . . o
1973; Bogdanoft, ) 5 geochemistry of the eclogitic protoliths, which indicate either N and T morb type

nd Variscan (Devonian to Carboniferous). - _ o
and ( ) compositions with a small crustal component, (Liegois and Duchesne, 1981; Paquette et

lusion, the majority of the formations from the different regions of the ECMs ‘ _ !
In conclusion, jorty g al., 1989; Von Raumer et al., in press)or ocean relics (Aar-Gotthard: Oberhansli et al.,

h iking lithological, tectonic and metamorphic similarities: the Upper Silurian to ‘
SHonSNRRg 08 : PP 1988). Dating by U/Pb on zircons, and Sm/Nd whole rock isotope methods, gives

Lower Carboniferous time span is characterized by a long lived multi-event evolution, .
v P Y 8 Ordovician ages (475-450 Ma) for the magmatic event and Silurian ages (425-395 Ma)

this is assuming that these formations were within the axial part of the orogenic terrain. _ .
for the high grade metamorphic event. (Paquette et al., 1989)
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The 496 Ma old meta-ophiolite of Chamrousse (Scarenzi,1984; Menot et al., 1988; Pin
and Carme, 1987) differs from the previous amphibolites by the spectacular preservation
of its primitive magmatic character and by the absence of any high pressure metamorphic
assemblages. Its chemical evolution, which indicates a multistage accreation (Bodinier et
al,, 1981) has been explained as either a) the transition from an attenuated continental
setting to a true oceanic domain (Menot, 1987, Menot et al., 1988a and 1988b) or b) an
allocthonous accreation related to a subduction zone (Pin and Carme, 1987).
Metavolcanics of Middle Paleozoic age have only been reported from the South Western
part of the Belledonne massif (i.e. the Rioperoux-Livet formations) (Menot, 1986) and
consist of leptynitic and micaceous gneisses, acid and basic metavolcanics and
trondhjemites. They are considered as a single plutonic and volcanic complex, separated
into five main units (Menot, 1986).

The age of crystallization of the trondhjemitic bodies has been dated from 352 +/- 53 and
365 +/- 17 Ma (Scarenzi,1984; Menot et al., 1984 and 1988). Menot, (1987) ascribes
these rocks to an aborted continental rift whilst Carme and Pin, (1987) prefere an active
margin environment.

For the metavolcanics of Upper Paleozoic age only those of syn to late orogenic origin
(e.g. Lower Carboniferous) are taken into account. Spilites, keratophyres and tuffs are
associated with a series of sedimentary facies consisting of arenites, pelites and
conglomerates. Visean microfaunas have been recognised on the southern edge of the
Aiguilles Rouges massif (Bellieres and Streel, 1981) and in the southwest area of the
Belledonne (Gibergy, 1968). The chemical signatures of these metavolcanics are
ambiguous with both tholeiitic and calc-alkaline affinities being present (Carme and Pin,

1987; Menot, 1987; Mercolli and Oberhansli, 1988).

Plutonic Events:

Intermediate to silicic intrusive rocks can be related to two different phases. The first
event, which is badly defined both in time and space, is of Upper Proterozoic - Lower
Paleozoic age whilst the second occurred during Upper Devonian to Lower

Carboniferous times.

Cadomian - Caledonian intrusives consisting of orthogneisses from the Aar-Gotthard
(Arnold, 1970; Mercolli and Oberhansli, 1988), Aiguilles Rouges (Von Raumer, 1987),
Haut Dauphiné (Le Fort and Pecher, 1971) and Argentera (Bogdanoff, 1986), sometimes
bearing high grade paragenesis (sillimanite), are considered as part of the pre-Variscan
basement. Recently, similar sorts of orthogneisses from the north of the Aiguilles Rouges
massif have been interpreted as a series of effusives in conjunction with a sub-volcanic

series (Favre, 1989).

The intrusive episode which commenced in Upper Devonian times is also marked by a
series of orthogneisses. In the Belledonne chain, they are spacially and genetically
associated with the "Devonian anatectic" stage (Vivier et al., 1987)They consist mainly
of heterogeneous biotitic and amphibolitic granitoids, often porphyritic in texture, with
associated diorites and leuco-gabbros. Locally, acid basic igneous associations are
preserved. Geochemical patterns indicate both a mantle contribution and a crustal origin
by partial melting of greywackes (Ploquin and Vivier, 1984). In other parts of the ECMs,
where the late orogenic shearing is less marked, cordierite-bearing anatexites and
granites (Von Raumer, 1984, 1987) represent time equivalents of the Devonian

orthogneisses.
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These early products of the Variscan plutonic suite are followed by discordant granitoids
of Carboniferous age (often cordierite bearing), followed by calcalkaline and Mg-rich
subalkaline granites. Their time related chemical evolution is characterized by an
increasing mantle source componant and a correlative decrease of the crustal
contribution (Ploquin and Vivier, 1984; Aumaitre et al., 1985; Vivier in press). The syn-
to late kinematic intrusions were partly controlled by the Lower to Mid Carboniferous
strike slip tectonics (Carme, 1970; Vivier et al., 1987, Belliere, 1988; Joye, 1989). The
latest intrusions (circa 300 Ma) are post-kinematic and devoid of internal structuration
(e.g. Argentera massif (Bogdanoff, 1986). In general the Carboniferous intrusives of the

ECMs shows marked similarities to those of the innermost parts of the Variscan belt

(Orsini, 1979).

1.3 THE REGION OF THE HAUT DAUPHINE

TOPOGRAPHY OF THE HAUT DAUPHINE REGION

The area which is the subject of this thesis,is a part of the western extremity of the Parc
National des Ecrins. This national park encompasses the mountainous region of the
massifs of the Haut Dauphiné (P.LeFort 1973). The topography of the Haut Dauphiné
(Fig. 1.3), is amongst the most spectacular in Europe and until the uniting of the Savoie
with France in the 1800's, contained the only French mountains over 4000 meters in
altitude the Dome de Neige 4014 mts. and the Barre des Ecrins 4102 mts.. Its extremely
high average altitude of 2280 meters (Blanchard 1943) is accentuated by the steep sided
valleys which cut deep into the mountains (Fig. 1.4).On all sides from Bourg d'Oisans
(724 m) in the North, Entraigues (806 m) in the West Gap (760 m) and Embrun (980 m)
in the South and Briancon (1280 m) in the East, glacier cut valleys thrust deep into the
heart of the massifs. At the heads of these valleys lie the remains of what was once an
extensive glacial complex and these small remenants feed the now small streams and

rivers which drain the massifs.

HYDROLOGY

All of the streams and rivers which flow out of the Haut Dauphiné have their origins in

either glaciers or snow melt run off (Fig.1.4). This means that for a period of three or

four months in late spring and early summer, these streams and rivers which are normally

small and even sometimes non-exsistant, become raging torrents and this is the reason
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together with the ancient glaciers that the deep valleys have been incised into the rocks

of these massifs. |

The underlying strata has also played a large part in the depth to which these valleys have

been able to reach, and a good example of this can be seen in the region of Bourg

¥ ’ﬁ }‘.‘f:":*\ ’ . . . . H i
Y, @. % d'Oisan, where the river of the Romanche until then flowing through crystalline rocks
p R G ‘é’g”\@/\‘%\%‘ S ke suddenly comes in contact with softer folded shales and carbonates of Liassic age ,which
XY A/ o NS
FZ2 1000-2000 "N~ RN
2 & , NN \ have been trapped in the Bourg d'Oisan syncline (Barfety 1979). Here the river has cut a
Y] 2000-3000 \ﬁk\: "\ .\'\_\\_‘.\\ N
g s =N \\" N N . )
€721 3000 3500 h"k’\.\ § @ large flat bottomed valley which at one time formed a large lake. A few kilometers
B 3500.4000 /- 0\\ e NN e 4 |
_ | I n@\\\ \\\\\\\\ \{’Jr further on the river again cuts into rocks of the crystalline basement and the valley w‘
— |
Q 5 Km

_ : : returns to a steep sided gorge. |

)

cpograshy of the Haut Dauphine {after Bellair, 1948} The extent of the glaciation is today very limited with the

firn level at about 3000 meters (Fig. 1.4). In 1973 the limits of the glaciation was in fact

607 02" 6°28'387

in 1987 this area has undergone further erosion and the area now under glaciation is

- approximatley 60 km2.

The water run off of the Haut Dauphiné is grouped into five main channels. From the

East and North the Romanche River drains westward where it meets the waters of the

Veneon which drains the center of the massif, further South the river Bonne drains the

Valley of the Valjouffrey, and the valley of the Valgaudmar is drained by the Severaisse.

Both of these rivers run into the River Drac, which after draining the south of the massif

Borne

runs north to Grenoble to meet the Isere, flowing south from the Savoie. The East and

South of the massif is drained by the River Durance and its numerous tributairies, which

44°49"12" .
. o P‘ | . .
o o 3 flow south and west to join the Rhone south of Avignon.
_ ‘A 4-’
W TN

somewhat less than depicted occupying a surface area of approximatly 100 km2. Today

e Fort, |

vars and glaciers of the Haut Dauphine {(after
Y
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Structural and Lithaological map of the Haut Dauphine
(after La Fort and Fecher, 1971

i. Mesarzcic sediments 2. Upper Carboniferous meta-
sediments . Variscan aranites 4.% S.Acid volcanic
detritus (c) &.Basic volcanics (c) 7.% 8.Volcanic
detritus 9.% 12. Volcano—sediments (migmatised!

1@. fAncient foliated mvlonites 11. Older granites.

Essentially then, the Haut Dauphiné forms a large highland area. This has formed the
basement for at least two orogenic events, these being the Variscan and Alpine orogenys.
Its topography is intimately linked to the effects of these events, as it is also to its
geology.

STRUCTURE AND METAMORPHISM

STRUCTURE

The Haut Dauphine is structurally some what more complex than other parts of the
ECMs. The oldest structures consist of a series of mylonitic zones, of which the
"lineament de La Pilatte" situated in the centre of the massif, is typical.

This is followed by a period of complex deformation in which sub-vertical foliation
planes co-exist with gently dipping folds (Pecher, 1970; Le Fort, 1973;). which are
overprinted with large scale isoclinal folds with horizontal axes.

Late stage Variscan tectonics consist of regional ductial strike-slip zones, mainly in the
west of the region.

This is followed by the onset of distention during Triassic times with the formation of
Graben like structures and syn-sedimentary ensialic basins (Barfety et al., 1979).

The last tectonic event is linked to the crustal shortening engendered by the "Alpine
orogony", and this is expressed as large scale thrusting towards the WNW with the
development of imbricated basement-basement and basement-cover sequences (Butler et

al., 1986)

METAMORPHISM

The basement rocks consist of a series of volcano-sediments and volcanics, which have
undergone deep crustal metamorphism up to amphibolite grade, with subsequent

migmatization and anatexis (Fig. 1.5). Le Fort (1973), distinguished three major series
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a) A series of acid gneisses with rare horizons of amphibole, having suffered catazonal
metamorphisme and intruded by gabbros and granites. b) The La Lavey and Chaillol
series, consisting of volcano-sediments together with volcanic ~members,
metamorphosed in the mesozone or catazone, with a general migmatisation and c)a
series of slightly (epizonal) metamorphosed acid volcanics and volcano-detritus, cut by

Variscan granites.

INTRUSIVE ROCKS OF THE HAUT DAUPHINE

The earlist intrusions of this period consist of a series of orthogneisses with porphyric
textures, and outcropping mainly in the south-west of the region. The most important of
these is the massif of Crupillouse Fig. 1.5. These are considered to be of probable
Cadomian to Caledonian age (Le Fort and Pecher, 1971).

The granitoids of Devonian-Carboniferous age, consist of a number of plutons of varing
size, which occcupy approximately half the surface area of the Haut Dauphiné region.
Their style of intrusion into the gneisses and migmatites of the basement rocks is
relatively uniform, with very few traces of contact metamorphism, although in general
the granitic intrusions show slightly chilled margins with finer grain sizes than the main
body.

A number of the intrusions have been studied in the past by a variety of
workers.(Buffiere, 1963; Ozocak, 1965; Barbieri, 1970; Pecher, 1970, 1971: Le Fort and
Pecher, 1971; Bartoli, 1973; Le Fort, 1973; Barfety and Pecher, 1984, Vittoz et al.,
1987), and their work has allowed the definition of the principal characteristics of the

structure, petrology, mineralogy and to a lesser extent the geochemistry of these

granites.
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Pecher (1970) noted that the presence of sub volcanic to volcanic terms in the plutons of
the eastern margin of the region, and their absence in the west and center. He interpreted
this as the result of intrusion at different structural and metamorphic levels within the
crust.

The granites which form the western border of the Haut Dauphiné region are
distinguished by the association of a basic facies, rich in amphibole, biotite and sphene,
and a leucocratic facies with essential biotite (Le Fort, 1973; Aumaitre et al., 1985; de
Boisset et al., 1984; de Boisset, 1986; Banzet, 1987). In the south-west the basic rocks
are relatively abundant and form large km2 intrusions (massives of Colle Blanche and
Moutieres) and are associated with quartz monzonites and monzo-granites (Banzet,
1987). Further north in the massives of Peou de St Maurice, Quatre Tours/Belle Cote
and Rochail the basic rocks are in the form of dykes and isolated enclaves within the
main granitic bodies.

These types of association have been described within the potassium-rich sub-alkaline
granites having shoshonitic affinities (de La Roche and Stussi, 1984), of the French
Variscan domain (Ploumanac'h,(Barriere, 1977);Les Ballons, (Pagel and Leterrier, 1980)

To the east of a major Liassic suture, the granite complexes of Turbat-Lauranoure and
La Berarde-Promontoire form two north-south trending axes of granitic intrusions which
stretch for 20 kms within the center of the Haut Dauphiné. These are leucocratic
granites, often porphyritic, lacking enclaves, where the biotite which never exceedes 10%
is usually chloritised. Chemically they can be classified as calco-alkaline in type.

Further to the east within the structural unit of the Ultra-Dauphinois the hololeucratic
granite of the Combeynot forms an independant massif. This massif consists of a
subvolcanic annular ring complex with micro-granitic and rhyolitic dyke systems and two
granitic plutons. (Costarella, 1987). The chemical nature of this complex is alkaline, even

though the developed mineralogy is not strictly that of the alkaline granites. However
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Bonin, (1987,1988 and in press) has recently demonstrated that this type of association is

solely dependant on the H2O content of the melt.

1.4 OBJECTIVES OF THIS STUDY

The aim of this study is to:

a) Briefly describe the structure and general geology of the area between Lac Lauvitel
and the Valsenestre valley, in the western part of the Haut Dauphiné region.

b) Describe the petrology, chemical mineralogy and geochemistry of the igneous rocks
outcropping within the area.

¢) Using geochemical, and mineralogical data including major and trace element, rare
earth element (REE), zircon morphology and mineral geochemistry, define and

differentiate the granite intrusions of the Haut Dauphiné in terms of their source and

possible evolution.
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CHAPTER 2

THE FIELD AREA

2.1 TOPOGRAPHY OF THE FIELD AREA

The field area is situated in the north-western part of the Haut Dauphiné massif (Fig.2.1),
lying between the Valsenestre valley in the south and the Romanche-Veneon valley in the
north. To the east, the escarpment of the Muzelle-Tete de la Muraillete forms the
boundary whilst to the west a line running from the peak of Le Tete de Chétives to the
peak of Le Rochail forms a natural and partial geological barrier. The region is extremely
mountainous and rather difficult of access. Its average elevation is 2200 m and there are
several peaks over 2700 m. The four highest points are the Signal de Lauvitel (SL) 2903
m., the Tete de la Muraillette 3020 m. the peak of Le Rochail 3023 m and the Pic du
Clapier du Peyron (PCP) 3169 m.(Plate 2.1)

The area is dominated by a) The granite massif of Rochail in the north-west and b) the
east-west ridge which, running from the Col de la Muzelle, rises to the Pic du Clapier du
Peyron and passes via the Bréche de Valsenestre to the Signal de Lauvitel(Fig.2.1). This
idge effectively divides the terrain into northern and southern parts, especially in terms

of access.
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As can be seen from Figure 2.1, the southern part of the area has three major valleys
running towards the south, these being from east to west the vallons des Cofnbes,
Valsenestre and Combe Guyon. These three valleys drain into the Beranger river which
runs through the Valsenestre valley to meet the River Bonne at La Chapelle en
Valjouffrey . Between the Vallon des Combes and the Vallon de Valsenestre is a high
ridge running northward from Les Quatre Tours via the peak of Ramu to the Pic du
Clapier du Peyron. A second ridge, separating the Vallon de Valsenestre from that pf the
Combe Guyon again runs towards the north from les Peys via the peak of Alfrey to the
Signal de Lauvitel. Several well developed glacial cirques can be seen, notably below the
Pic du Clapier du Peyron and the Signal de Lauvitel (Plate 2.2) in the Vallon de
Valsenestre, although only one small glacier still exists in the former.

The northern part has a single valley which runs from the PCP-SL ridge to Lac Lauvitel
and is drained by a stream which finds its source in the glaciers of the Pisse below the
PCP and drains into the lake. The eastern ridge runs from the PCP to the Tete de
Muraillette, whereas the Western ridge runs from the Signal de Lauvitel via the peak of
the Roche de la Selle to the Pointe de Confolant in the Rochail massif and from there up

to the peak of Le Rochail in the heart of the Rochail massif.
22 GENERAL GEOLOGY OF THE FIELD AREA

Figure 2.2 is a generalized structural and geological sketch map of the field area from the
Valsenestre valley to Lac Lauvitel, based on field observations and analysis of collected
samples,(Fig.2.3) and shows the main geological details of the area. It can be seen that

the region as a whole has undergone quite severe structural deformation.
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The majority of this deformation can be attributed to movements during thé Alpine
orogeny (infolding of Triassic and Lower Jurassic volcano-sediments), but some of the
ductile deformation (mylonites) are of possible late Variscan age. Thrusting from the east
has led to the formation oi-? a series of thrust sheets stacked one on top of the other
(Fig.2.4). At least four major thrust faults can be traced. In the east is the Muzelle thrust
fault (MTF). This fault runs in a north-south direction passing through the Col de la
Muzelle before swinging towards the east where it eventually joins the La Meije thrust
system(Fig.1.%), The Eastern Valsenestre thrust fault (VTF(east)), commences in the
south at the intersection of the MTF with a major east-west running fault, which follows
the valley of the Beranger, offsetting the Valsenestre massif. The VTF(east) curves west
and north to pass through the PCP-SL ridge and forms the feature of the Breche de
Valsenestre (Plate 2.3); this continues north eastwards under the Tete de la Muraillette
(Plate 2.4) and disappears in the gneisses which form the ridge of the Draye de
'Embernard (Figs. 2.1,2.2).
The third thrust fault is the Western Valsenestre thrust fault or VIF(west) which also
appears to branch from the southern extension of the MTF and runs almost parallel to
the VTF(east) passing through the PCP-SL ridge, approximately 450 metres west of the
Bréche. Between this point and the Signal de Lauvitel several inverted normal and minor
thrust faults occur which have trapped a number of Triassic and Liassic blocks (Fig. 2.5,
Plate 2.5). The presence of olistoliths in these blocks (Barfety et al, 1986) would
indicate coeval movement during deposition; this type of structure has been described in

a similar context by Gilchrist et al. (1987) further to the south, in the Valsenestre

massif. (Fig 2.7)
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The fourth thrust fault is the Pisse Rousse thrust fault (PRF) which starts in the same
manner as the two previous faults but progresses westwards along the southern limit of
the Lac Labarre syncline. The nature of the fault appears to change in the west with
thrusting becoming a com;;osite of strike-slip and normal movement; the fault partially
offsets the sediments of the basin, before it disappears under the Liassic cover (Plate
- 2.6,Fig. 2.6).
Within this area four tectonically separated granites crop out. The Ramu granite occurs
in the east, the Quatre Tours/Belle Cote granite in the centre, the small Alfrey granite in
the west and further to the north the large body (area of approx. 30 km?) of the Rochail
granite, the general geology of which is shown on Figure 2.9. The QTBC and Ramu
granites only have tectonic contacts with their surroundings, but the Alfrey granite has an
intrusive contact in the southern part, with migmatites and amphibolites whilst the
Rochail granite is intruded into similar types of rocks on its northern and western
boundaries.

In the east the Ramu granite has been thrust over the Quatre Tours granite. The two are
separated by a band of schists, gneisses and mylonites, (Figs. 2.2,2.4), which run
northwards until meeting the VTF(west) in the Lauvitel valley. Champenois (1982)
found that the ductile component of these mylonites showed a dextral movement
towards the north, whereas the later cataclastic movement was to the west. This would
seem fo indicate that these mylonites are possibly of late Variscan age. Slates and shales
of Liassic age have been faulted and folded against both the Ramu and the Quatre Tours
granite in the Combes valley by the Muzelle thrust fault.(Plate 2.8)

Underlying the Ramu granite, and separated from it by a band of interleaved gneisses,

schists and mylonitic rocks which vary from some tens to 200 to 300 metres in thickness,
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Figure 2.6 SECTION C-C from Figure 2.2

Signal de Lauvitel
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Dolomite

500m

lies the Quatre Tours/Belle Cote granite (QTBC). In the south (Fig. 2.2)the QTBC is
thrust over rocks of the metamorphic basement but in the west is thrust over the Alfrey
granite by the PRF. The granite is cut by the two segments of the VTF but north of the
PCP-SL ridge it spreads to the west to fi]l.the Combe de Belle Cote before disappearing
under the cover of the Lac Labarre syncline.

On this side of the PCP-SL ridge, the zone of mylonitic rocks forming the horizon
between the Ramu and QTBC granites, is hidden under glacial deposits but reappears
and follows the valley of the Pisse Salle at least as far as Lac Lauvitel. In this section the
mylonitic rocks show a greater degree of cataclasis, indicating that deformation here is
possibly of Alpine age. To the west of the valley broad intrusive syenite dykes of the
Combe de Belle Cote, themselves intruded into the northern extension of the QTBC
granite, dominate the outcrop. The VTE (west) cuts back towards the east to disappear
under glacial moraine and cover. Towards the north end of the valley several normal
faults with a strike slip component, towards N120° cut both the granite and the syenite
giving small offsets down the valley. This movement has in several places removed parts
of the syenitic intrusions.

Migmatitic amphibolite gneisses form a structural barrier between the QTBC granite and
the southern part of the Rochail granite (previously studied by Buffiere, 1963, and
DeBoisset, 1986). The contact is everywhere faulted with the main fault direction at
N55°. These again appear to be composite faults having both normal and strike-slip
components. The gneisses are cut by veins of granite showing marked orientation and
alteration of the ferro-magnesian minerals: chlorite after biotite. The veins cut the

gneissic foliation which is sub horizontal, having a general direction of N010° and a dip

of 25°.
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Plate 2.1 Pic du Clapier du Peyron (alt. 3169m) seen from the southern ridge
looking north.

Plate 2.2 Glacial cirque with the peak of the Signal de Lauvitel (alt.2900m)
rising above, seen from the Ramu.

Plate 2.3 The Breche de Valsenestre, looking south from the Belle Cote.
Here the two arms of the Valsenestre thrust fault create the saddle
of the Breche.

Plate 2.4 The Valsenestre Thrust Fault, Below the Tete de la Murialette
looking towards the east from the Belle Cote. Here the Ramu
granite is thrust over the gneisses of the La Lavey formation.

Plate 2.5 Overturned olistolith, on the ridge between the Signal de Lauvitel
and Lac Labarre. Granite in the bottom left is overlain by Liassic
sediments which are in turn overlain by quartzites and spilites of

Triassic age with granite in the extreme top righthand corner of the

photograph.

2-10

Plate 2.1 Plate 2.2

Plate 2.3 Plate 2.5

Plate 2.4




To the south and west of the Pisse Rousse Fault the Alfrey granite has been intruded into
metamorphic rocks consisting of biotite schists, quartz-rich banded gneisses and
amphibolite gneisses. To the south the intrusive contact is well displayed with granitic
veins cutting across foliations in the metamorphic rocks; however no metamorphic
aureole has been observed. This would indicate that either the temperature of the
country rocks was at, or near, the temperature of the granite at the time of its
emplacement or alternatively that the granite was dry. The presence of pegmatitic
material would appear to favour the first hypothosis. To the north the Alfrey granite is
overlain by the rocks of Triassic and Liassic age in the Lac Labarre syncline. The contact
between the two is partly tectonic (Fig. 2.6) but in the west it forms an erosional surface
(Barfety and Gidon, 1983) indicating that the granite had been exposed during Permian

and Early Triassic times.

2.3 DESCRIPTION AND FIELD RELATIONSHIPS OF THE IGNEOUS ROCKS

2.3.1 RAMU GRANITE

The Ramu granite crops out west of the fault which passes through the Col de la Muzelle
and includes the peak from which it takes its name as well as part of the Pic du Clapier
du Peyron. Further north, the Ramu granite appears as isolated intrusions in the western
part of the La Lavey formation which here consists of a monotonous series of acid
migmatitic gneisses. The granite is in the form of an imbricated sheet at the Pic de Ramu

Fig.2.4, and lies above a series of interleaved gneisses, schists and mylonites




Plate 2.6 The Pisse Rousse Fault in the region of Lac Labarre. The Lines
mark movement planes with some directions. The fault at this
point is composite with both thrust and normal components.

Plate 2.8 The Muzelle thrust fault below the Quatre Tours in the Vallon
des Combes. Here Liassic sediments in the east have been thrust
against The Quatre Tours Belle Cote granite to the west.

Plate 2.9 The leucocratic Ramu granite, at the Pic du Ramu looking north
towards the Pic du Clapier du Peyron.

Plate 2.10a Large panals of gneiss (picked out on black) within the Ramu
granite. Vallon des Combes looking north towards the Col de la
Muzelle.

Plate 2.10b Contact between a block of gniess (top right) and the Ramu
granite. Vallon de Valsenestre.

Plate 2.10a

Plate 2.10b




]

(Champenios, 1982), which outcrop in a sinuous band extending towards the north. At
outcrop the Ramu granite is a very leucocratic two mica granite(Plate 2.9) with a
preponderance of muscovite, having no preferred orientation, so does not appeared to
have suffered to much from Alpine deformation. Biotite is generally altered to chlorite.
Grain size is medium although locally it can become quite coarse. The granite is
distinctive in that enclaves and panels of half-digested acid biotite gneiss are fairly
frequent (Plates 2.10). Close to the summit of Ramu as well as on the south flank of the
Pic du Clapier du Peyron a number of pegmatitic veins appears; these contain small
spessartine garnets and a distinctive grey coloured highly perthitic potassium feldspar.
The latter are very similar to the potassium feldspar described by Verjat (1980) and
Vivier and Menot, (1987) from pegmatites in the Sept Laux granite, in the Belledonne
massif (Fig 1.2). Bonet (1982) ascribed them a late anatectic origin, with formation of
the feldspar crystals whilst under strain, such that the crystal growth was not uniform,
thus giving them their distinctive colour.

On the eastern slopes, running up to the peak of Ramu, a number of lamprophyre dykes
trending 040° can be seen. These are very fine grained sub-volcanic to volcanic textured
rocks. The width of the dykes never exceeds two or three metres and tend to form lens
shaped intrusions in the granite. It is not clear whether these are offset and boudinaged
pieces of a single dyke, or infilling of local pull-apart features within in a zone of sheared
granite. In mineralogy and texture they are similar to other lamprophyres described
throughout the Haut Dauphiné (e.g. Vatin-Perignon et al., 1974,1977; Buffet and
Aumaitre, 1973; Adeline, 1982). Their origins could be linked to the alkali volcanism of
the Triassic period, but a more likely origin is as intrusions linked to pull apart textures,

during the major strike-slip movements of late Variscan times. This is born out by the
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Detailed map of part of the Syenite dykes
Combe de Belle Cote
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In the south the QTBC granite is fairly leucocratic although, locally, accumulations of |
biotite in the form of schlieren give rise to a somewhat darker rock. In general it is a fine ' i
to medium grained granite, more or less porphyritic, except at its southern contact with
the gneisses, with good euhedral phenocrysts of potassium feldspar of millimetre to
centimetre size. Near the southernmost extremity, close to the faulted contact with the
Liassic rocks, the ferro-magnesian minerals become strongly aligned with the apparent
dip of the Muzelle fault. This is possibly a secondary metamorphic effect due to Alpine ‘
reactivation and movement along the MTF, this is supported by the almost total
chloritization of the biotite together with a parageneses of albite, quartz and calcite close
to the fault line. |
Near the PCP-SL ridge, close to the Bréche de Valsenestre, the granite is cut by large

pegmatite veins which are topaz (0.5 to 1 mm in size), and cordierite bearing, together

with some veins of aplite. This would perhaps indicate that this part of the granite is |
within the roof zone. If this is indeed the case and taking into account that the thrusted
base of the granité is found in the Beranger valley, the minimum volume of magma is of
the order of 10 to 12 km i.e. a moderate sized silicic magma chamber. North of the
ridge the granite forms the cirque of the Combe de Belle Cote and the peak of the Roche
de la Selle. Further to the west the boundary is formed by a sedimentary horizon when |
the granite disappears under the Mesozoic cover, whereas to the north and north-west it
is fault bounded against the migmatites of the ridge which runs from behind the Roche de
la Selle down to Lac Lauvitel. The eastern boundary is formed by a zone of mylonite, but
from field relations it is difficult to ascertain whether the mylonite is of granitic i.e.QTBC :
origin or the migmatites of the La Lavey formation which form the eastern slopes of the

valley. Whilst movement on the zone of faulting shows elements of thrusting, the latest
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movements(striations and calcite/quartz mineral growth directions show right lateral
movement in a northerly direction.

In the region of the Belle Cote the QTBC granite is very similar to the southern part,
being a medium-grained slightly porphyritic rock. However, it is slightly more
melanocratic, with a greater abundance of more or less chloritised biotite, especially
within the vicinity of the basic intrusives. Near the contact with the basic dykes the ferro-
magnesian minerals show a preferred orientation of 120°, abutting the contact at an
oblique angle. The reasons for this are not totally clear, it could be argued that if the
granite was not totally solid, but retained a certain plasticity, then this may account for
this localized orientation, although the fact that the form of the intrusions are dykes
indicates that the granite had a certain cohesion at their time of emplacement. This is
born out by the sharp nature of the dyke-granite contact with no signs of mechanical
interaction in the form of mixing.

Two distinct types of basic enclaves or intrusions associated with the QTBC granite have
been identified. The first occurs as quite a large (tens of square metres surface)
enclave, having a roughly ovoid shape and outcropping just to the north and above the
pinnacles of the Quatre Tours. In hand specimen the rock is grey-green in colour, and
has both a fine grained and a medium-grained equigranular facies. The principal minerals
are hornblende and plagioclase feldspar with subordinate potassium feldspar, biotite and
honey-coloured sphene: this is the dioritic type. The second type of basic rock is a
syenite which occurs as small (3-5 metres surface area) enclaves, notably in the cliffs
above and to the east of the Cabin de Valsenestre (Fig 2.1), and along the line of the
VTF(west) in the Vallon, between 2000 and 2400 metres (not shown in Fig. 2.2). Similar

rocks occur as large dyke-like intrusions as in the Combe de Belle Cote (Figs. 2.7,2.8).
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Plate 2.11 Plate 2.12

Plate 2.13 Plate 2.14

Plate 2.15 Plate 2.16

Plate 2.11 The Pinacles of Les Quatre Tours looking towards the east from
Alfrey.

Plate 2.12 Facies containing ovoids from the centre of the largest syenite
dyke, Belle Cote. The ovoids have an actinolite rim, with the
centres being a mixture of biotite, amphibole, feldspar and
opaques.

Plate 2.13 Fine grained granite vein of the Alfrey granite, intruding
country rocks (gneisses), southern contact of the granite.

Plate 2.14 View of the Alfrey granite, here overlain by Mesazoic cover,
Combe de Guyon looking south west.

Plate 2.15 Monzosyenite with a amphibole rich granite, erratic block from
Les Gauchoirs, in the northern part of the Rochail massif.

Plate 2.16 Fractal enclaves of syenite within the granite, La Refuge des
Sources, Rochail massif.
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The dykes are sub vertical with a dip of 62° to 65° to the east (Fig.2.7). Here the rocks
consist mainly of melanocratic syenites, showing a marked schistosity orientated in the
direction 020° and having a dip of 35 to 40° to the east. This is either an Alpine overprint
or might possibly be an original fabric. The mineral assemblage is hornblende, biotite,
plagioclase feldspar, orthoclase feldspar, sphene, apatite and occasional calcite. There
are also less extensive monzo-syenites with a similar mineralogy, but also including large,
(several centimetres), poikolitic potassium feldspar phenocrysts. Towards the centre of
the largest syenite dyke, a thin (1 to 2 metres thick) band of rock containing small ovoid
inclusions occurs (Plate 2.12). These inclusions are aligned with the schistosity and have
a radiating fibrous texture with a 1 to 2 mm border of biotite crystals. De Boisset (1986)
considered these to be pseudomorphs after original olivine, but there is only a small

amount of petrological evidence to support this (citop: Chapter 3).

2.3.3 ALFREY GRANITE

The Alfrey granite takes its name from the high point on the western ridge of the Vallon
de Valsenestre, and has a surface outcrop of approximately 2.5 square kilometres. To the
south and south-west the granite has been intruded into a series of banded gneisses,

biotite schists and migmatite gneisses(Fig. 2.2), and whereas veins of granitic material

-

the existence of pegmatitic material towards the supposed centre of the intrusion would
indicate that the fluid phases remained within the confines of the intrusion.

The granite is overthrust at its eastern extremity by a thin band, (10 to 15 metres thick),
of mylonite/gneiss, (not indicated on Fig. 2.2), which is undoubtedly part of the QTBC
granite as it quickly grades into the QTBC granite, with no apparent contact. To the
north the Alfrey granite is first faulted against, but then disappears under rocks of
Triassic and Liassic age in the Lac Labarre syncline (Barfety and Gidon, 1983)(Fig.
2.5,2.6: Plate 2.14). Three or four kilometres further to the west a number of small
stocks of granitic material have been mapped (with a total surface area of less than 0.5
km?) (A.Pecher pers. comm and 1:50000 BRGM La Mure sheet, 1989.), these are very
similar in appearance and make up to the Alfrey granite,

The Alfrey granite is medium grained, especially in the valley of the Combe Guyon
where, locally, it can be quite dark with the devel;)pment of a biotite-rich facies. Further
towards the east and away from the contact zone the granite becomes porphyritic with
the development of potassium feldspar phenocrysts, up to 2 or 3 cms in length which, in
the region of the Pisse Rousse, show a preferred orientation of N090°. This facies is
quite close to the PRF fault, and this prefered orientation could be evidence that this
fault was active during the emplacement of the Alfrey granite but is most probably a

primary magmatic flow texture, related to an emplacement direction. It is here in the

cut the country rock,(Plate 2.13) no evidence of thermal metamorphism has been centre of the AG, that some small veins of pegmatite appear, indicating that an exsolved

observed. This would therefore indicate that a) the country rock was at, or near, the fluid phase was more prevalent towards the centre of this small intrusion.

temperature of the intruding granite and b) either the fluid phases remained within the The Alfkey promite: differs from the Rechil and QTBO gracites n huving no assoelared

confines of the intrusion or the Alfrey granite was relatively dry. The occurrence of a suite of basic rocks, apart from rare, small, highly altered and rounded xenoliths. These

number of aplitic veins but very little pegmatitic material, within the contact region, and ko, e s, for e mosy-part, oF sl crystals of plagiscluss feldspar sarcounded. by
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small lath-like crystals of chlorite after biotite. As well, the Alfrey granite unlike the

assif des
S“———1Grandes Rousses

QTBC and Ramu granites, shows evidence of its in situ emplacement.

2.3.4 ROCHAIL GRANITE

Lying to the north of the band of migmatitic basement gneisses which form the limit of
the QTBC granite, and to the north and west of Lac Lauvitel is the Rochail granite. This ' SN } _ k ;"‘-é
+ 4+ : S
is a large pluton with a surface area of greater than 30 square kilometres (Fig 2.9). This ++ ++ ++ _ ) ++ — =
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granite has suffered some late tectonic deformation with the development of normal and
strike-slip faulting in a general east-west direction. Small cataclastic shear zones are also Syenite
developed within the granite, and the accompanying mylonites and chloritization are 7 n‘
//A Monzoseynite |

typical of Alpine deformation.

=

Z,

(after T. de Boisset,1986)
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Lauvitel and Les Gauchiors (indicated on Fig. 2.2 and fig. 2.10), but do not attain the

same dimensions as those found in the Belle Cote, although a fair amount of the material

is to be found in the major rock fall which blocks the valley and makes the natural dam

Figure 2.11 |
\

Detailed map of the syenite intrusion at the |
Cascade de Lauvitel

for Lac Lauvitel, The intrusion at the Cascade de Lauvitel is some tens of square metres
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at outcrop and contains two different facies, these are detailed in Figure 2.11. The centre
of the intrusion consists of a dark melanocratic, coarse grained, hornblende and biotite
rich syenite, whereas the outer edge (2-5 metres thick) consists of a lighter coloured
monzo-syenite with large (up to several cms) potassium feldspar crystals, poikolitically
enclosing both amphiboles and biotites. As well, the monzo-syenite contains a number of
enclaves or autoliths of the darker central syenite, and a number of granitic enclaves.
The contact between the syenite and monzo-syenite is sharp, as is the contact between
monzosyenite and granite (Plate 2.17 and 2.18). The intrusion at Les Gauchoirs is in the
form of a dyke trending slightly west of north, the facies being very similar to those at
the Cascade with the exception that no enclaves were seen.

Finally, in the south, at the south west corner of Lac  Lauvitel, close to the faulted
contact with the gneisses, a 4 to 5 metre wide lamprophyric dyke, trending N 040°, has
intruded the granite. This is in all respects similar to the lamprophyres observed within

the Ramu granite, and elsewhere in the ECMs.
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2.4 DESCRIPTION OF THE METAMORPHIC ROCKS

Here the metamorphic rocks considered are those of the basement, with a probable pre-
Cambrian to Lower Proterozoic age.(See Chap. 1, Von Raumer, 1984, Menot et al,

1990)

2.4.1. SOUTH OF THE CLAPIER DU PEYRON SIGNAL DE LAUVITEL
RIDGE

East of the Muzelle thrust fault the metamorphic rocks of this field area form the north-
westward extension of the "Series Corticales" of the Haut Dauphiné. This series has been
described by Termier (1901) and Le Fort (1973), while Le Fort (1971) and Bartoli
(1973), gave detail on the principal formation of this series in the type locality, i.e. the
valley of Le Lavey, where a  thick sequence of acid migmatites interleaved with
occasional but persistent horizons of amphibolitic gneisses occurs. These amphibolites, in
turn, contain occasional but non persistent bands of marble or 'CIPOLIN'. The Series
Corticales have been interpreted (LeFort, 1973) as a volcano-sedimentary sequence
which has suffered at least two episodes of metamorphism and deformation. Hence these
rocks can be interpreted as belonging to the Al formations of Upper Proterozoic to
Lower Paleozoic age (Chap. 1). As a minor point of interest, in the past the marbles have
been commercially exploited (Carriére des Combes above Valsenestre: Barffety et al.,
1989). Beneath the QTBC granite in the Beranger valley(bottom centre of Fig.2.2) is a
small outcrop of this same series, thrust fault bounded above by the granite, and in the

west, normally faulted against a small slice of Mesozoic rocks.
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South of the Alfrey granite and forming the cliffs which dominate the village of

Valsenestre (Plate 2.19), is a series of undifferentiated banded gneisses intercalated with

more or less persistent horizons of biotite schist. A relatively thick (45 m) band of

i i f the Combe
amphibolites occurs to the west of the point of Le Peys in the valley o

Guyon (South Western corner of Fig.2.2), they show a complex deformation history with

folds of both metric and centemetric wavelength (Plate 2.20). These amphibolites

continue beneath the granite of Le Chalp on the south side of the Beranger valley (not
shown on Fig. 2.2), but nowhere do these amphibolitic horizons achieve the same

b g s
thickness or persistence as those outcropping in the La Lavey valley to the east of thi

region (Termier, 1901; Le Fort, 1973; Bartoli, 1973).

Lying above the amphibolite gneiss formation is a series of acid migmatite gneisses. The
foliation in the acidic gneisses is made up of alternating bands of quartz plus feldspar
with bands of amphibole and biotite. Frequent pods of folded granitic material occur, up
to 2 metres in length, indicating that at one stage in their history these rocks had
probably approached their fusion temperature. (Plate 2.21)

It is difficult to decide on mineralogical grounds whether or not this acid series can be

correlated with the La Lavey gneisses or whether they are lower down in the sequence.

However from structural data this would appear to be the case.

4.2.2.2NORTH OF THE CLAPIER DU PEYRON-SIGNAL DE LAUVITEL

RIDGE

In the northern sector in the Lauvitel Valley, the ridge running from behind the Roche de

la Selle eastwards to the southern end of Lac Lauvitel (Fig. 2.1) consists of a series of

2.28

well amphibolitic banded gneisses. These show evidence of several phases of ductile
deformation, in the form of refolded isoclinal folds. In general they are darker and more
amphibolitic in nature than the acid gneisses which outcrop on the other side of the valley
in the north eastern sector, but their relationship is not clear,

The leucosomes are made up essentially of quartz and potassium feldspar with occasional
chlorite after biotite. The melanocratic layers consist of fine-grained biotite with
subordinate amphibole, finely layered with occasional large crystals of plagioclase
feldspar that show good deformation shadows, and rare broken and corroded garnet.

The gneisses which outcrop to the east of Lac Lauvitel and run southward under the
Tete de 1a Muraillette, and over which the Ramu granite has been partially thrust, consist
of a thick (at least 2 kms) and monotonous series of more or less migmatised acid
gneisses. The development of quite extensive leucosomes, which frequently cross cut the
schistosity, indicates a high P-T regime. They are very similar in many respects to the
acid gneisses found to the south of the Alfrey granite (Fig. 2.2). The only difference is
that in the north, alteration is well developed, with almost total chloritization of the
ferro-magnesian minerals, and white mica is extensively developed at the expense of
plagioclase feldspar. Deformation consists of a complex system of small scale folds
(metre scale) and two foliations, one penetrative and concordant with the axial planes of
the folding, whereas the second cuts across the first and is not penetrative. Again from
the structural relationships these acid gneisses which form the base of the La Lavey
formation appear to be higher in the sequence than the more amphibolitic gneisses as
overthrusting is from the east. Stratigraphically, this makes sense in the context of an

Upper Proterozoic volcanic arc.
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Plate 2.17 Contact between the syenite facies (51) and the monzosyenite
facies (02), Cascade de Lauvitel, southern part of the Rochail
massif.

Plate 2.18 Contact between the Rochail granite (y) and monzosyenite (02),
Cascade de Lauvitel, southern part of the Rochail massif. (Note
the aplite viens cross cutting the granite, but not themonzo-
syenite, an indication that the granite was already in a solid
state at the time of the intrusion of the basic rocks.

Plate 2.19 Undifferentiated gneisses and schists. Cliffs above the Village of
Valsenestre.

Plate 2.20 Folded and tilted amphibolite gneisses, Combe du Guyon.

Plate 2.21 Folded granitic leucosomes in acid gneisses, 100 metres above
plate 2.20, Combe du Guyon.
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Plate 2.17 Plate 2.18

Plate 2.19 Plate 2.20
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2.5 SEDIMENTARY COVER

Towards the end of the Carboniferous period this part of the Western Alps, became
subject to deposition of sediments within a series of basins. Vestiges of rocks of
Carboniferous and Permian age are found both to the west, where coal-bearing strata of
Westphalian D or Stephanian age occur at La Mure (Sarrot-Reynauld, 1961,1963), and
in the north where a thin band of mainly sedimentary rocks of Carboniferous age ,
including some acid volcanics (Lameyre, 1958), runs down the eastern side of the
Grandes Rousse massif to terminate in the valley of La Lavey. These rocks have suffered
Alpine deformation and metamorphism, and remain as small slices pinched in the Alpine
fault system.

During late Permian and early Triassic times the region was involved in distension,
peripheral to the opening of what would become the Tethyan ocean. This event was
marked by the extrusion of thick sequences of basic spilitic volcanics (Vatin-Perignon et
al., 1974,1977; Buffef and Aumaitre, 1973; Buffet, 1981; Adeline, 1982). It is probable
that at least some of the lamprophyric veins which cut the basement where associated
with this volcanism.

This period was followed by one of deposition in a series of ensialic basins and finally, in
shelf sea and shallow oceanic conditions during Liassic times and onwards. At some later
time the deposition of sediments ceased when the closure of the Tethyan ocean was in
full spate, and the region was again involved in uplift and deformation. The first evidence
of this is an increase in temperature, determined by Rb/Sr and K/Ar measurements, with

a marked metamorphic event at 152+/-12 Ma (Vittoz et al., 1987, opcit, Chapter 5),
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undergone polymetamorphism. These volcano-sediments have subsequently been
Subsequent deformation during Alpine metamorphic events has given a

intruded by a series of granitic rocks associated with a small suite of basic dykes and 1t
retrometamorphic ~ overprint, especially close to the major fracture zones

intrusions during Variscan times. Rb/Sr and K/Ar dates range from 340 Ma to 310 Ma ||
(Demeulmeester, 1982), whereas the Mesazoic cover has suffered intense deformation { J

(Demeulmeester, 1982: Vivier unpublished data and this thesis). During this period, syn- |18
and mild metamorphism (slate grade). ' ‘ |

tectonic thrusting and possible strike slip movement have affected the region, and the

major result of this deformation has been the creation of mylonitic zones often along the | ‘
boundaries of allocthonous granite massifs. Following this period, the area suffered ‘ .
erosion (no evidence for deposition of Upper Carboniferous to Lower Permian

|

sediments in this region has been found, although these do exist to the west and further

north) and evidence of eroded surfaces in the Alfrey granite, which appears to be in situ

exists (Plate 2.14). This period was followed by crustal extension, and the deposition of

quite thick sequences of Lower Mesozoic sediments.

This period was then followed by one of severe crustal shortening, with thrusting from |

the east, which has led to the failure of the crystalline basement, essentially along existing ‘

lines of weakness, and the development of a series of thrust faults, which have resulted

in the creation of a series of thrust sheets (Butler et al., 1986).(Fig 2.12) ‘

Within the field area this has resulted in the overthrusting of the Ramu granite over the |

QTBC granite which has in turn been overthrust onto the Alfrey granite. Field

relationships do not unequivocally demonstrate that this type of deformation was |
\
unique to the Alpine orogenic event. On the contrary it is probable that some of the |

observed deformation, in the form of strike-slip tectonics, was coeval with the

emplacement of the intrusives, resulting in the creation of mylonitic zones in late ;\

Variscan times. ‘
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CHAPTER 3

PETROLOGY AND MINERAL CHEMISTRY OF THE INTRUSIVE ROCKS

3.1 INTRODUCTION

The intrusive rocks of the Valsenestre region can be divided into two major types. The first,
and in terms of surface outcrop and volume, the most important, are the granitic rocks.
The second is a series of basic rocks which range from 49% SiO5 to more intermediate
varieties at 58% SiOp. Termier (1980), who first described these rocks from an outcrop
on the western side of Lac Lauvitel, called them syenites, whilst rocks, having somewhat
similar mineralogy, chemistry and textures, have been described from the Massif Central
(Lacroix, 1917; Couturie, 1977; Michon, 1979; Bellanger, 1980; Sabatier, 1980,1984) and
been given the name of Vaugnerites after the village in the region of the Lyonnais where they
were first described (Lacroix, 1917 ). (Vaugnerite; A dyke rock consisting of major

amounts of biotite, pyroxene, hornblende and plagioclase feldspar with a little orthoclase; Le

Maitre, 1989; Michon, 1979)

Similar rocks from the Vosges (Pagel and Leterrier, 1980; Pagel, 1981; Andre, 1983 for
the Ballons pluton; and Hameurt,19§8; Gagny, 1968; Fluck, 1980; Pagel, 1981 for the
Cretes pluton) have been called durbachites. (Durbachite: fine to medium-grained melan-
ocratic variety of syenite consisting of large flakes of biotite with homblende and
megacrysts of orthoclase in a groundmass of oligoclase and a little quartz.(Le Maitre, 1989).
In fact the basic rocks of the QTBC-Rochail complex vary in composition, and whilst
mineralogically they cannot be classified as vaugnerites, lacking pyroxene, they are also

somewhat different chemically from durbachites. Following the classification of Streckeisen
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TEXTURE

The granite is generally a medium-grained leucocratic granite, with essential muscovite
and subordinate biotite, usually chloritised. From time to time a coarser grained facies
appears, this facies being characterised by the almost total absence of biotite/chlorite and

the presence of very large (millemetric in size) crystals of muscovite Plate 3.1a.

PLATE 3.1a Photomicrograph of large muscovite crystals in the coarse grained facies,

Ramu granite.

(Crossed polarised light)

MINERALOGY

Plagioclase

Plagioclase feldspar, which makes up 34% of the rock, generally forms good euhedral
crystals, frequently showing zoning, with the more calcium-rich bands being picked out by
sericite. From time to time the edges show destabilisation textures with embayments and
lobing especially when in contact with potassium feldspar. Small half digested crystals
are sometimes found in the centre of potassium feldspar (Plate.3.1b) indicating the late growth

of this mineral. The plagioclase is in general an oligoclase varying from An 12 to An 18.

Plate 3.1b Photomicrograph of péikolitic potassium feldspar with ingested, orientated
plagioclase feldspar, Ramu granite.

(Crossed polarised light)

Potassium feldspar

This occurs either a) as relatively rare, large crystals of perthite having a pdikolitic texture and
containing half digested crystals of plagioclase, with more rarely, small crystals of
muscovite and occasional small laths and crystals of apatite or b) more normally, smaller
euhedral crystals of microcline. Where the perthite is in contact with plagioclase, textures
showing the destabilisation of the later are present. = The Ilobes formed by this
destabilisation show myrmekitic textures (Plate 3.1c) indicating that the two crystals were
not in  equilibrium. rI-‘his would suggest either a low temperature and probable shallow
depth of crystallisation for this granite, or alternatively a sub-solidus re-equilibration.

Modally K-feldspar represents from 25 to 30% of the total.

Muscovite

This mineral occurs as small elongated laths, (e.g. Plate 3.2) within the finer-grained
textured facies, sometimes associated with biotite, which has generally been altered to
chlorite. Often the muscovite shows deformation with kinking and necking into  interstitial

positions, indicating its relative early formation.(with respect to K-feldspar and quartz). If it
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Figure 3.3 A) Phase diagram for a muscovite bearing granite, for pressures up to
15kbar. Based on experimental data. . .
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estimated P -T conditions for high grade metamorphism. From this it can be
seen that the Ramu granite could have been generated from rocks as high as
10 km crustal depth.

(Figures from Wylie, 1983) 3.6

Plate 3. lc¢ Photomicrograph showing myrmakitic textures between feldspars, the
coloured mineral in the centre is chlorite after biotite, Ramu granite.

(Crossed polarised light)

is a primary mineral, then the temperature of crystallisation must have exceeded 700°C at
greater than 1.5 kbar (Deer, Howie and Zussman, 1960). These conditions can be
obtained at relatively shallow depth (Wylie, 1983) Fig. 3.3 and may be considered as
further evidence of the high level origins for this anatexic granite. In the coarser grained facies
muscovite occurs as large (millimetre size) well formed crystals Plate. 3.1a, these tend to
cut and infill fissures in the plagioclase whilst at the same time fissures in the muscovite

are infilled by perthitic potassium feldspar.

Quartz

Quartz is the most abundant mineral (up to 40%) and generally takes up interstitial
positions indicating its late development. It quite often shows signs of tectonic deformation
with well developed mortar textures especially in the medium-grained facies. Larger
but interstitial crystals in the coarser-grained facies show undulose extinction indicating their

growth under conditions of strain (crystallisation during emplacement or re-crystallisation

during later deformation?).




Summary and Conclusions

The Ramu granite both from its texture and mineralogy lends itself to the hypothesis of a

high level anatexic granite, but formed under conditions where P> 1.5 kb and T= 700°C. The
probable order of crystallisation is plagioclase, perthitic potassium feldspar and muscovite
together with apatite and finally quartz (Table 3.1). The close association of the granite

with the acid gneisses of the westward extension of the La Lavey formation and especially

the fact that half digested gneissic blocks are quite frequent, indicates the possible source

rock for this anatexic end product.
Plate 3. 2 Photomicrograph of the fine grained facies of the Ramu granite showing the

interstitial lath-like habit of muscovite.
(Crossed polarised light)

3.3 THE QUATRE TOURS/BELLE COTE GRANITE
Minor phases

Apatite occurs as rare small crystals and laths in association with potassium feldspar. The granite forms an elongate slice from the pinnacles of the Quatre tours in the Vallon de

Rare zircons. with metamict centres are associated with muscovite, these could be inferred as Valsenstre in the south to the northern contact with basement gneisses in the Lauvitel valley

being relicts from the source rocks, but late stage crystallisation from post-magmatic (Fig 2.2 and 3.2). The QTBC granite shows some variation in texture over its length, and

fluids or eventual tectonic processes can not be ruled out, although this later hypothesis is has a number of associated basic dykes and enclaves of both syenite and diorite. In the

sompvihat fragile: s o Bvidence of Kigh poade metamorphism has  been found in this north, small veins of granite were observed cutting the gneisses in the western wall of the

_ valley, at point 1 on Fig. 3.4. Subsequent geochemical analysis shows that these veins are
granite.

- very similar to the main body and are probably part of it.

CRYSTALLISATION SEQUENCE

--------------------------------------------------------------------------------------------------- TEXTURE
Plagioclase = -------=-=-mmmmmmmmooommommmmommommm e
Il\)/?gjctiite e To the south and east, close to the contact with the basement rocks, the QTBC granite
Microcline . TTTTTTTTT is afine to medium grained equi-granular rock, showing a marked lineation of the ferro-
gﬁzﬁe _____________________________________ magnesian minerals close to the faulted contact with rocks of Liassic age, further north
Quartz ______W“__“___‘_ and west however the granite becomes much coarser grained, eventually becoming
a liquid erymilmmeh q—ua31_sc_>hd quite porphyritic in texture. At the highest point of the granite, to the west of the Breche de
Tal;l;:?,lP;)smblesec-[uenC;(;f crystalhsatlonforthe Ramu granite | Valsenestre the granite is cut by a number of veins of pegmatite, which contain small E
crystals of topaz and large crystals of early formed apatite . Aplites also occur, cross cutting |
' '1
3-8 |




Figure 3.4 Sketch map of the northern part of the Quatre Tours/Belle Cote
and the Rochail granite.
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the granite and pegmatites. This would seem to indicate that the granite was fairly wet at least
in its final stages of cooling.

The granite north of the PCP-SL ridge is a medium grained iso-granaular rock, with
occasional phenocrysts of potassium feldspar, generally showing no preferred orientation.
However the QTBC does show from time to time a marked lineation especially of the ferro-
magnesian minerals. Here it has suffered a greater degree of relatively low temperature (i.e.
Alpine) deformation, than - that at the northern end of the valley, and this is reflected in
the cataclastic nature of certain of the minerals e.g. potassium feldspar and more especially
quartz which shows up microscopically in small shear zones with well developed mortar
textures. These cataclastic textures tend to be particularly well developed adjacent to
the thrust faults. Towards the northem end of the valley the grain size becomes
progressively smaller and the phenocryst phase dies out all together. This may be a reason
for the relative reduction in cataclastic textures, as the finer grained rock, being mechanically
stronger will have better resisted tectonic forces. Ferro-magnesian minerals, biotite and
chlorite after biotite, when close to fracture zones, show lineations, perpendicular to the fault
plane, which may indicate that tectonic deformation was in progress during the emplacement of

the granite.

MINERALOGY.
Due to the differences observed between the northern and southern parts of this granite,
a separate mineralogical description has been made for the two halves.

1. QTBC North of the PCP-SL ridge
Plagioclase Feldspar

Plagioclase is well represented and is often the most abundant mineral (modal 35-40%).
Crystals tend to be well formed (Plate 3. 3) and euhedral, indicating a facility of growth
during their crystallisation. The plagioclase which is an Oligoclase (An 15 to An 20)




Plate 3. 3 Photomicrograph showing zoned plagioclase feldspar, QTBC granite.

(Crossed polarised light)
frequently shows marked destabilisation textures with the formation of myrmekitic edges and
a relatively strong degree of sericitisation. The formation of calcite in the centres of some
crystals, may indicate the more basic nature of the early liquid or alternatively may be an
indication of late stage CO. rich hydrothermal activity, although there is little other
evidence of this.
Biotite
The majority of the biotite crystals (modal 3-5%), (which show extensive  chloritization),
have been squeezed into interstitial positions. The microscopic structure suggests the
crystallisation of biotite associated with apatite and zircon, just before or perhaps
contemporaneously with the potassium feldspar. This could explain the interstitial nature
of the biotite crystals (Fig. 3.5) This is however petrologically and mineralogically difficult
to envisage, and a more feasible explanation would be that the fast crystallisation of the
potassium feldspar, whilst the granite was undergoing deformation during the later stages of
crystallisation, has pushed the biotite crystals, which are relatively easy to deform, into these
interstitial positions, this is born out by; a) where the rock is relatively free of K feldspar, the
biotite remains undeformed and b) both biotite and plagioclase show kinking whilst quartz has

well developed undulose extinction.

Kf = Potassium feldspar Pl = Plagioclase feldspar Bi = Biotite Ap = Apatite
Q = Quartz

Figure 3.5 Detail from a photomicrograph from the Quatre/Tours Belle Cote granite.
(Northern Section).

Potassium Feldspar

Potassium feldspar (modal: 25-30%) is 85-90% Orthoclase and appears to be relatively late '
forming, probably coeval or just after biotite. It has generally a poikolitic texture with small |
crystals of plagioclase being trapped inside (Plate 3. 4.). Phenocrysts, found in the more

porphyritic variety, is generally perthitic and twinning is common. Microcline (10-15%) is .

usually very late, forming small sub-euhedral crystals associated with quartz.

3-13




Plate 3. 4 Photomicrograph of pdikolitic potassium feldspar from the QTBC granite.

(Crossed polarised light)

Quartz

Quartz (modal: 25-30%) is late stage and forms small interlocking crystals which show
undulose extinction. Again this can be taken as an indication of the formation of this mineral
under conditions of strain, which are undoubtedly due to the lack of room to grow in a crystal
mush which is forcing its way into position in the surrounding country rocks.

Minor Phases

Apatite, Zircon and rare sphene are early forming minor phase minerals and are frequently

found associated with and incorporated into later forming biotite.

CRYSTALLISATION SEQUENCE

Apatite =

Zircon = mmmmmmms

Pligiadlase === == = —eeeeseeseecbmesmess
Biotite
Perthitic Orthose -
Microcline

Quartz

Phase liquid crystal mush quasi solid

Table 3.2 Sequence of crystallisation for the QTBC granite (North)
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2. Granite south of the PCP-SL ridge.

Although this is the same granite intrusion as that found north of the PCP-SL ridge it does
have some notable differences which distinguish it from the later. It is bounded both above and
below by thrust faults (VIF and Pisse Rousse) and has the Ramu granite thrust over it.
Enclaves of syenitic material do occur, but it also contains enclaves of dioritic material.
Further the granite develops a much more porphyritic texture than that north of the PCP-SL
ridge. Both pegmatitic and aplitic veins occur whilst structurally it is somewhat more
complex, having suffered major thrust faulting and shear deformation, It also appears to have
been more affected by chloritization, undoubtedly due to the greater amount of brittle

deformation during the Alpine event.

MINERALOGY
Plagioclase feldspar

This occurs as small, generally euhedral crystals, with a greater range of An values, from
an oligoclase at An 20 to andesine at An 32 and is slightly more abundant (modal: 40-45%)
than the northern sector. The plagioclase shows fairly extensive alteration to sericite, zoning
of crystals is quite common and the sericite has often preferentially altered one or more zones
within the crystal. Kinking of the albite twinning lamella is also common, indicating a strain

regime during crystallisation.
Biotite

Biotite (modal: 3-5%), where it is relatively fresh forms small blebs but with no apparent
alignment of the crystals except in the south east close to the faulting of the granite against
the Mesozoic rocks (Fig. 2.2). However the degree of chloritization appears to be much
more pronounced south of the ridge. This can be explained by the much greater degree of
tectonic activity in the form of thrusting and faulting, bringing greater movements of

oxidising fluids. Whilst some of this chloritization is certainly due to circulation of fluids

3-15
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during Alpine movement, the hypothesis for late magmatic alteration cannot be
excluded, as other similar granites, (Rochail:(Buffiere, 1963; de Boisset, 1986)
Peta rel:(Le Fort, 1973) within the Haute Dauphine, show the same type of alteration,

but have not suffered the same degree of tectonic deformation as the QTBC.

Potassium Feldspar

Potassium feldspar (modal: 20-25%) is 90-95% Orthoclase and again appears to be
relatively late forming, probably also coeval or just after biotite. It has generally the
same poikilitic texture as that north of the PCP-SL ridge. Phenocrysts are more common and
somewhat larger, perthitic and twinning is again common. Microcline (5-10%) is usually

very late, forming small sub-euhedral crystals associated with quartz.

Quartz

Quartz both modally (25-30%) and petrologically shows little difference from that north of
the PCP-SL ridge, with the exception that mortar textures in small microscopic shear zones

are more prevalent.
Minor phases

Zircon and apatite are again early forming minor phases with zircon being more abundant than
further north of the ridge, both these minerals are generally found as inclusions in biotite
although apatite as small laths and rounded inclusions also occurs in potassium feldspar.
Sphene appears to be much less prevalent. Occasional monazite occurs as well developed

crystals, but with fracturing and destabilisation along the crack boundaries (Plate 3.5).

Pegmatites and Aplites

Aplite veins which occur throughout the granite are generally quite small, up to some
tens of cms in width, and cross cut the granite but without a preferred direction. They do tend
to become more abundant in the region of the Breche de Valsenestre where they are
associated with veins of pegmatite. The texture is very fine grained and the mineralogy is

similar to that of the main body of the granite, with the exception, that plagioclase is less

3-16

Plate 3. 5 Photomicrograph showing a large (0.5mm) monazite crystal in orthoclase
feldspar. The crystal shows evidence of de-stabilisation and leaching, QTBC

granite. (Southern Section).

abundant and biotite is virtually absent. The pegmatites which crop out at the Breche are

composed of large crystals of potassium feldspar (70%), quartz and albite intergrown,

together with apatite and rare topaz and cordierite.

CRYSTALLISATION SEQUENCE

Apatite

Zircon S et

Plagioclase @~ = = ;e

Biotite . saiseos

Perthitic Orthose
Microcline
Quartz
Monazite ?

Table 3.3 Sequence of crystallisation for the QTBC granite (South).

Summary and Conclusions

The QTBC granite complex consists of an elongate slice of rock, mainly granite in

composition, but with important associated basic rocks, described later in this chapter,
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of syenitic and dioritic composition. The mingralogy is typical of a monzonitic type granite (de
la Roche and Stussi, 1982; Barfety et al., 1989). The sequence of crystallisation shows
some small differences between north and south and resumes are given in Tables 3.2 and
3.3.. DeBoisset (1986) thought that the QTBC granite formed part of the Rochail granite
massif which lies just to the north, and is similar in appearance and chemistry. He thought
however, that the "main body" may have had a more complex crystallisation history than the
QTBC granite. He based this on observations, where quartz instead of being interstitial, as is
the case for the QTBC, was a much earlier forming mineral, being anhedral and haloed by
potassium feldspar. No evidence of this type of texture has been seen in the Quatre Tours
granite, and further, the presence of cordierite and topaz in the pegmatitic phases would tend
to place the QTBC granite in a similar category as the cordierite bearing granites which lie

further towards the centre of the Haute Dauphine i.e. the Cretes granite (Pecher, 1973).

3.4 ALFREY GRANITE

The Alfrey granite forms a small elliptical shaped outcrop to the south of Lac Labarre (Fig.2.2
and 3.2). It has the merit of having a partially preserved intrusive contact with the surrounding
basement rocks. The Alfrey granite is separated from the Quatre Tours granite by the
Pisse Rousse fault, and is apparently in-situ. This is demonstrated by the normal intrusive
contact with the country rock gneisses lyingto the south and south-west, into which it has
been intruded. Further, no large thrust faults have been mapped to the west (Carte de La
France: 1:50000, La Mure, 1989). In the east it consists of a medium-grained porphyritic
granite, with the K feldspar phenocrysts showing a preferred orientation. The ferro-
magnesian mineral is biotite; muscovite occurs as a secondary mineral usually in zones
of high deformation, generally replacing plagioclase feldspar. Towards the western extremity
of the intrusion the porphyritic tendency diminishes and the quantity of biotite increases,
associated with quite large (Y4mm size) crystals of monazite as an accessory phase. This
increase in biotite is accompanied by a decrease in quartz content, and quartz grains become

much less interstitial in character.
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MINERALOGY

Plagioclase Feldspar

Plagioclase feldspar generally consists of well-formed euhedral crystals, but with two
distinct generations. The first consists of quite fresh andesine (An 32) which shows both
albite and Carlsbad twinning. This accounts for about half of the total plagioclase. From time
to time a zonation of these crystals can be observed, the zoning being picked out by small
inclusions. The second is an oligoclase (An 15-25) which shows heavy alteration
essentially to sericite. This would indicate two separate phases of crystallisation, the first
being in a slightly more calcic environment than the second. This duality dies out towards the
centre of the intrusion and the amount of potassium feldspar increases, all the plagioclase

being an oligoclase in the porphyritic facies.
Biotite

Biotite makes up approximately 5% of the Alfrey granite and is generally more or less

chloritised.

Plate 3. 6 Photomicrograph showing altered biotite with the development of acicular
crystals of rutile as replacement minerals. Equigranular apatite and zircons are also
present, Alfrey granite. (Plane polarised light)




In the biotite-rich facies, found to the south and west of the intrusion, the biotite forms good
euhedral crystals although chloritization is pervasive. Apatite ,zircon and monazite are
common inclusions together with fine shards of iron oxides and needles of rutile (Plate 3.6),
a good indication that there was at some stage a circulation of high temperature fluids.
Well developed crystals of muscovite are also associated with the biotite. Modally the biotite
forms about 10%-15% of this darker facies. Further east in the porphyritic facies,
chloritization is complete and the biotite has a tendency to be interstitial. As has been
described for the QTBC granite (Section 3.3) biotite shows signs of deformation, quite
often being draped around the phenocrysts of potassium feldspar.

Muscovite

This mineral appears in three forms. The first is a primary forming mineral associated with
biotite in darker facies of the intrusion. Secondly, it sometimes appears as small interstitial
laths between crystals of Andesine plagioclase in the non-porphyritic facies. The third
form is as sericite in the alteration of plagioclase this phenomenon being pervasive

throughout the granite. This again seems to indicate that late stage hydrothermal fluids have

affected this granite.

Potassium Feldspar

In the non-porphyritic facies, potassium feldspar occurs as anhedral crystals of perthitic
orthoclase or more rarely as microcline, which is much smaller and sometimes interstitial in
character. Traversing to the eastern end of the intrusion, largish (up to 3cm long)
phenocrysts of perthitic K-feldspar make their appearance. These are generally poikolitic in
texture, enclosing small crystals of plagioclase and chlorite. Carlsbad twinning is prevalent
and the probable late stage growth of these crystals is evidenced by the fact that chlorite after

biotite is deformed around the phenocrysts, alternatively this could be a deformation texture.

Quartz

Quartz is variable in character and modal quantity depending on the position within the
intrusion, varying from 20-25% in the rim facies to 30-35% in the porhpyritic facies. In the

B e

east, close to the faulted contact with the QTBC granite, quartz often occurs as small
interstitial crystals, some times with sub-rounded edges, and showing undulose extinction
patterns. It also occurs in micro shear-zones with well developed mortar textures. Further
to the west, but still in the porphyritic facies, quartz tends to occur as small to medium
automorphic crystals interstitial between potassium and plagioclase feldspar. This habit is also
present in the biotite rich facies but here a second habit exists, with euhedral crystals
sometimes showing basal hexagonal sections. This could indicate that at least some of the
quartz is a primary and possibly early forming mineral in this particular facies. More likely
this could indicate secondary growth of quartz from hydrothermal fluids. This second
hypothesis fits well with the growth of muscovite and the destabilisation of Ti rich biotite.

Minor Phases

The minor phases consist of apatite and zircon, which are early forming, associated with
and incorporated into later forming biotite, and monazite which forms quite well developed
although fractured crystals. They are associated with biotite/chlorite and plagioclase
feldspar, often within the matrix of the feldspar but also in interstitial positions between the
feldspar crystals and biotite. Thorite is a very rare minor phase in the biotite-rich facies,
forming small well shaped crystals having a good cubic shape. Strangely sphene was not

observed, but its absence may be due to the biotite being Ti rich.

CRYSTALLISATION SEQUENCE

Monazite @ === mmmmceeccceee-

Plagioglage @ = = =0z  osscseseiensmmmmrmemmmmn
Biotite

Perthitic Orthoclase
Microcline
Muscovite (Possible secondary mineral) ~ -------
Quartz idem e

|




Summary and conclusions

The Alfrey granite shows a more varied cooling and post magmatic history than either the
QTBC or Ramu granites and a possible sequence of crystallisation is given in Table 3.3.
Whilst the case for two magmas cannot be entirely excluded, no evidence to support this
was seen in the field. It can be seen from petrographic evidence that there are distinct
facies changes within the body, from a slightly more basic non-porphyritic character at
the western edge grading into a porphyritic granite at what was most probably the centre of
this small granitic stock. The presence of four or five smaller intrusions, further to the
west, (A.Pecher, personnel communication), would seem to indicate that the Alfrey granite is

one of number of small stocks representing a larger and deeper lying batholith.

3.5 ROCHAIL GRANITE

As has been stated the Rochail granite is a fairly large batholith, covering an area of more
than 30 km2 (de Boisset T., 1986). A small part of this granite crops out in the study region
(Fig. 3.4) and this account deals only with this part.

TEXTURE
The granite is generally a fine to medium-grained grey/green coloured granite, biotite is
usually chloritised. It is normally homogenous and iso-granular, but locally may be affected
by a schistosity with alignment of the chloritised biotite. Close to the syenite enclaves of La

Gauchoire a facies with light green amphibole and biotite occurs but is never more than a

metre wide,

MINERALOGY

Plagioclase

Plagioclase feldspar, in the form of oligoclase (Anl5), makes up to 45% of the rock and
generally forms good euhedral crystals. Very little zonation of the feldspar was observed.

Frequently the edges of crystals show destabilisation and disequilibrium textures with
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embayments, lobing and myrmekitic textures, especially when in contact with potassium

feldspar. Alteration, in the form of sericite, is prevalent.
Biotite

Biotite is not more than 5% of the rock and is more or less chloritised, and contains zircon,
numerous crystals and laths of apatite as well as fairly numerous opaque oxides. When biotite
is associated with large amounts of potassium feldspar, it shows deformation textures and
takes up an interstitial position. This can be attributed to the fast growth of the K-feldspar

in a crystal rich environment.
Potassium feldspar

Potassium feldspar makes up 20-25% of the rock and is mostly perthitic orthoclase with a
little, (10% of the mineral) microcline. Occasionally observed with a rim of albite it is
often poikolitic with small crystals of plagioclase aligned along growth fronts. That it grew as a
relatively late stage mineral is demonstrated by the way in which it has pushed biotite into

interstitial positions.

Quartz

Quartz makes up 25-30% of the rock and generally takes the form of small interlocking
crystals in interstitial positions indicating its late development. However, occasionally
small quite well formed crystals of quartz are found included in crystals of potassium
feldspar, indicating that at least some quartz had formed before the formation of the K-

feldspar.
Minor phases

Apatite occurs as small crystals and laths in association with biotite. Zircons generally with
radiation halos are also associated with this mineral. Opaque oxides, usually hematite and

pyrite are relatively abundant.




CRYSTALLISATION SEQUENCE

Fiwon - 209090909092 imemmooesesemeens
opaque Oxides -
Plapiodlase =~ = = = e tsiesindmmssecsuesons
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Perthitic Orthoclase

Table 3.4 Possible sequence of crystallisation for the Rochail granite

Summary and Conclusions

The Rochail granite, in the part studied, is a fine to medium grained granite, somewhat
darker in hand specimen than either of the other granites within the sector, due mainly to
the darker colour of the plagioclase feldspar. This darkening is caused by alteration, probably
by the late stage circulation of hydrothermal fluids which have led to the chloritization of the
biotite and seritization of the plagioclase. Demeulemeester, 1982 dated this late event to the
late Variscan at 293 Ma (K/Ar ages from biotites). The mineralogy resembles that of the

QTBC, but does not appear to have the same variety of textures, perhaps indicating a faster

cooling history.

3.6 BELLE COTE SYENITE

The Belle Cote syenite occurs as a relatively large intrusion (> 0.5km? surface area) for
this type of basic material, within this context, and consists of a series of dykes, running
roughly north south (Figures 3.2 and 3.4). The dykes are fairly massive having widths which
vary between 30 and 80 meters, and lengths of some hundreds of meters. They are
everywhere in contact with the granite, except to the north, where they have been truncated
by a series of en-echelon faults. The contacts show little evidence of chilled textures, SO
it would appear that the dykes were probably injected into a granite which was still very

hot and was in all probability a fairly dense crystal mush. No real evidence of magma mixing
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Figure 3. 6 Detail of an ovoid from the central part of the Middle syenite dyke, Belle
Cote, showing fine grained intermingled amphibole and biotite. Note the alignment of

the amphiboles with the long axis of the ovoid. (Drawing after de Boisset, 1986).

Plate 3.7 Photomicrograph of a large poikolitic potassium feldspar crystal, Belle Cote

syenite. (Crossed polarised light).
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has been observed in the field, but further north within the Rochail granite (de Boisset 1986,
Vittoz 1987), rocks having very much the same appearance and chemistry appear as fractal
enclaves having been broken and invaded by the granite that was still liquid, and here there is
evidence of mechanical mixing of the two magmas. Other outcrops of syenite within the

QTBC granite, appear as angular blocks and panels, when unaffected by post emplacement

deformation.

TEXTURE and MINERALOGY

The syenitic dykes of the Combe de Belle Cote show important internal mineralogical
variations, essentially consisting of a series of facies, possibly making up what was
originally a fractionation series. This hypothesis is based on the changing abundance of
ferro-magnesian minerals, which run from a rock principally of amphibole with minor
plagioclase and potassium feldspar at the centre of the dykes, with a possible cumulate
texture, to rocks formed essentially from potassium feldspar with minor amphibole and
biotite towards the outsides. All the facies making up these dykes have abundant sphene and
apatite as minor phases. There are however two other possible alternatives for these
variations, A) These textures could be the result of massive chemical exchanges between the
dykes and the surrounding granite or B) due to a purely internal mechanical process within
the dyke during its emplacement, appropriately called Flowage Differentiation. For A) to
be a serious hypothesis, one would require evidence of either a two-way exchange across
the syenite-granite interface with the formation of ferro-magnesian minerals within the
granite. Small regions can be seen with this phenomena, but this rarely exceeds a strip of
more than 1 or 2cms in width. Alternatively a massive one way exchange of elements,
especially potassium would be required, with a subsequent greissening of the contact
region, this has not been observed to any great degree in the field, being limited to a small
region of pegmatitic type material, (consisting of large centimetre sized crystals of K-

feldspar and biotite). Flowage differentiation has been simulated in laboratory experiments

(Battacharji, 1967), and under certain conditions leads to the central concentration of solid
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particles held in suspension in a liquid being intruded into a narrow vertical fissure, This
effect can be attributed to the strong velocity gradients and turbulent flow near the margins
of the intrusion, which cause the suspended particles to be rotated and to migrate towards
the centre of the body. The textures as observed in the field, bear some similarities to this
situation and may well be due to this type of emplacement mechanism. It is however very
evident, that these intrusions have undergone an important thermal re-equilibration, with
the replacement of primary mineral assemblages, probably Ca rich pyroxene, amphibole,
phlogopite and plagioclase feldspar to amphibole phlogopite/biotite, plagioclase and K-
feldspar with accessory sphene and apatite. As will be demonstrated later, this re-equilibration
has taken place in a regime of moderate pressure (around 5 kbar) and fairly low
temperature (<700°C). None the less the cumulate nature of the ferro-magnesian rich facies
at the centre of the dykes, coupled with the highly potassic nature of the more
leucocratic facies could still be considered as original features of a series which has undergone
a closed system retro-metamorphism.

No clear cut internal margins were observed, the change in facies within the dykes tends to be
gradual although occasionally a more leucocratic facies appears abruptly having only biotite as
the dark mineral, but this is never very extensive, and tends to form small oval pods, with
their long axes roughly parallel to the orientation of the dykes. The largest of the dykes at
Belle Cote has a facies in its centre in which, a distinct alignment of small (2 to 3 cm long)

ovoid shaped spheroids occurs (Plate 2.12). These spheroids consist of very fine interlocking

fibrous crystals of amphibole and biotite (Figure 3.6). De Boisset,1986, thought that they

could be pseudomorphs after original olivine, but no real petrological evidence supports

this idea. The K-feldspar often forms large highly poikolitic phenocrysts surrounding

small ferro-magnesian minerals (Plate 3.7), with biotite 'draped' around the feldspar crystals,

giving the rock the appearance of a melanocratic orthogneiss (Plate 3.8) , this being the so

called 'lozenge facies'.




Plate 3. 8 Facies from the Belle Cote syenite showing biotite crystals draped around

crystals of potassium feldspar.

Amphibole

Amphibole, is present in greater or lesser amounts in all of the facies, it is quite often the only

ferro-magnesian mineral present and consists of essentially two varieties

1) A green or brown coloured actinolitic hornblende (see Table 3.6 for typical

chemical compositions).

2) Pale green coloured actinolitic tremolite which tends towards the cummingtonite
end- member on the diagram of Na+K against Si (Fig. 3.7 and 3.8)
This species sometimes occurs as small replacement features at the centre of the corroded
actinolitic hornblende but, more normally as fresh pale green fringes around the edges. The
first variety has two forms. The first of these often shows destabilisation of the centres with
calcite + albite + quartz + opaque minerals being the essential breakdown products. Crystals
are euhedral to sub-euhedral, sometimes showing twinning, and are normally quite
corroded, often forming clots surrounded by K-feldspar. The centres sometimes show

relict cleavages after pyroxene, with small blebs of albite and quartz, indicating the changing
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equilibrium in the melt, probably during its emplacement into a still warm and partially molten

granite. It is important to note that the relict pyroxenes are most abundant
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syenites. The majority of amphiboles plot within the cummingtonite-edenite-
pargasite triangle, but a few plot below the cummingtonite-pargasite line being
depleted in (Na+K), whilst two plot above the cummingtonite-edenite line and
one sample plots in the hornblende field.

< ).
- _orer O'kf_’,:j
%) Univ J, Foxt jCES
il - 15 Gi O3
qg ) 'L““ N\P‘x‘-;"f g\j?_‘:g‘\“‘ }\HON
\) k BF 22 o CEDEX




1.5 T T
Aliv
1.0 - ]
v
iy
wOv
05 F A o-l v ]
ov‘; v
a & a v
e
Ago (Na + K),
¥V (Formula units)
0.0 A l % I
0.0 0.5 1.0 1.5

Figure 3. 9 Plot of Al"versus Na + K from the A site
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towards the centre of the dykes, in facies having high concentrations of amphibole or
amphibole plus biotite, and are seldom observed in the lighter facies found towards the
exterior of the dyke formations.

The second variety of amphibole is generally anhedral and has numerous inclusions, of
apatite often relatively well developed, sphene, which is normally more or less corroded,
and biotite. These later quite often show the same crystal orientation within a single
hornblende, indicating that the amphibole has either partially replaced the biotite or that
growth of the two minerals was contemporaneous.

Towards the exterior of the dykes, in the more leucocratic facies, the amphibole is not in
equilibium and shows reactions along the edges of individual crystals with the
surrounding potassium feldspar, this reaction results in replacement minerals of calcite, albite
and epidote developing along the cleavage planes up to the total replacement of thé crystal.
Towards the centre of the largest dyke, bands of oval shaped formations occur (Plate 2.12),
running roughly parallel to the edges of the dyke, the centres of these ovoids are filled with
fibrous masses of actinolite and biotite (Fig.3.6), these probably represent the relics of
original calcic and magnesium rich minerals, possibly augite. Similar types of aggregates
have been described in vaugnerites from the Massif Central of France (Michon, 1979;
Bellanger, 1980; Sabatier,1980; Montel et Weisbrod,1986) in durbachites (Holub,1977) as
well as in some lamprophyres (Velde,1971; Sabourdy,1975). These have generally been
interpreted as relics after olivine, the principal argument being the presence of small laths of
chrome spinel. This may not be the case here, as the presence of chrome spinel amongst
the opaque minerals has not been determined, however relict pieces of clinopyroxene
have been determined, it is therefore more realistic to suppose that these are relics after
clinopyroxene as opposed to olivine, although the under-saturated nature of these rocks
cannot entirely rule out the possibility that olivine once existed.

Under normal circumstances amphibole is not an early forming mineral in basic rocks,
crystallising after the formation of pyroxene, from the general aspect it can also be inferred
that crystallisation was later than the apatite and the large corroded crystals of sphene. This

would give a reaction of the type:
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pyroxene (augite) + HoO + K,Na = amphibole

On the whole the chemical range of these amphiboles is restricted (Table 3.6) and are
included in the field of low Al amphiboles (1.42-5.24 wt. per cent Al203), this would
appear to indicate that at least some amphiboles have crystallised below the solidus and have
replaced original pyroxenes. These amphiboles are rich in calcium and magnesium and lie on
a trend running from magnesian hornblende to actinolites (Figures 3.7 and 3.8). When they are
zoned the centres are usually of magnesian hornblende whilst the exterior tends to be
actinolite. This type of zonation has been described by Dodge et al.,1968; Czamanske et
al,1981; Letterrier and Pagel, 1980, Kawakatsu and Yamaguchi, 1987 Laporte, 1987,
and may correspond to the evolution of the physical and chemical conditions within the

magma , or can be due to the deuteric action of late fluids and gases.

The changing nature of the amphiboles from magnesian actinolite to actinolitic tremolite

is occasioned by a loss of Alp03, Nas0, K»O, TiO5 and a gain of SiO2 and MgO. FeOt
generally falls in value.

The structural formula for tremolite is given in Equation 3.2

A XY Z

- Cay Mgs Sig022(0H); (Equ.3.2)
Therefore the substitution must have been of the type
(Na+K)A + AllV === . + §j (Equ.3.3)
Ti+2A1V ==R2++2Si  (Equ.3.4)
(Where R2+ is a divalent cation in site Y)

and

Fe2+=== Mg2+




Table 3.6 Microprobe analysis of amphiboles for the seynites of the Belle Cote

Major elements (Oxides by wt%)

Sample RO312 RO312 RO313 RO313 RO313 RO314 RO314 RO314 RO314 RO314 RO314 RO316 RO316 RO316 RO316 RO316 RO317 RO317 RO317 RO317 RO317

Si02  54.12
Al203 292
FeO 8.26
MgO 17.80
CaO 13.09
Na20 0.27
K20 0.18
TiO2 0.02
MnO 0.34
Total 97.00

Si
Aliv
Alvi
Fe2+

Mg
Ti

Na

Total

52.41
3.54
9.01

17.83

12.65
0.97
0.32
0.65
0.20

97.58

53.70
2.76
7.83

17.83

12.88
0.45
0.18
0.27
0.21

96.11

52.50
3.72
8.30

18.37

11.49
1.03
0.42
045
0.24

96.52

5222
3.91
8.21

18.19

12.63
0.88
0.31
0.24
0.00

96.59

52.50
4.30
11.22
15.93
12.52
0.76
0.00
0.51
0.00

97.74

Formula units (Calculated for 23 Oxygens)

7.70
0.30
0.19
0.98
0.04
3.77
0.00
1.99
0.07
0.03

15.08

7.48
0.52
0.08
1.08
0.02
3.79
0.07
1.93
0.27
0.06

15.30

7.69
0.31
0.16
0.94
0.03
3.81
0.03
1.98
0.13
0.03

15.09

7.51
0.49
0.14
0.99
0.03
3.92
0.05
1.76
0.29
0.08

15.25

7.48
0.52
0.14
0.98
0.00
3.88
0.03
1.94
0.24
0.06

15.28

7.52
0.48
0.24
1.34
0.00
3.40
0.06
1.92
0.21
0.00

15.17

53.62
3.41
10.41
16.74
12.54
0.62
0.00
0.31
0.00

97.65

7.64
0.36
0.21
1.24
0.00
3.56
0.03
1.91
0.17
0.00

15.13

53.35
4.24
10.45
16.35
12.36
0.98
0.00
0.56
0.00

98.29

7.56
0.44
0.27
1.24
0.00
3.45
0.06
1.88
0.27
0.00

15.16

51.73
5.24
10.99
15.95
12.02
1.10
0.00
0.55
0.00

97.58

7.42
0.59
0.30
1.32
0.00
3.41
0.06
1.85
0.31
0.00

15.24

Sample RO312 and RO313 are from the middle of the largest dyke.

Sample RO314 and RO316 are from midway between the middle and the edge, to the east and west respectively of the largest dyke.

Sample RO317 is from the eastern edge of the largest dyke.
(See Figure 2.8)

Microprobe analysis made at the Open University, UK. by R.Oliver and G.Vivier. (see Appendix II).

51.07
5.20
11.52
15.67
12.29
1.15
0.00
0.58
0.00

97.48

7.37
0.64
0.25
1.39
0.00
3.37
0.06
1.90
0.32
0.00

15.29

51.36
5.13
11.06
16.12
12.22
1.25
0.00
0.58
0.00

97.72

7.37
0.63
0.24
1.33
0.00
3.45
0.06
1.88
0.35
0.00

15.31

56.05
1.42
7.09

20.30

13.10
0.32
0.00
0.40
0.25

98.93

71.76
0.23
0.00
0.82
0.03
3.88
0.04
1.94
0.09
0.03

14.83

53.64 54.46

2.54
891
18.66
11.97
0.73
0.00
0.24
0.26

96.95

7.64
0.36
0.06
1.06
0.03
4.19
0.03
1.83
0.20
0.05

15.45

1.70
3.82
18.97
12.87
0.44
0.00
0.30
0.85

98.41

7.68
0.28
0.00
1.04
0.10
3.96
0.03
1.94
0.12
0.03

15.19

53.16
3.14
9.74

16.99

11.99
0.93
0.27
0.37
0.22

96.81

7.64
0.36
0.18
1.17
0.03
3.64
0.04
1.84
0.30
0.05

15.24

57.30
1.54
8.67

16.97

11.99
0.44
0.12
0.15
0.22

97.40

8.05
0.00
0.26
1.02
0.03
3.56
0.02
1.81
0.12
0.02

14.87

54.20
3.02
9.19

17.54

12.42
0.69
0.00
0.40
0.00

97.46

7.69
0.31
0.19
1.09
0.00
3.71
0.04
1.89
0.19
0.00

15.11

53.34
3.93
9.92

16.88

12.14
0.76
0.00
0.47
0.00

97.44

7.60
0.41
0.26
1.18
0.00
3.58
0.05
1.85
0.21
0.00

15.13

Se-¢

Table 3.6 (Continued).

Major elements (Oxides by wt%)

SamplcRL313 RIL313 RL316 RL318 RL318 RL318 RL319 RL319 R1.319 RL319 RL319

Si02 5437 4824 5237 5193 5244 5251 5232 62.58 5545 52.83 53.49
Al203 194 657 421 334 400 327 273 059 099 269 3.38
TiO2 0.12 09 061 060 060 042 041 007 010 053 045
FeO 12.17 1526 10.11 1199 1236 1237 1046 723 922 990 10.74
MnO 032 025 025 036 044 028 027 031 032 026 0.27
MgO 1644 13.04 1652 1555 16.14 1550 16.77 1458 17.94 17.15 16.72
CaO 12.73 12.08 12.03 11.57 11.69 11.67 11.53 996 1236 12.04 12.12
Na20 045 113 082 155 128 111 081 025 038 068 060
K20 019 076 055 050 055 045 043 006 0.14 047 048
Total 98.72 98.29 9747 97.39 9950 97.58 9573 9563 96.89 96.55 98.25
Formula units (Calculated for 23 Oxygens)
Si 773 707 747 750 743 757 763 869 78 7161 759
Aliv 027 093 053 050 057 043 037 000 014 039 041
Alvi 0.06 020 018 0.07 010 012 0.10 0.10 003 0.06 0.16
Ti 0.01 011 007 007 006 005 005 001 001 006 005
Fe 145 191 121 145 146 149 128 084 1.09 119 128
Mn 0.04 003 003 004 005 003 033 004 038 003 003
Mg 348 285 352 330 341 333 365 302 379 368 3.54
Ca 194 190 184 179 178 180 180 148 188 18 184
Na 012 032 023 044 035 031 023 067 010 0.19 0.16
K 0.04 0.14 0.10 0.09 010 008 079 001 002 009 0.09
Total 15.14 1546 15.17 15.25 1532 1522 16.22 1486 1531 15.16 15.14
mg* 070 059 074 069 069 069 069 077 072 075 0.73

Sample RL313 is from the contact of the upper dyke with the granite.
Samples RL316 and RL318 are from the coarse grained amphibole rich facies in the centre of the upper dyke.

Sample RL319 is from the pottasium rich feldspar facies from the upper dyke.

52.63
4.46
10.19
16.41
12.10
1.05
0.00
0.59
0.00

97.43

7.52
0.48
0.27
1.22
0.00
3.49
0.06
1.85
0.29
0.00

15.19

5471 51.84

2.57
8.97
17.90
12.36
0.63
0.00
0.32
0.00

97.46

7.75
0.26
0.17
1.06
0.00
3.78
0.03
1.88
0.17
0.00

15.10

4.40
9.92
16.77
11.95
1.19
0.48
0.70
0.27

97.52

7.44
0.56
0.18
1.19
0.03
3.59
0.08
1.84
0.33
0.09

15.32




Values of AllV versus Na + K and Na + K versus Ti for the amphiboles from the Belle Cote
dykes and the Rochail granite enclaves have been plotted in Fi%ures 3.9' an3d 33;1(()1
respectively, examination of these show that the proposed substitutions in Equations ..

34 are inter-linked, this means in effect that Ti4*+ atoms extracted from the lattice are

accompanied by an alkaline cation from the A site. This will give in this case:
1 3(Na+K)A + Ti + 5.6AlV ===12 +R2+ +5.65i (Equ.3.5)

This increase in Si during crystallisation, accompanied by a relative diminution in ALY,

Na, K, and Ti, would seem to indicate an overall increase of silica in the melt, w‘hich is a
possible indicator of either, assimilation of a silica rich fluid from the surrounding gran.ne, ora
possible mixing with a more silica rich magma, or alternatively a fractionation mechanism .

The mg* number for all the amphiboles analysed (Table 3.6), mg* = Mg/(Mg + Fe' + M-n),
are greater than 0.5 indicating their highly magnesian nature, this is due to a corre.spondmg
increase in the oxygen fugacity (fO2)(Wones, 1981; Kawakatsu and Yamaguchi, 198.7).
This increase in fO2 implies the formation of magnetite crystals with  the resulting
increase in the Mg2+/(Mg2++Fe2+) ratio (Andre, 1983).

All these factors could be due to the mixing of two magmas, but could also be due t.o
absorption of crustal or crustally derived material. That some adsorption has taken place 1s
evidenced by the presence of relict zircons, described in very similar rocks from the Colle
Blanche granitic complex further to the south (Banzet, 1987). |
The absence of substitution between ALV and alkali elements of site A in the crystal matrllx,
suggests that the pressure was quite moderate, approximately 5 kbar, (Figure 3.11).durmg;
the crystallisation of the amphibole (Leake,1965; Helz,1973,1982). From the experimenta
work of Eggler,1972; Helz,1973,1982 and Allen et al,1975, the temperature was prob.ably
of the order of 550-600°C (Figure 3.12). This is obviously well below the minimum solidus
temperature of both basalt and granite emplaced at a shallow level (Tuttle and Bowen,
1958; Burnham, 1979; Burnham and Nekvasil, 1986). It therefore seems probable that the

i iti ing first formed from a
amphiboles have re-equilibrated under sub-solidus conditions, after having

i, 1987
reaction, from clinopyroxene (Dodge et al., 1968). Kawakatsu and Yamaguchi,
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ascribed this type of reaction to the circulation of late magmatic or hydrothermal fluids,
and with the intimate association of the dykes with their granitic host. This has to be

considered as a possible explanation for the formation of these rocks.

Biotite

Biotite, apart from a limited number of localised exceptions, is always less abundant
than amphibole, and in the facies found towards the centre of the dykes, is generally less than
five percent modal of the total, with some rare facies being almost totally free. When present,
it is often rather altered, much more so towards the edges of the dykes. This alteration
takes the form of chloritization around the edges of the biotite crystals, as well as exudation
and breakdown along cleavage planes into opaque oxides. This is in all probability a fluid
reaction with the enclosing granite.
Biotite appears in three forms 1) as large crystals, especially in the "lozenge" facies, (a
local terminology, used to describe a facies which in appearance resembles flaser bedded
sediments) (Plate 3.8) where it is draped around the K-feldspar crystals, 2) as small laths
disseminated throughout the rock, and 3) as neo-formed, fairly fresh crystals associated with
amphibole (Plate3.9) . It is frequently found as inclusions within both the K-feldspar and the

green actinolitic hornblende, where it forms small islands all having the same optical

Plate 3.9 Photomicrograph of syenite from the Belle Cote central dyke,

showing nucleation of fresh biotite within amphibole
(plane polarised light)
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Plotting these values for biotites on the triangular diagram of Fep03/MgO/Al;03 (Nockolds,
1947) Fig. 3.14 reveals some interesting information. Firstly, with one exception, all the
biotites plot into the field which Nockolds, (1947), and later Leterrier, (1973) defined as that,
in which the biotite had crystallised in conjunction with either olivine or pyroxene, but not
amphibole. In effect for this to have happened the ratio of iron to magnesium would have to

be much greater.
Secondly, it reveals two distinct trends running more or less parallel to the FepO3-MgO

couple.

1) The first trend is the most aluminous in character and includes those biotites found in the

central facies of the Belle Cote dyke system.

2) The second trend includes biotites from all the other types of facies, including those from the

contact facies with the granite.

The increase in total aluminium is correlated with a corresponding increase of ALV,
which indicates a higher temperature of crystallisation (Deer Howie and Zusman,1978).
These two trends could be interpreted as a fractionation with falling temperature and
pressure during the crystallisation of the basic magma. Alternatively, and quite probable, this
indicates a reaction with the surrounding host granite, and can be classified as a retro-

metamorphic phenomena.
Plagioclase Feldspar

Plagioclase is never very abundant in these rocks, rarely exceeding 10% of the total, and is
always more or less altered. This usually takes the form of sericitic alteration along
cleavage planes. It occurs either as small anhedral crystals, showing embayments of
potassium feldspar or amphibole, or as partially digested crystals within the larger potassium

feldspar phenocrysts.

Figure 3.15 Or-Ab-An diagram for feldspars from
the Belle Cote Syenitic dykes.

The chemical composition gives an oligoclase which can vary in composition from An 10 to
An 25 (see Fig.3.15). Elsewhere within the European Variscan domain, similar types of
intrusions give values for plagioclase of a much more basic nature. This difference has a
possible explanation in that there has been loss of calcium during the re-equilibration process.

This liberated calcium has then be incorporated into other minerals e.g. calcite and later

forming sphene.

Potassium Feldspar

Potassium feldspar is variable in abundance depending on its position within an individual dyke
At the centre, the amount is relatively small, approximately 10 to 15%, but this increases as
the edges are approached, where it can be as much as 30 to 40% of the total rock. It is

generally perthitic orthose together with microcline which increases in percentage towards the

exterior. It generally has two habits;-

e




1) This occurs in all facies and consists of a pervasive interstitial and late stage
crystallisation, running from millimetre size up to crystals several centimetres across, and
being highly poéikolitic. All the other minerals present, amphibole, biotite, plagioclase,
sphene and apatite can be included within the boundaries of a single large crystal (Plate
3.10a and b). It is interesting to note that acicular apatite occurs only in these crystals of
potassium feldspar.

2) In the more leucocratic facies found towards the exterior of the dykes, the feldspar
becomes euhedral attaining sizes of several centimetres. From time to time small inclusions
of plagioclase, relatively fresh, are found zoned around a centre of K-feldspar, having no
inclusions at all, whilst small amphiboles, biotites and occasional sphene are grouped
around the fringes of this ensemble. Therefore it can be concluded, that the crystallisation of
potassium feldspar was always later than that of pyroxene, biotite, amphibole, sphene and
apatite with hexagonal shape. Its relationship to plagioclase is more complex, as it would
appear that in some facies crystallisation of the two plagioclases was synchronous, as
evidenced by the epitaxic growth of plagioclase around an already crystallised K-feldspar.
Experimental work by Winkler and Schultes, (1982) has shown that euhedral crystals of
potassium feldspar cannot continue to develop if the amount of liquid is inferior to  30%,
whilst their appearance is a function of the rate of nucleation, divided by the speed of

growth (Swanson, 1977), whilst one of the major factors controlling the speed of growth 1is
the amount of H20 as well as Pyyq available to the crystallisation process. This means that
the centres of the dykes were probably crystal rich mushes, due to the mechanical processes
of the emplacement, whilst the edges, due to the lack of chilling from the margins (a heating

effect can not in fact be excluded), would have increased the fluid content towards the

exterior as well as increasing the Py,q.

B B

Quartz

Quartz when present (less than 3% of the total rock) is always interstitial in its habit, and
appears in the last stages of crystallisation close to the edges of the intrusions, forming small

grains between the crystals of potassium feldspar.

Minor Phases

Sphene and Apatite are the main minerals, in this category, together with minor Zircon,
opaque oxides and rare allanite. The sphene which is quite abundant (up to 3%) is generally
euhedral with frequent twinning and appears in two forms, first as large corroded crystals (see
Plate 3.10), with inclusions of apatite, biotite and opaque minerals and secondly as quite
small fresh crystals, often as inclusions in biotite, where they lie along the cleavage planes.
From this it can be inferred that sphene was crystallising throughout the cooling of these
dykes, although it has been interpreted as a product from the destabilisation of illmanite
(Barriere, 1977, Orsini, 1980) but this would require a greater quantity of iron than is seen in
these rocks (8%).

1) Euhedral hexagonal sections, but with a cloudy look, and often broken. These are found
as inclusions in ferro-magnesian minerals (biotite, amphibole and sphene). The abundance
decreases from the more basic facies at the centre towards the exterior.

2) Short prismatic crystals, normally associated with amphibole.

3) Long acicular crystals sometimes with hollow centres, indicating a rapid cooling history.
These generally being associated with potash feldspar. This phenomena has been noted
by a number of workers (Harisson and Watson, 1984). This could be due to a localised
over saturation of phosphorus (Green and Watson, 1982) linked to the rapid growth

of potassium feldspar and a very slow diffusion rate for phosphorus.




Plate 3.10 Photomicrograph of syenite from the Belle Cote central dyke, §howing
a large corroded crystal of sphene, partially replaced by nmph_lbole_aud
k-feldspar. Other mineral are biotite and apatite. (plain polarised light)

Apatite is ubiquitous as inclusions in other minerals with three types of habit:-

Summary and conclusions

The Belle Cote syenite consists of a number of parallel north-south running dykes, which
show a complex mineral and petrological history. The absence of a chilled margin and no
remelting textures in the surrounding granites indicates temperatures quite close to one
another at the time of intrusion, although the viscosities would have been much different
(Bebien et al., 1987). The mineralogy and petrology shows that the dykes have undergone a
major re-equilibration during the cooling process, with the replacement of original
clinopyroxene by magnesian rich amphibole, which has in turn undergone a later lower
temperature re-equilibration to actinolitic tremolite. Some at least of the biotites appear to be
primary minerals whilst it is possible that the late growth of K-feldspar may be due to

exchange of fluids with the surrounding granite.

3.7 QUATRE TOURS DIORITE

The diorite associated with the southern portion of the Quatre Tours-Bellecote granite is
much finer grafned than the precedent syenite, and whilst there are facies changes within the

diorites, the enclaves never develop the same textures associated with the syenites. The
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largest outcrop occurs just above the pinnacles of the Quatre Tours and forms a dyke-like
intrusion of some tens of meters long, by ten to fifieen meters in width. The more
melanocratic, coarser grained facies occur towards the centre of the intrusion, and one
could almost find reason to describe a chilled margin, at the contact with the granite,
except that the contact is never really net. Further north, other smaller pods of a similar
material are found, but almost without exception these are either partially or wholly tectonised

by the Alpine movements.
TEXTURE and MINERALOGY

Generally these dioritic rocks are less rich in dark coloured minerals, sphene is much less
abundant, and forms small prismatic crystals scattered throughout the rock (Plate 3.11),
biotite is also generally confined to small laths and crystals scattered throughout the rock,
although from time to time it forms small knots of crystals, in conjunction with green
actinoltic hornblende, these having a star like formation; apatite also occurs as small laths
and crystals, as inclusions in both biotite and amphibole. The overall texture is one of a fluid,
which has been intruded into a quasi-solid, but has then suffered a re-heating process; as
witnessed by the formation of small prismatic crystals of sphene, this being the result of

a re-equilibration of plagioclase and amphibole.

Plate 3.11 Photomicrograph from the Quatre Tours dioritic enclave. Sphene is a very
prevalent accessory mineral. (Plane polarised light)




Plate 3.12 Three samples from the Quatre Tours diorite showing colouring of the

feldspars.

Plagioclase

Plagioclase feldspar, consisting of andesine, with extinction angles of between 15 and
20° giving a composition of An 30 to 40, makes up about 55% of the total rock, (Plate
3.12), and consists of subhedral crystals, more or less altered to sericite. Where albite
twinning occurs kinking of the lamella indicates that their formation took place under
stress. Interaction and destabilisation by late forming potassium feldspar has given rise to
small embayments and lobing, with the formation of myrmakitic textures. From time to
time, zoned crystals occur, these having a tendency to be both larger than the norm and of

good euhedral shape. The zoning is usually picked out by the formation of sericite in the more

calcium rich bands. A further phenomena is the systematic formation of a halo of potassium
feldspar, usually microcline, around these crystals, indicating the late formation of this

mineral.

Amphibole

Amphibole occurs as magnesian rich actinolite, normally green but sometimes brown. In
the fine grained facies, it forms small clots of minerals, together with biotite, suggesting the
syn-crystallisation of these two minerals. In the coarse grained variety, the two minerals again
show some evidence of syn-crystallisation, but tend to take up interstitial positions between
plagioclase and potash feldspar crystals. Microprobe data for thirteen amphiboles from the
two different facies are displayed in Table 3.8. These data has been plotted on diagrams of
Mg/Mg + Fe and Na + K against Si (Figs. 3.16 and 3.17) on which the fields for amphiboles
from the Belle Cote syenites have also been plotted. In general the diorites plot nearer to
the hornblende pole, but still within the cummingtonite/actinolite - pargasite - edenite
triangle, and are classified as actinolites and actinolitic hornblendes (Leake, 1978; Tindle,
1982). On diagrams of Na + K versus Si and Na + K versus Ti (Figs. 3.18 and 3.19) the
diorites fall well within the field of the Belle Cote syenites and no discrimination between fine
and coarse grained varieties can be observed. On a diagram of AlVI versus Si (Fig. 3.20) it can
be seen that the pressure at which the diorites crystallised falls partially within the field of the
Belle Cote syenites but in general below the line for 5 Kbars, on a diagram of AIlV versus Ti
(Fig; 3.21) this translates as a slightly higher temperature of crystallisation when compared to
the Belle Cote syenites. These small differences can be explained by the differences in overall
composition of the two rock types. Again these pressures and temperatures are well below the
normal pressufes and temperatures of solidification which would normally be associated with
this type of magma, and as in the case for the syenites which outcrop further to the north these

amphiboles have re-equilibrated under sub-solidus conditions.
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Biotite

Biotite occurs in two forms, firstly as small clots, together with green hornblende; and
secondly, as small sub-euhedral crystals scattered throughout the rock. The first is often

partially chloritised.

Microprobe analysis data for seven biotites, from both the coarse and fine grained facies are
displayed in Table 3.9.

These values have again been plotted on the triangular diagram of Fepo3/MgO/AlpO3
(Nockolds, 1947) Fig. 3.14, which also shows the fields and trends for the Belle Cote
syenites. It can be seen from this diagram, that those biotites from the coarse grained facies
(solid triangles), plot on a prolongation of trend 2, being enriched in iron at the expense of
magnesium. Biotites from the fine grained facies however, (solid diamonds), plot towards the
edge of and even into region "b" of biotites formed in the presence of amphibole, whilst
having an intermediate value of Al between the two trends. This highlights the difference in

temperature, at the time of crystallisation, between these dioritic rocks and the more basic

syenites further north.

Potassium feldspar

Occurs as small interstitial crystals of both perthitic orthose and microcline in the fine
grained facies. From time to time crystals of plagioclase feldspar, more or less altered, have
halos of potash feldspar, usually of microcline. The K-feldspar makes up about 15% of
the total rock. This percentage is approximately the same in the coarse grained facies, but here
the habit of the K-feldspar becomes similar to that described for the Belle Cote syenite, with

large poikolitic crystals (Plate 3.12), sometimes showing Carlsbad twinning.

Table 3.9 : Microprobe analysis of biotites from the Quatre Tours Diorite

Major Elements (Oxides)

Fine grained facies Coarse grained facies

Sample RO303 RO303 RO303 RO304 RO304 RO304 RO304

Si0y 3670  37.48 3586  37.82 3791 3728 3725
Aly03 1421 1469 1494 1665 1346 1381  14.28
FeO 1786 1797 2065 1652 1636 1649  16.74
MgO 1257 1223 1252 1412 1391 1391 1424
Ca0 003 001 001 003 003 014 004
Nay0 007 005 005 009 005 009 005
K50 868 915 907 952 929 837 851
TiOy : - - - - 2.40 1.82
BaOy 037 041 040 - - 037 025
MnO 025 023 023 019 022 020 022

Formula units (Calculated for 22 oxygens)

Si 5829 5.857 5.550 5.902 5.948 5722  5.682
Al 2661 2705 2.786 2510 2.489 2499 2.569
Fe 2372 2348 2732 2.156 2.146 2117 2.139
Mn 0.033 0.031 0.031 0.024 0.029 0.026  0.028
Mg 2976 2847 2951 3.285 3,252 3.182 3.284
Ti - - - - - 0.277  0.209
Ca 0.005 0.002 0.002 0.005 0.005 0.024  0.007
Na 0.022 0.016 0.017 0.026 0.016 0.026 0016
K 1.758 1.824 1.830 1.895 1.859 1.639  1.658
Total 15.656 15.630 15.899 15.803 15.744 15512 15.592
Mg* 0.56 0.55 0.52 0.60 0.60 0.57 0.58

Microprobe analysis made at The Open University, G.B.
Minor Phases

Sphene, Apatite, Quartz and Opaque oxides make up the majority of the minor phases,
together with Zircon and occasional Allanite. Sphene is disseminated as small euhedral
crystals throughout the fine grained facies, but occasionally, large somewhat corroded
anhedral crystals also occur, associated with hornblende. This habit is the norm in the coarse

grained facies, where the occurrence of sphene is much reduced.
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Apatite occurs as crystals and laths associated with all the minerals in the fine grained
facies, indicating the early formation of this mineral, but again, as in the case of sphene, it is
much less abundant in the coarse grained variety.

Quartz

Quartz is never abundant and always exists as small interstitial crystals normally with

undulose extinction.
Summary and Conclusions

The diorites, which outcrop in the southern part of the Quatre Tours Belle Cote granite,
differ from the syenites found elsewhere within this and the Rochail granite, by the excess of
plagioclase feldspar over potash feldspar; further, the chemical character of both amphibole
and biotite shows small differences from that of the syenites, being for the first, poorer in
magnesium and for the second richer in iron. This may be due to differences in the PT

conditions at the time of emplacement, but a much more likely explanation is differences in

the source material.

3.8 THE ROCHAIL SYENITES
The basic intrusions of the Rochail granite have already been described in some detail by T

de Boisset, 1986, and only the essential information is reproduced here.

3.8.1 The Cascade de Lauvitel

The basic intrusions which crop out at the Cascade de Lauvitel can be subdivided into
three distinct facies, which are, unlike the syenite dykes of the Belle Cote, separated spatially
by a well determined contact.(see Figure 2.11)

The first facies was described by De Boisset as a porphyric monzo-syenite, with a
preponderance of potassium feldspar, and constitutes about one third of the outcrop, forming
an outer ring of from two to five metres thickness around the second facies. The

contact with the granite is always very sharp and no modification to the texture is evident.
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Several large (metric in size) blocks of granite, more or less rounded are found as
enclaves within this facies. Both the granite and monzo-syenite are cut by a number of

aplitic veins, which show dextral shear structures.

. The second facies consists of a much more melanocratic rock than the monzo-

syenite, with a much higher percentage of ferro-magnesian minerals, and of much finer
grain-size, varying in thickness between one and three meters. Again the contact between
this and the monzo-syenite, is generally quite sharp, but is never in contact with the
granite. No enclaves were observed in this material, but as the contact with the central facies
is approached, the occurrence of large potassium feldspar crystals becomes more and
more frequent.

The third and most abundant facies, found towards the centre of the outcrop is somewhat
heterogeneous in texture. In general, it contains large(several centimetres in length and
breadth), highly poikolitic crystals of potassium feldspar, separated by thin bands rich in
ferro-magnesian minerals. Locally the syenite becomes more homogenous with a large
grain size, in which individual biotite crystals can obtain centimetre size.

The whole of the outcrop is cut by a one to two metre thick band of leucocratic granite,

which has been offset by post emplacement tectonics.
Mineralogy

Mineralogically there is little or no difference between the minerals developed at the Cascade
and those already described at the Belle Cote. This presupposes therefore a common source

for these two intrusions.
3.8.2 Les Sources

In the northern part of the Rochail granite (see fig. 3.4), the occurrence of syenitic intrusions
are centred in the region of "Les Sources". Here the intrusions consist of a number of
distinct bands of fractally developed enclaves, (Fig.3.22), varying from decimetric, up to
several metres in size. These bands are aligned along a lineament of N150 to N160 between

the refuge of Les Sources and the Aiguille du Midi. The outcrop here is approximately one
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Figure 3.22 Detailed map of the syenitic intrusion, '"Refuge des Sources"
in the north of the Rochail granite.
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hundred metres long and the enclaves are bound in a porphyritic granite matrix. These can be
divided into three distinct zones; 1) here the enclaves are massive (metric to pluri-metric in

size) and angular in shape, with small veins of quartz and feldspar at the contact with the

~surrounding granite. This zone leads progressively into 2) where the enclaves are variable in

size and become less angular and more oval in shape, but diminish progressively in size on
approaching zone 3) here the enclaves are well rounded and oval in shape, although the
contact with the surrounding granite is in all cases very sharp. All the enclaves consist of a
leucocratic syenite with an abundance of large crystals of potassium feldspar.

Here, in contrast to the intrusions at the Belle Cote and perhaps also the Cascade de
Lauvitel, the syenite appears to have been in a solid or quasi-solid state at the time of its
contact with the granite magma. This is born out by the way in which the syenite has
fractured in a brittle manner and then been incorporated as enclaves within the
crystallising granite. This leads to the idea that the syenitic material has reacted with the

intruding granites at different structural levels within these granite massifs.
Mineralogy

The Mineralogy of the outcrop has been described by T. de Boisset (1986) and I reproduce

here his observations.
Texture

The monzo-syenite of the refuge des Sources is generally fine grained and has the look of a
leucocratic diorite. Modally it comprises 35-40% K-feldspar, 30-35% plagioclase feldspar
(oligoclase), biotite (Mg/Mg+Fe=0.59-0.60) 10-15%, hornblende (tremolitic) 10-15%, late
forming quartz 3-5%, sphene 1% and prismatic apatite 1% plus traces of zircon. The quantity
of potassium feldspar can attain 60-70% in certain facies, with some rare crystals having
a poikolitic texture. The alteration of the ferro-magnesien minerals and sphene is
important, with biotite showing deformation and chloritisation. Amphibole has sphene and
apatite as inclusions, and has suffered a partial alteration ~ with chlorite + calcite + epidote

forming along cleavage plains.
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3.9 LAMPROPHYRES

These exist as small veins and dykes of metric size, disseminated throughout the region,

becoming more prevalent towards the south and west of the Haute Dauphine. The only
éxamples found in the studied terrain are a) a number of lens shaped inclusions on the
summit and eastern slopes of the Ramu peak, and b) a dyke of one to two meters width at
the southern end of Lac Lauvitel in the Rochail granite. The origins of these lamprophyres are

thought to be twofold firstly as intrusions of Permian age (Laurent, 1993) and secondly as the

feeder dykes, for the alkaline volcanism that was prevalent during Triassic times within the

region (Vatin-Perignon et al, 1973; Buffiere and Aumaitre, 1973; Adline, 1982). It seems

probable that at least some of these intrusions are linked with the former, and it is probably

true for those outcrops at the Ramu peak as well as the cross cutting dyke in the southern

Rochail. as this has a trend roughly NW which would imply emplacement during very Late
Carboniferous to Early Permian times.

Texture

They are everywhere very fine grained grey coloured rocks, being totally aphyric in hand
specimen, although further south in the Valsenetre granite similar veins and dykes show

phyric textures, with the presence of elongate crystals of chlorite after biotite Figure 3.21.

Mineralogy

The rocks are highly altered, but consist of small laths of plagioclase feldspar, crystals of
chlorite after biotite, some times showing euhedral shapes and preserving the original
cleavage, and very occasional highly corroded pyroxenes, in a glassy groundmass. Opaque
oxides are very prevalent, associated mainly with the biotites, which may indicate an excess of

iron in these later, or alternatively the degree of oxidation of the replacing chlorite minerals.

R B

3.10 SUMMARY AND CONCLUSIONS

Within the Valsenestre region the intrusive rocks consist essentially of four separate
granites, with or without an associated coeval basic component.

' The Ramu granite presents a mineralogy and texture, which can be associated with the
leucogranites of other collision zones, and may be attributed to a process of migmatisation of
the gneissic material, with which it is associated; the event having taken place at a relatively
high level in the crust.

The Alfrey granite may well be the oldest, and is certainly "in situ", as evidenced by the
marked contact with the country rocks, preserved in the south and south-west margins of
the intrusion. Like the Ramu granite it has no associated basic suite, but does show a
regular mineralogical evolution from the margins, in towards the centre, indication of an

in situ fractionation.

The Quatre Tours/Belle Cote granite complex has been imbricated and stacked over the
Alfrey granite, and displays only tectonic margins. Relatively homogenous in character, it is
noted for the variety of rock typesin its associated basic suite, ranging from diorites at

the southern end to syenites at the northern end.

The Rochail granite, the largest in both surface outcrop and volume, is mieralogically very
similar to the Quatre Tours /Belle Cote granite, and also displays a suite of basic dykes and
enclaves, mainly syenite in character, but with a much wider variety of textures to those found

in the Quatres Tours/Belle Cote.




CHAPTER 4

GEOCHEMISTRY OF THE IGNEOUS ROCKS

4.1 INTRODUCTION

The purpose of this chapter is to detail the geochemistry of the granitic, syenitic and
monzodioritic rocks associated in the Valsenestre-Lauvitel region and to attempt to
gain some knowledge as to their origins, within the context of the Variscan collision
event. For this purpose over 100 intrusive and metamorphic rock samples from the
region were analysed by energy dispersive x-ray fluorescence (EDXRF) techniques at
The Open University and the University Joseph Fourier, Grenoble. Subsets of these
samples were also analysed by Instrumental Activation Analysis (INAA) at the Institut
Max Von Laue-Paul Langevin, Grenoble following the procedures detailed in Oliver et
al., 1981, and conventional wavelength dispersive x-ray fluorescence (WDXRF) at the
University Claude Bernard, Lyon. A further small subset of samples were analysed for
Boron by the method of Prompt Gamma Activation Analysis at the Institut Laue,
Langevin, Grenoble( Oliver et al., 1987, Vittoz et al., 1986). The elements determined
being Si, Al, Fe, Mn, Mg, Ca, Na, K, Ti, P, Ba, Rb, Sr, Y, Zr (by XRF); La, Ce, Nd,
Sm, Eu, Tb, Yb, Lu, U, Th, Hf, Ta, Sc and Cr (by INAA); B (by PGAA); V, Nj, Cu,
Zn and Nb (by EDXRF). The details of the analytical techniques used are documented
in Appendices 1 to 3.
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4.2 MAJOR AND TRACE ELEMENT VARIATIONS FOR ALL ROCKS

The major and trace element data for all rock types are illustrated in four ways. Firstly
major and trace element analyses are listed in Table 4.1 and Table 4.5 (see Appendix
4). Secondly both major and trace elements are plotted against SiO, (Figure 4.1
4.4, 413, 4.16, 4.26 and 4.29). In the third case major elements are used in
mineral/chemical discriminant diagrams after De La Roche, 1976, 1978 and Debon
and Le Fort, 1982. In the fourth case trace elements are used in a variety of

discriminant and comparative diagrams.

4.2.1 MAJOR ELEMENTS

Selected major elements plotted against SiOp for all types of igneous rocks are
presented in Figure 4.1. The important features of these SiO5 co-variation diagrams

are as follows.

1) There is no real continuum of composition for the igneous rocks, but rather they
form two distinct groups with SiO2 values ranging from, for:-

a) Group 1 from 45 to 63% This group is formed by syenites, monzodiorites and some
intermediate facies from the syenites.

b) Group 2 from 68 to 78% This group consists entirely of granites and related
rocks, with one pegmatite at 88%.

2) Of the major elements Fep03, TiOp and P205 have an apparently linear trend, but
show a large scatter, although P,Os for the syenites around 50% SiO, could be said to
show a vertical trend.

3) Aluminium shows two distinct trends, one positive for the basic to intermediate
rocks and the second negative for the granite group.

4) K20 are high for all the rock types, with values ranging from around 3% up to
nearly 9%. Scatter within basic to intermediate rocks is much larger than for the

granites, as are the overall values. Each group shows a fairly flat lying trend. NasO has
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The majority of the granites fall above the origin in the peraluminous domain, and lie in
either field IT with biotite in excess of muscovite or field / with muscovite in excess of
biotite. The mafic rocks show trends in the metaluminous domain. the Belle Cote and
La Cascade syenites have very similar trends (regression line 2 and 3 on Figure 4.3)
running from field /V, + biotite + hornblende + Opx to field V, + Cpx * hornblende +
biotite. The Quatre Tours monzodiorite however has a somewhat different trend
(regression line 1 on Figure 4.2) and lies wholly in field IV. All these basic rocks will

contain primary sphene and or epidote and this is in fact the case (see Chapter 3).

4.2.3 TRACE ELEMENTS

Trace element discriminant diagrams for selected trace elements are displayed in
Figure 4.4, The chosen elements being Sr, Rb and Th for the mobile elements, Zr, Nb,
Hf, Ta and Y for highly incompatible elements, La and Sm for the light to medium rare
Earths and Yb and Lu for the HREE.

The essential information to be gathered from these diagrams is that in general, as
could be expected, the two groups have quite different concentrations of trace
elements with the exception of U, Ta and the HREE. Further the values for the basic
suite of rocks show larger degrees of scatter, the concentrations for the majority of

the granite samples being quite well constrained.

TRACE ELEMENT CO-VARIATION DIAGRAMS

Figure 4.5 is a plot of MgO versus MgO* (MgO/FeOT+MgO), this diagram
demonstrates the essential differences between the two suites of rocks. The basic rocks

have a large variation in MgO content for a well constrained MgO* number, whilst the

reverse is true for the acidic rocks.
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Figure 4.6 Diagram of Zr/Y against Zr for the intrusive rocks of
of the Valsenestre region, Haute Dauphine.
( ® granites, O diorites and syenites)

Figure 4.6 is a multi-element variation diagram of Zr/Y versus Zr as the discriminating
factor . This type of diagram shows essentially the evolution of rock series with
respect to fractionation and degrees of partial melting, Zr being less incompatible than

Y. It can be seen that the two rock types are again well separated with two distinct

By

trends the remarkable event being the high Zr content of the basic rocks with respect

to the acidic rocks, a reversal to that which might be expected. It is therefore evident
that the basic rocks associated with the granites of the Valsenestre region have a

somewhat complex chemistry and this will be examined in greater detail, further on.

4.2.4 BORON GEOCHEMISTRY

Boron, as a geochemical indicator has recently become of interest, due to its chemical

and physical characteristics (Curtis and Gladney; 1985).

Geological Setting Rock type Concentration Boron (ppm)  Error
Rift Peridotite 0.2 +0.1
Eucrite 0.8 +0.2
Allivalite 0.2 + 0.1
Foliated gabbro 0.3 +0.3
Epigranite 1.6 +0.3
Within Plate (Oceanic) Alkali basalt 1.6 +0.3
Alkali gabbro 3.6 +0.3
Monzonitic gabbro 6.0 +0.3
Monzonite 31 0.2
Nephaline syenite 5.7 +0.3
Alkaline granite 5.1 +0.3
Within Plate (Continental)  Biotite granite 2.5 +0.5
| Peralkaline granite (1) 1.5 0.3
Peralkaline granite (2) 8.2 * 1.5
Fayalite granite 1.7 +0.3
Active Continental margin  Glassy Tuffs 172.0 +£2.5
Pyroclastic flows 38.7 1.5
Syn-collision Granite 28.0 1.3
Tourmaline granite 475.0 5.5
Post Collision Granite 13.4 +1.2
Granite (altered) 57.6 +1.5
Granite (Greissen) 342.0 4.0

(1) Riebeckite bearing (2) Arfvedsonite bearing

Table 4.2 Boron concentrations in differing rock types from a variety of tectonic
environments. (Measurements made at the Institut Laue-Langevin, Grenoble.)
(stated errors are 1o and include both statistical and systematic uncertainties.)




Measurements made at the Institut Laue-Langevin (Oliver et al., 1989) indicate that rocks

from different tectonic environments have differing Boron contents (Table 4.2).

Sample Provenance Si0, AlL;O; K;O B

RL102 Cascade de Lauvitel 37.80 13.39 10.01 1.40

Biotite Monzosyenite

RL102 50.19 5.05 0.68 0.20

Amphibole

RL103 Cascade de Lauvitel 63.65 19.03 16.50 3.10

K-Feldspar  Potassium rich syenite

RL103 39.30 13.69 10.09 2.10

Biotite

RL103 52.60 3.82 0.37 14.00

Amphibole
Table 4.3 Major oxide and elemental abundances for mineral separates from two
samples of syenite from the Cascade de Lauvitel intrusion.
Sample  Provenance SiO» Al>O3 K»0O Boron
RO124 Quatre Tours granite 72.48 14.95 4.46 12.9
RO125 Quatre Tours monzodiorite 59.40 14.23 7.88 34
RO257  Alfrey granite 72.69 15.53 4.93 23.1
RO258  Alfrey granite 72.39 13.33 4.21 28.2
RO303 Quatre Tours monzodiorite 59.94 13.29 3.77 12.2
RO304 Quatre Tours monzodiorite 58.28 14.81 2.82 7.3
R0O309  Belle Cote granite 70.82 15.26 4.93 29.1
RO311 Belle Cote granite 71.23 15.78 4.52 13.9
RO312  Belle Cote syenite 51.88 10.27 5.29 9.0
RO314 Belle Cote syenite 50.33 11.63 5.34 o
RO501 Quatre Tours granite 74.56 15.59 4.94 15.5
RO502 Quatre Tours granite 74.68 16.13 4.84 14.5
RO508  Ramu granite 73.69 14.49 4.70 13.4
RO513  Alfrey granite 70.77 14.73 4.36 32.0
RL101 Rochail granite 70.56 15.18 4,98 15.5
RL104 Cascade de Lauvitel syenite 58.89 15.18 8.48 6.4
RL105 Cascade de Lauvitel syenite 50.96 11.64 7.31 5.0
RL106 Cascade de Lauvitel syenite 51.14 11.80 6.07 12.0
RL203 Refuge des Sources granite 67.82 15.79 4.81 13.9
RL205 Refuge des Sources syenite 58.38 13.48 6.53 6.4

Table 4.4 Major oxide and elemental abundance's for selected rocks from the
Valsenestre region, Haute Dauphine. (Boron measurements made at the Institut
Laue-Langevin Grenoble following the methods of Oliver et al., 1988 (see Appendix)).
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Figure 4.7 Plot of SiO, against Boron for selected granitic and basic samples

from the Valsenestre Region, Haute Dauphine.
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Figure 4.8 Plot of AL O, against Boron for selected granitic and basic samples
from the Valsenestre region, Haute Dauphine.
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Figure 4.9 Plot of K,O against Boron for selected granitic and basic samples

from the Valsenestre region, Haut Dauphine.
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It is therefore possible to use Boron as a discriminant element to determine the
differences in source materials and evolutionary history. Boron measurements (see
Annexe 2) have been made on a small subset of samples from the Valsenestre region,
as well as a set of mineral separates from two syenite samples from the Cascade de
Lauvitel, RL102 and RL103 and the results obtained are shown in Tables 4.3. and 4.4.
Granites show boron values ranging from 12.9 ppm to 32 ppm, average 19.81 ppm,
whilst the monzodiorites range from 3.4 ppm to 12.2 ppm, average 7.6 ppm and the
syenites range from 5 ppm 1o 12 ppm, average 7.75 ppm. Values for the
monzodiorites and syenites show very similar abundances and it is within the granites
that the largest spread is observed with the Alfrey granite showing somewhat higher
values than the other granites.
These data are displayed in Figures 4.7, 4.8 and 4.9. Mineral data is not conclusive,
with marked differences showing between the amphiboles of the two samples, but this
may be explained by the very small data set available. The whole rock data is however,
much more interesting especially Figure 4.7 where SiO2 discriminates not only granitic
rocks from Basic and intermediate rocks but also discriminates between different
granite intrusions. Hence the Alfrey granite and one sample from the Quatre Tours
granite, which may in fact be part of the Alfrey granite (sample is from the tectonised
border zone between the two granites), plot well clear of the other granites. Further
the Alfrey data shows boron values increasing from the contact facies towards the

centre, indicating the in situ fractional crystallisation that has taken place within this

small granite stock.

Summary and Conclusions

The general geochemistry of the intrusive rocks demonstrates the presence of two
distinct types of magma, one acid and the other basic, showing distinctive

geochemistry's, but which appeared to have occupied the same space time continuum.

This type of association is not unusual in collision zone environments (Fowler, 1988:
Pitcher, 1993), especially in the post collision phase (Harris et al., 1986). The overall
tectonic regime is possibly one of local extensions, giving rise to crustal thinning with
the consequent release of pressure, occasioning the fusion of mantle material at
moderate (circa 1100 °C) temperatures (Odling, 1994), which provides the heat source
for melting the overlying thinned crust.

The geochemistry of the two different rock types will be developed separately to try

to understand the very different magma generation processes and source regions which

pertained.

4.3 GRANITE GEOCHEMISTRY

4.3.1 Major Elements

Representative samples from the different granites have been plotted on SiO2 co-
variant diagrams Fig. 4.10. The silica dioxide content of the granites ranges essentially
from 68 to 78 wi% with one pegmatite sample at 88 wt%. Of the major elements only
Alp03, TiO2 and perhaps FepO3 show slightly negative linear trends, this would
seem reasonable in the circumstances. Of the other elements MgO and CaO form
incoherent groups, with large scatter, both as an ensemble and within the individual
granite bodies. The most plausible explanation for this being heterogeneity's within
the source rocks from which the different granites were generated, but it should be
noted that the majority of samples have values for Mg which bring them into the
category of "high magnesien " granites as defined by Debon and Lefort (1988). NapO,

K20 and to a lesser extent P2O5 have flat lying trends. This may well be an indication
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Figure 4.10 Major element discriminant diagrams of SiO, versus selected elements,

for granites of the Valsenestre region, Haute Dauphine.
( O  Quatre Tours/Belle Cote granite, ®  Alfrey granite, V  Ramu granite, O Rochail granite)
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of alteration suffered due either to the circulation of late stage magmatic fluids, of
which there is some mineralogical evidence (op cit. Chapter 3), or alternatively could
be attributed to circulation of alkali rich fluids during the Alpine orogenic event and
the proximity of the major fault zones with which the whole area is associated, again
some evidence for this also exists from K/Rb isotope data (op cit. Chapter 6).

The major element geochemistry of the four granites is very similar but some minor
differences do occur, notably for sodium, where:

1. The Ramu granite may be distinguished by

a) a generally higher level of NapO >4.5 wt % and b) a low total FepO3 content <1
wt%.

2. The Quatre Tours-Belle Cote granite shows a wide spread of NapO values but has

generally lower values.

10

K,O0
(wt%)

¢ ° Na,Owt%)

Figure 4.11 Na,O versus K for the granites

of the Valsenestre reFion.
(symbols as for Figure 4.10)

3. The Rochail and Alfrey granite have general values for NapO between the Ramu
and Quatre Tours-Belle Cote granite.
To try to typify the granites they have been plotted on a diagram (Figure 4.11) of KpO

versus NaO. The majority of the granites plot into the sub-alkaline field, with the
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exception of six samples from the QTBC granite and two from the Rochail granite,
which plot into the High-K field. This excess of potassium may be explained either by
proximity to fault zones, RO208 and 209, proximity to the roof zone of the QTBC
granite, RO132 and 133, proximity to the monzodiorite enclaves of the Quatre Tours,
RO652, and RO675A or the syenite of Les Gauchoirs, RL402 or an aplite vein
crossing the syenite enclave of La Cascade, RL100.

In terms of the possible sources of granites Chappel and White,1974; White and
Chappel, 1977; 1988, and Chappel and Stevens, 1988 suggested that granite intrusives
of the Lachlan Fold belt, South Australia, could be subdivided on the basis of
mineralogical, petrological and isotope characteristics into two different types, I types

having igneous, or S types having sedimentary rocks as their source.

1.4 — a
ASl
12 = o Qo%
S - Type
R A
Peraluminous =73 v |-Type
1.0 W 0
Metaluminous 4 Dv% o
=]
0.8
T T 1 |
40 50 60 70 80 §j0,%0

Figure 4.12 Plot of Al/(Ca+Na,+K,), or
alumina saturation index (ASI), versus SiO,
for granites of the Valsenestre region.

These two different source types have since been studied by numerous workers in
many different contexts and various chemical characteristics have been proposed. A
major discriminatory indicator between S and I type has been determined as being a
function of the alumina saturation. The Valsenestre data have been plotted on a

diagram of this type (Figure 4.12) where it can be seen that two thirds of the samples

plot into the field of I-type granites. Of these several fall below the dividing line
between peraluminous and metalouminous granites but there does not seem to be any
distinction between granite types. The samples which fall into the domain of S-type
granites show the same criteria i.e. no distinction between the four granites nor a

distinction in terms of evolutionary trends.
4.3.2 Trace Elements

Trace elements can be helpful in specifying a number of parameters about magmas and
their sources. For incompatible trace elements, i.e. those with crystal-liquid partition
coefficients considerably less than one, e.g. Rb, Zr, Ba, U, light REE etc., even
relatively small degrees of melting (10%) of the source will produce a liquid which
incorporates the majority of these elements, and the ratio's of these elements in the
melt will be very similar to those in the source (Gast, 1968; Schilling, 1971). This
means that ratios of elements in the source material will be close to the initial ratios
found in the derived melt. Only in the case where there are very small degrees of
melting i.e. <5%, where the residue might contain a refractory phase, effective at
fractionating elements such as Rb and Sr (e.g. amphibole or phlogopite) will these
ratios in the melt be significantly different from that in the original source.
The granites have been plotted on a series of trace element discriminant diagrams in
order to define,

a) Their inherent differences if any.

b) Their possible source
A number of trace elements Sr, Rb, Zr, Nb, Th, U, Hf, Ta, Sc, Y, La, Sm, Yb and Lu
have been plotted on Harker type diagrams with SiO» as the discriminant factor
(Figure 4.12). Sr, Zr, Th, Hf, Ta, Sc and Sm have slight negative trends, whilst Rb,
Nb, U, Y, Yb and Lu have generally flat lying trends. La shows no particular trend but

is disseminated in a cloud of points.
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Figure 4.13 Trace element discriminant diagrams of SiO, versus selected elements
for granites of the Valsenestre region, Haut Dauphine.
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Figure 4.13 (cont.) Trace element discriminant diagrams of SiO, versus selected elements
for granites of the Valsenestre region, Haut Dauphine.

(symbols as for Figure 4.10)




T

* ROI124
&  RO134

Rock/ORG

Figure 4.14a

Representative spidergrams
of the Quatre Tours/Belle Cote
granite. (southern sector)

RO309
&  RO311

0.10
0.01 T T ' Lo
Sr K Rb Ba Th Ta NbCe Zr Hf Sm Y Yb
100.00 ¢
Figure 4.14b
Representative spidergrams 1000 F
of the Quatre Tours/Belle Cote. s
granite. (northern sector)
g
o 1.00
=2
]
&
-4
0.10 F
0.01 1 Il | | Il

Sr K Rb Ba Th Ta Nb Ce Zr Hf Sm Y Yb

100.00 - .
3 e RO256
C a RO258
L Figure 4.14c
Representative spidergrams
10.00 3 - of the Alfrey granite.
2
-g 1.00 3
&
0.10 o
o-ul 1 ! 1 1 1 1 1 1 1 1 1 1 1
Sr K Rb Ba Th Ta Nb Ce Zr Hf Sm Y Yb
100.00
E e RO508P
Figure 4.14d 4  RO508D
Representative spidergrams
of the Ramu granite.

10.00

Rock/ORG
-
(3

0.10

Il 1 J 1 [l 1 1 1 1 1 1 1 1

Sr K Rb Ba Th Ta Nb Ce Zr Hf Sm Y Yb




100.00 g

Figure 4.14¢

<]

5 Representative spidergrams
a 1.00 of the Rochail granite.

o TE (Cascade de Lauvitel sector)

0.01 P Y T Y N N |
Sr K RbBa Th Ta Nb Ce Zr Hf Sm Y Yb

100.00

® RL201
a  RL207

10.00 & =

Figure 4. 147
Representative spidergrams
of the Rochail granite.
(Refuge des Sources sector)

N “\\;\
0.10 =
ool 1 1 1 1 1 1 1 L 1 1 1 1

Sr K RbBa Th Ta Nb Ce Zr Hf Sm Y Yb

Rock/ORG

100 -

Group Il granites
D) owwson

0.1

7 ) 1 e o | e [ [P O O [ [ [
Sr K Ba RbTh Ta Nb Ce Zr Hf SmY Yb

Figure 4.14g Multi-variant trace element diagram for Group II granites, (Himalayas,

Hercynides and the Alps) and volcanic arc granites (Pearce et al., 1984) (after Harris

et al., 1986).
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Representative multi-variation diagrams of the separate granites have been plotted in
Figure 4.14, using the normalising values of an hypothetical ocean ridge granite given
by Harris et al., 1986.

(Sr =100, K20 = 0.4%, Rb = 4, Ba =50, Th = 0.8, Ta = 0.7, Nb = 10, Ce = 35, Zr =
340,Hf =9,Sm =9, Y =70, Yb =8).

Comparing the patterns for the different granites, it can be seen, that whilst there are
minor differences between the patterns for the granites of Alfrey, QTBC north and
south and the Rochail massif, the overall patterns are very similar to each other and
also show similarities with trace element patterns of granites from both Volcanic Arc
and post-collision environments.. However, a major difference is shown by the Ramu
granite, with the LIL elements, with the exception of Rb, being much reduced, but
with a strong positive Ta anomaly and strongly negative HFS elements, these
abundance's are consistent with the idea that the Ramu granite is a fairly high level,
anatexic granite. Comparison with the average profiles for Volcanic Arc and Group II
(collision zone) granites of Harris et al., 1986 (Figd4.14g) indicate that the granites of
Quatre Tours/Belle Cote, Alfrey and Rochail resemble the former, whilst the Ramu
granite has a profile closer to that of the Group II granites. Group II granites tend to
be enriched in Rubidium and Tantalum but depleted in heavy rare earth elements
(HREE) and high field strength elements (HFS) (Harris et al.,(1986)).

Ba and Sr are two elements which are constrained by the major phases (Biotite,
amphibole, feldspar etc.), from a diagram of Ba versus Sr (Figure 4.15) it can be seen
that the major control of these two elements is due to feldspar, which is in accordance
with the relative importance of this phase especially with respect to biotite. Rb versus
Sr (Figure 4.16a), as might be expected shows a well defined trend, line b in Figure
4.16a, of Sr enrichment with respect to Rb, with the samples from Les Sources, Belle
Cote and Les Gauchoirs having the highest values of Sr, and this may well be due to
some degree of interaction between the basic dykes and the granites. combining these
two diagrams gives the Sr-Rb-Ba triangular diagram of Figure 4.16b, from this it can
be seen that the majority of the granites lie below the line of Rb-Ba separation and
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tend towards the Ba pole, re-affirming the S-type characteristics of these granites
being of the HiBaSr type. (Tarney and Jance, 1994).

Collision magmatism is of necessity complex, as the production and source of magmas
will change during the period of the collision (Tindle and Pearce, 1981; Harris, 1982;
Radain and Fyfe, 1982 and Pharoah and Pearce, 1984). The granites of the Variscan of
SW Europe have been defined and divided into two general groups (Didier and
Lameyre, 1969;), a first phase of syn-tectonic intrusions from 340-300 Ma and a
second later phase of late to post-tectonic intrusions emplaced circa. 280- 260 Ma,
whilst Bonin et al., (1993) defined a suite of Lower to Middle Carboniferous high K
calc-alkaline intrusions and a late Carboniferous near alkaline suite for the Variscan
Alps.

Pearce et al. (1984) defined a number of trace element discriminate diagrams in order
to determine, in an empirical way, (although petrogenitic criteria can be invoked for
most of the discriminating boundaries) the differences between the provenance of

granites within different tectonic regimes.
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Figure 4.16b Triangular diagram of Rb-Sr-Ba for the granites of the
Valsenestre region, Haut Dauphine.
(symbols as for Figure 4.7)
Two of these diagrams are Ta against Yb space and Rb against Y + Nb space. The

former can be shown to discriminate effectively for syn-collision and volcanic arc




granites, and the latter, whilst in theory achieving the same type of discrimination
should be somewhat easier to explain in petrogenetic terms. Data from the four
granites plotted onto a Rb-Y + Nb diagram (Figure 4.17) clusters around the
separation between the syn-collision and volcanic Arc granites. Again the Ramu
granite due to its excess of Rb plots slightly away from the other three well into syn-
collision space. When the data is plotted onto the diagram of Ta against Yb (Figure 4
.18) separation is somewhat better defined with the Ramu granite and a few samples

from the Quatre Tours/Belle Cote granite plotting across and into syn-collision space
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Figure 4.17 Rb against Y + Nb discriminant diagram €
= granites of the Valsenstre region, Haute Dauphine.

(after Pearce et al., 1984)
(symbols as in Figure 4.10)
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whilst the rest plot essentially into volcanic arc space. This seems to indicate that
source regions for the granites are essentially crustal, but that whilst the Ramu
leucogranite behaves as a true syn-collision granite the sources of the Alfrey, Quatre
Tours/Belle Cote and Rochail granites are to be found somewhat lower in the crust
and may well be reworked granitic or granodioritic material generated during a former,
possibly Acadian, period of subduction related magmatism.

Harris et al., (1986) defined a fourfold classification on geochemical criteria. Group I,
intrusions pre-dating collision and having essentially the characteristics of calc-
alkaline volcanic arc type magmatism. Group II, intrusions emplaced syn-tectonically
commonly consisting of leuocgranites with an S-type signature (Chappell and White,
1974). Group 111, intrusions of calc-alkaline infinity with rock types from gabbro to

granites but dominantly tonalites and granodiorites and often containing enclaves of
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Figure 4.18 Ta-Yb discriminant diagram for the granites of the
Valsenestre region, Haut Dauphine. (after Pearce et al., 1984)
(symbols as in Figure 4.10)

basic material., they differ from group I intrusions by having been emplaced after the
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collision event. Group IV intrusions form small high-level plutonic suites of alkali to
shoshonitic composition which are emplaced well after the end of the collision event.

Data from the Valsenestre granites have been plotted onto a diagram of Rb/Zr versus
SiO» (Figure 4.19) and this shows that indeed the Ramu granite follows quite closely
the criteria for Group II granites with SiOp being greater than 70 wt% confirming the
syn-collision nature of this granite. Some of the Quatre Tours samples as well as one
sample RO207 from the Rochail granite also plot into the group II space and whilst for
sample RO207 the excess of Rubidium may be explained to its relative proximity to a
major fault zone, the Quatre Tours samples are somewhat more difficult to explain, as
in only one case RO133 can an excess of Rb due to possible fluxing of late stage fluids

be invoked. The other samples have relatively low values of Zirconium which may
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Figure 4.19 Rb/Zr against SiO2 discriminant diagram .
B the granites of the Valsenestre region, Haut Dauphine.
(after Harris et al., 1986)
(symbols as for Figure 4.10)

reflect either a possible interaction between the basic dikes and enclaves or a more

fractionated facies of the granite.
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Figure 4.20 Multi-variant diagram of Rb/Zr against Rb/Hf for
the granites of the Valsenestre region, Haut Dauphine.
(symbols as in Figure 4.10)

The majority of points from the Quatre Tours/Belle Cote, Rochail and Alfrey granite
plot into the region which is ascribed to Group III and Volcanic Arc granites with
calc-alkaline signafures. The data have also been plotted on a multi-variant diagram of
Rb/Zr against Rb/Hf (Figure 4.20) These two HFS elements are normally depleted in
syn-collision crustally derived magmas when compared to magmas derived either from
mantel sources or mixed mantel crustal materiel. A regression line drawn through the
majority of the data indicates a fractionation relationship, with the exception of the
majority of samples from the Ramu granite which show an excess of Hf with respect
to Zr.

The discrimination between Group I and Group III granites is not easy, as their
geochemistry tends to be very similar, however it has been noted ( Pitcher and

Berger,1972; Harris et al., 1986; Hamidullah and Bowes, 1987) that post-collision




granites are often associated with small bodies of pyroxene-hornblende-biotite

monzodioritic,

Rb/30
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i 4.21 Diagram of Rb/30/Hf/Tax3 for the granites
Hgpes of t%:;: Valsenestre region, Haute Dauphine.
(symbols as for Figure 4.10)

syenitic and hornblende gabbroic bodies in a close space-time relationship, which is

clearly the case for the Quatre Tours/Belle Cote and Rochail granites. Plotting these
data on a triangular diagram of Rb/30/Hf/Tax3 (Figure 4.18), this particular diagram is
quite useful, as the discrimination between these three elements allows the separation
of both Volcanic Arc and Within Plate granites from the collision granites, it can be
seen that data for the Ramu granite, with one exception again plot into the Group II
region. The majority of the points from the Quatre Tours/Belle Cote and the Alfrey
granites either plot into Group I1I space or close to the dividing line between this and

volcanic arc space, whilst the majority of points from the Rochail granite plot further

away, well into volcanic arc space.

4.3.3 Rare Earth Elements

Representative normalised plots of the REE for the different granites are shown in
Figure 4.22 a -f. The most striking difference can be seen between those for the Ramu

granite and the Quatre Tours/Belle Cote and Alfrey granites. The profiles of the

Ramu granite are in general quite flat with small LREE enrichments compared to the
other granites, with quite marked negative Europium anomalies and relatively flat
to positive HREE slopes. Both sectors of the Quatre Tours/Belle Cote and the Alfrey
granite have very similar looking profiles with marked enrichments of the LREE,
slight negative Eu anomalies, with one exception for the Alfrey granite from the
more evolved central facies, and less steep HREE profiles. The Rochail granite
profiles are somewhat different with those from the Cascade sector having
moderate enrichments of the LREE very slight negative Eu anomalies and fairly flat
HREE, whilst the Refuge des Sources sector has marked enrichment of the LREE
and MREE with an abrupt flattening of the HREE. This may indicate the much
greater extent of the mixing with the syenitic material of this part of the massif. Six
samples from the Ramu granite have very low La/Yb ratios, ranging from 3.4 to 4.36
and total REE from 14.4 to 28.5 ppm. Two samples RO511 and RO512 which are
from a much darker facies, containing a number of gneissic panels and enclaves, have
much higher values with La/Yb at 12.26 and 15.43 and ZREE of 71.28 and 92.38
ppm.

The Quatre Tours/Belle Cote granite shows a wide variation in its La/YDb ratios from
2.95 to 50.58, the mean being 22.05, however if the intrusion is split into northern and
southern parts then the values obtained give 22.85 for the south and 20.69 for the
north. The Rochail massif has a slightly higher value at 26.75, but if the massif is
broken up into sectors, then the southern part of the massif has ratios very close to the
northern part of the QTBC with a value of 20.67 whilst the northern part shows a
slightly elevated value of 27.71. This may be due to the sampling which was made
within the proximity of the syenitic intrusions and may be an indication of the greater
amount of mixing that has obtained or alternatively it may be an indication of the
greater degree of fractionation of this part of the granite, which following Giraud,
(1956) and Giorgi, (1982) was emplaced somewhat later than the southern part of the

massif.
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Total REE for the QTBC granite vary from 23.86 to 214.05 ppm with an average of

92.94 ppm, and these values are very similar to those of the Rochail massif which

T T T T T 17 T T T T 1T 7T T 1
range from 20.46 to 173.49 with an average of 94.76. The Alfrey granite has La/Yb P
i |
100.0 | ratios ranging from 14.73 to 41.74 with an average value of 22.76 whilst SREE range i
i g
from 57.61 to 145.85 ppm with an average close to that of the previous two of 93.09
g ppm. An interesting point however is the fact that both the La/Yb ratios and the ZREE
g b
_§10.0 - increase from the contact facies in towards the central porphyry facies, tending to
Q
Eg — confirm the hypothesis (op cit. Chapter 3) that this particular granite stock cooled and
a fractionated from the outside inwards and is almost certainly in its emplacement
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4.3.4 Discussion

Figure 4.24 and Figure 4.25 show the Multi-element variations and chondrite
normalised rare earth patterns for some of the gneisses associated with the granites.
Sample RO126 being a banded gneiss from below the Quatre Tours granite at its
southern extremity, samples RO202, RO205 and RO211 are gneisses from the block,
which effectively separates the northern part of the QTBC complex from the southern

extremity of the Rochail massif, whilst sample RO510L and RO510P are from just

below the Ramu granite.
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Figure 4.24 Multi-element variation diagram for four gneisses, from the
Valsenestre region, Haut Dauphine.
(normalised to ORG, values from Harris et al, 1986)

The multi-element diagram for three of the gneisses show some similarities with those
patterns for both the QTBC and Rochail granites (Figure 4.14) although the LIL
elements show an order of magnitude difference and the negative anomalies of Ta and
Nb are more pronounced. Following these data it would not be impossible to generate
a magma such as the Rochail granite, but it is evident that some extraneous source of

LIL elements would have to be added, even if fusion rates were quite small.
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Figure 4.25 Chondrite normalized Rare Earth distribution patterns
for gneisses from the Valsenestre region, Haut Dauphine.
(normalising values from Nakemura, 1974)

With the exception of sample RO216, which appears to have affinities with arc-type
magmas the rare earth patterns are a-typical for acid type gneisses and not to dissimilar
to those for the southern part of the Rochail massif. It is therefore possible that these

gneisses could in part at least be a source for the Rochail granite

4.3.5 Summary and Conclusions

The geochemistry of the granites demonstrates their essential sub-alkaline affinities but
with small differences between the four different massifs. From these it has been
possible to differentiate the Ramu granite from the rest and to assign a possible origin
as a syn-collision type granite of the Group II of Harris et al., (1986). Of the three
other granites the Alfrey and Quatre Tours/Belle Cote granites have affinities with the
post-collision granites, but the Rochail granite appears to have greater affinities with

granites from a volcanic arc type environment. This however does not accord well
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with data from other domains (see chap 6). It is therefore a possibility that a) the
Rochail granite was generated from material having a volcanic arc origin and or b) has
suffered greater contamination from the associated basic rocks. It should also be added
that the major part of the Rochail samples come essentially from within the vicinity of
the Basic intrusions. Comparison with geochemical signatures of the associated
metamorphic rocks shows some marked similarities between these and essentially the

Rochail granite, making these then a possible candidate as a source rock.

]

4.4 BASIC ROCKS

4.4.1 Major Elements

Analytical data for the different outcrops of syenites and monzodiorites are displayed
in Table 4.5 a - d. The SiO5 content of the basic rocks varies from 45% for the most
basic facies of the Belle Cote to almost 64% for the seynites of the Refuge des
Sources. Within these limits the Belle Cote syenite ranges from 45% to 62%, the
Cascade de Lauvitel from 50% to 62%, the Refuge des Sources syenite from 54% to
64% and the Quatre Tours monzodiorite from 58% to 62%. The ratio of Al>03 to the
alkalis is always less than one giving these rocks a metaluminous signature. However it
should be noted that several analysis show very high values for LOL and these are
accordingly treated with some caution.

The major oxides have been plotted onto Harker discrimination diagrams (Figure 4.26)
and show a number of variations:

1) The scatter of points both in general and within individual units is quite wide. None
the less, overall fractionating trends can be seen, notably for AL>03 (positive),
Fe»03, TiO and P20s5 (negative).

2) NapO has a slight positive trend whilst K50 is flat lying,

3) MgO and CaO look very similar with a group of high values for the samples for the
Belle Cote and some from the Cascade de Lauvitel around 50% SiO» whilst above this
figure the trend is generally slightly negative.

The geochemistry of the basic rocks indicates a possible source within the mantle. To
determine if this is so the data of basaltic makeup i.e. those rocks with an SiO2 content
less than 54% have been plotted on a screening diagram of Al»03 against TiOp
(Figure 4.27). This diagram has the merit not only to distinguish those rocks having a
genuine basaltic affinity but also to determine the presence of a cumulate phase as well
as indicating a possible contamination or fractionation. The data for the Valsenestre

rocks shows that with a few exceptions these rocks fall into the last case i.e. that they
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have undergone either a fractionation process or alternatively have assimilated crustal
material. the exceptions to this being samples RO213,R0219 and R0O313 from the
Belle Cote syenites which plot into cumulate space and samples RL104,RL120 and

RL131 from the Cascade de Lauvitel, which plot into basalt space.
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Figure 4.27 Screening diagram of Al,O, against TiO, for rocks of mantle origin.

Data from the Valsenestre region are for rocks with SiO, content
less than 54 wt%.

(Symbols as for Figure 4.26)

Eliminating those samples with high LOI values, the rocks of mafic composition for
the four outcrops show a range of composition from a high of 12.79% down to
4.91% MgO. On a CaO against MgO plot (Figure 4.28) they show some scatter about
a trend which can be interpreted as a control due to amphibole + clinopyroxene. It is
interesting to note that values for amphiboles from the two different types of basic
rocks are well separated, with the amphiboles from the monzodiorites of the Quatre

Tours falling into the field of amphiboles described for the Mount St Helens 1980




eruption (Macdonald et al., 1986). All the rocks shown on the diagram are relatively
enriched in Ni and Cr and can be considered as slightly accumulitic, the high values of
P205 and the petrographic evidence (Chapter 3 op.cit) confirm the accumulation of
apatite. This is further born out by the relative enrichment of Sr, Ce and Y known to

concentrate in the apatite phase (Irving,1978; Green, 1981).
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Figure 4.28 Variation diagram of CaO against MgO for basic rocks
from the Valsenestre region, Haute Dauphine.
Fields for amphiboles from the Belle Cote syenite, the Quatre
Tours diorite and the Mt. St. Helens dacites are shown.
The trends for hornblende and clinopyroxene are taken from

MacDonald et al., 1986.
(symbols as for figure 4.26)

4.4.2 Trace Elements

Selected trace elements have again been plotted against SiOp (Figure 4.29). Scandium
is the only element to show a real overall trend, having an expected negative

correlation with rising silica content.
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Figure 4.29 Trace element discriminant diagrams of selected trace elements versus SiO,,

for basic to intermediate rocks of the Valsenestre region, Haut Dauphine.
(symbols are the same as for Figure 4.26)




Thorium and possibly Hafnium, show a positive correlation with increasing SiO5 for
the samples from the Cascade de Lauvitel ( open diamonds). Zirconium, Niobium and
Yittrium, show a complex relationship, with an overall increase in abundance up to
55% SiO; wt % and a negative trend from 55% onwards. This may well be a
fractionation type trend which would account for Thorium, Hafnium and Zirconium if
zircon is a crystallising phase, but may also be due to the incorporation of sphene and
apatite. Niobium and Yttrium are more difficult to explain but may well be due to the
initial precipitation of pyroxene with the subsequent partition of these elements into
later forming amphibole after pyroxene, especially in rocks of more intermediate

composition (Lambert et al., 1974; Pearce et al., 1990).

1000

T 11

100

1 IlillTrl

10

Rock/MORB

IlI]THTt

T T TTTI

60
Y
L
o9
— (o] A
40’ . ©‘ -
¢ ¢ ° ] +33° 9 =
MR \ : ® - u .. ¢ Aléwm 4
A oo R A%.- . 20 L @ . ,'.ﬁll.
¢ ¢ ® A
| ! “, - G | 1 |
F
60 65
60 65 45 50 55 .
50 55 sio, sio,
50
La Sm
A% o
— 4 Ce ¢ = u &
L 4
L o © o 4A " 25?_ . kM .
s o, % o a2 ﬁ.
OQ o E " [ I-
¢ ® a L :. o ® .’.A
! i | . | 0 | | B ]
|
65 45 50 55 60 65
50 = % sio, Sio,
1.2
Lu
Yb o .
N 0.8 - N
SO & =
@ ® > A
C e I 0.4 ol Enm
"%‘0 & mn s ¢ soaoo’ e2 g m
.o ..: ’ -‘. A
| |
] | | a 0.0 |
65
50 55 60 65 45 50 55 60 Si 02

Figure 4.29 (Contd.) Trace element discriminant diagrams of selected trace elements versus SiO

for basic to intermediate rocks of the Valsenestre region, Haut Dauphine.

(symbols are the same as for Figure 4.26)
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Figure 4.30 Multi-element variation diagram for representative basic rocks

from the Valsenestre region, Haut Dauphine.
(MORB values after Pearce, 1983)

(symbols as for Figure 4.26)

Figure 4.30 is a Multi-trace element variation diagram for representative samples from
the Valsenestre basic suite. All of the samples show very similar patterns, with the
exception of the sample from Les Sources, which shows a negative Ba anomaly with

respect to the others. However, all the samples show typical patterns of within plate




type magmatism, with marked enrichment of Rb, Ba and Th, Ta and Nb are enriched
as are all the elements to Sm whilst Ti, Y and Yb show no enrichment or even slight
depletion with respect to MORB. The patterns are not dissimilar for those of the
lamphrophyre suite of the Caledonides (Macdonald et al., 1986) although somewhat
more enriched in the LIL and certain of the HFS (High field strength) elements. The
abundance's of Ti, Y and the HREE suggest that a mantle source of the depleted type
could be responsible, (Macdonald et al., 1985) whilst the enrichment of the LIL
elements may represent a subduction zone component, possibly a result of
metasomatism of the mantle sources by aqueous fluids, generated by subducted ocean
crust. This would suggest a complex, possible multi-source for the origins of these
magmas. Crustal contamination may be a contributing factor, but for the moment this
needs to be quantified.

Characterisation of suites of basic rocks, especially if they have undergone a post
emplacement retro-metamorphism, using major element and derived normative data, is
often considered unreliable (Watters and Pearce, 1987) due to the ready mobilisation
of many of these elements. As may be seen from the major element versus silica
diagrams this could be argued for the case of the basic rocks from the Valsenestre
region. This being probably due to alkali and to a lesser extent, silica mobility, during
the cooling of these rocks whilst in close association with the granites, into which they
have been emplaced whilst these later were in either a partially molten or early post-
crystallisation state with the subsequent circulation of large (relative) quantities of
magmatic fluids.

Ratios between Y and Nb however have been shown to provide a means of identifying
the petrologic character of igneous rock suites (Pearce and Cann, 1973, Pearce, 1984,
Harris et al, 1988, Pearce et al, 1987) and the usefulness of co-variations between the
immobile element ratios Zr/TiO2 and Nb/Y in the characterisation of metamorphosed
igneous suites has been demonstrated by Floyd and Winchester (1978). In a diagram,
Figure 4.31, using these ratios, Zr/TiOp serves as a differentiation index whilst Nb/Y is

used as an indicator of alkalinity. An effective separation of sub-alkaline and alkaline
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trends can be made as well as an indication of the rock type. The Valsenestre data
plotted on this diagram show medium to high Nb/Y ratios, characteristic of alkaline
basalt and plot into this field for those rocks with fairly low SiO» values and into the
field for trachy-andesites. It is note worthy that the suites of the Belle Cote and La
Cascade plot close to the dividing line with sub-alkaline space, and this may be an

indication of an eventual contamination through contact with the associated sub-

alkaline granites.
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Figure 4.31 Diagram of Zr/TiO, against Nb/Y showing the distribution
of the diorites and syenites from the Valsenestre region

related to the fields for volcanic rocks. The field boundaries

are from Winchester and Floyd (1977).
(symbols as for Figure 4.26)

Petrogenetic modelling based on the chemistry of the large ion lithophile elements

(LIL) of Ba, Sr, and Rb has been well demonstrated (e.g. Macarthy and Hasty, 1976;
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McCarthy and Groves, 1979; Tindle, 1982). These elements are particularly useful as
they are found almost exclusively within the major silicate phases and will define
fractionation trends followed by these elements. To this end LIL data from the basic
rocks have been plotted on co-variation diagrams of Ba versus Rb (Figure4.32a) and

Ba versus Sr (Figure 4.32b).
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Figure 4.32a Ba versus Rb co-variation diagram for the Valsenestre suite of
basic rocks.
(symbols as for Figure 4.26)

In Figure 4.32a Rb shows no particular fractionation type trend but rather a
disseminated cloud. However as can be seen the two rock types with one or two
exceptions constitute two distinct fields, the monzodiorites of the Quatre Tours, with
the exception of one fine grained sample (RO125) which shows an excess of Rb, and
may be explained to its proximity to the surrounding granite, being defined as field A
whilst the syenites are delimited by field B, with the exception of two samples which
make up field B' which falls into field A. Barium Strontium space however defines two
distinct trends for the two rock types (Figure 4.32b). The trend for the syenites is
slightly steeper than that of the monzodiorites, but never the less, both trends can be

explained by the fractionation of variable amounts of biotite and amphibole.
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Figure 4.32b Ba versus Sr co-variation diagram for the Valsenestre suite of

basic rocks. Trends are calculated least squares regressions,
(symbols as for Figure 4.26)

4.4.3 Rare Earth Elements

The behaviour of the Rare Earth elements are summarised in representative, chondrite
normalised (normalising values from Nakamura, 1974), rare earth patterns for the
basic rocks which have been plotted and are displayed in Figure 4.33. For comparison
REE patterns of some lamprophyric rocks of Hercynian age from the Vorgesen massif,
Switzerland (Oberhansli, 1986) have been included. The rare earth element patterns
for the basic rocks, in general, have patterns, where the light REE are enriched by
factors up to more than 200 times chondritic abundance's whilst the Heavy REE are
more flat lying and enriched from 10 to 20 times chondritic values. The patterns in
general follow an alkali basaltic trends (Chauvel and Jahn, 1984). Total Rare Earths
are high and vary from 82 ppm to 484 ppm for the Quatre Tours monzodiorite with
La/YD ratios which vary from 15.04 to 56.03. For the Belle Cote syenite these values
are ZREE from 128 ppm to 462 ppm and La/Yb ratios of 11.48 to 38.19, for the

Cascade
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de Lauvitel ZREE vary from 292 ppm to 594 ppm with La/Yb ratios of 24.75 to 40.71
and for the Refuge des Sources ZREE vary from 333 ppm to 412 ppm with La/Yb
ratios of 19.36 to 37.63. They have both greater overall abundance's and steeper
slopes than those of the Vorgesn massif and this is probably due to the elevated
amphibole and apatite content associated with these rocks. The patterns from the
Belle Cote syenite are the most interesting showing an increase in concentration of
both trivalent and divalent REEs between two samples from the internal, amphibole
rich facies of the central dyke, and samples from the main body with the development
of a negative Eu anomaly, however, the general shape of the patterns remains very
similar, The Quatre Tours monzodiorite also shows a small evolution, but the outer
fine grained facies is slightly more evolved than the coarser grained internal facies. The
majority of the patterns show a more or less small negative Europium anomaly arguing

for at least some fractionation of plagioclase feldspar in the evolution of these rocks.
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Figure 4.34 Variation of the ratio Ce/Yb with SiO, content for the

basic rocks from the Valsenestre region, Haut Dauphine.
(Symbols as for Figure 4.24)

A plot of Ce/YD ratios against SiO; as a discriminating factor is shown in Figure 4.34.
Whilst some scatter about a regression line is evident, this diagram shows that, there
is no overall major fractionating trend nor does there appear to be trends within the

individual units, this indicates that the major silicate phases do not appear to affect the

A,

evolution of the REE, and therefore this must be due to the abundant minor phases

sphene, apatite and zircon present in these rocks (op cit. Chapter 3).
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Figure 4.35 Ce-Yb co-variation diagram for the intrusive
basic rocks of the Valsenestre region.

Numbers refer to trends, see text.
(symbols are as for Figure 4.26 except Belle CoteZ )

The analysed samples have been plotted on a co-variation diagram of Ce against Yb
Figure 4.35. A set of fractionation vectors have been drawn using the distribution
coefficients from Table 4.6. The vectors which are based on single mineral phases,
indicate that, with the exception of amphibole, the major phases should cause an
increase in Ce and Yb values within the residual melt. From the plotted data two
separate trends have been defined from least squares data. Trend 1 refers to the
syenites of Belle Cote, La Cascade de Lauvitel and Les Sources whilst Trend 2 refers

to the monzodiorites of the Quatre Tours. Both trends could be explained by assuming
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some degree of hornblende fractionation, (e.g. Arth and Barker, 1976; Frey et al,,
1978). . However for trend 1 this would not hold true as the majority of amphiboles in
all the syenites are actinolites, which clearly result from the sub-solidus alteration of
pyroxene, and therefore cannot be considered as primary crystallising phases.
However these rocks are rich in both sphene and apatite, data from mineral separates
of these two minerals are shown in Table 4.7. When these two minerals are taken into
consideration then it can be seen that Trend 1 could be almost entirely controlled by
apatite fractionation

Trend 2 is much steeper and lies well away from both amphibole or sphene or apatite
fractionation trends. Minerals which could produce this trend are monazite and

allanite, but these have not been observed in thin sections, or in microprobe studies.

Element Mineral

ol opx cpx pl bio amph  kspr
Ba 0.010 0.008 0.079 0.36 6.36 0.04 6.12
Rb 0.098 0.012 0.032 0.048 3.26 0.01 0.34
Sr 0.014 0.013 0.318 2.94 0.12 0.02 3.87
Ce 0.007 0.087 0.33 0.24 0.037 1.2 0.044
Yb 0.014 0.60 1.10 0.077 0.179 6.2 0.012
Element Mineral

apatite - zircon sphene allanite monazite  xenotime

Ce 25 3 80 5000 10000 700
Yb 25 250 60 100 200 10000

Table 4.6 Mineral-liquid distribution coefficients derived from Arth (1976) and
Condie (1978) and Tindle (1982). Olivine (ol) values for basic to intermediate
compositions; orthopyroxenes (opx), clinopyroxenes (cpx), plagioclase (pl),
biotite (bio) and amphibole (amph) are for intermediate compositions. Values for
minor phases are of an order of magnitude only.

La Ce Pr Nd Sm
RL103a 3970 3320 430 2320
RL103b 1100 5370 780 5500
RL105 3410 190 2550

Table 4.7 Microprobe analysis for selected mineral separates (sphene) from the
syenites (RL103, RI105) of the Cascade de Lauvitel

The explanation for this phenomenon must therefore lay elsewhere, possibly in the
removal of REE by volatile phases or metasomatic exchange. In any case it would
appear that the origins of the two rock types differ somewhat, although in some
respects the possibility of a similar source rock being emplaced at different structural
levels cannot be totally excluded. This idea is in fact further born out by the fact that
the Quatre Tours monzodioritic outcrops all show a finer grained boundary zone or
chilled margin, suggesting that emplacement was into a granite already solid or quasi-
solid and that the amount of subsequent metamorphic re-equilibration was limited to
alteration of the pyroxenes, whilst the syenites were injected into a medium which was
somewhat hotter and the re-equilibrium took place over a much greater time period
with a subsequent movement of REE into the minor phases of sphene and apatite. This
again is born out by the evident minor fractionation of the REEs in the largest of the

Belle Cote intrusions,

4.4.4 Discussion

The geochemistry of both the syenitic and monzodioritic rocks are characterised by the
overall abundance of trace elements. In particular the high values of Ni, Cr and Sc
indicate a strong participation from mantle derived material, whilst others as Ba, Rb,
Sr and the LREE could imply a certain component of crustal material in their make-
up. This type of geochemical association is comparable to a number of similar basic
ultra-potassic rocks reported by a variety of different workers (Bailey, 1982;
Thompson et al., 1984; Venturelli et al., 1984; Rock et al., 1986; Foley et al., 1987;
Mitchell et al., 1987). The concentrations for MgO, K20 and NaO of the basic suite

associated with the granites of the Valsenestre region are in line with the definition of
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Foley et al., (1987) for rocks of the ultra- potassic association i.e. MgO and Kp0 >
3% and the ratio K»O/Nap0 > 2. The relatively weaker concentrations of Ba, Nb, Ti,
and La are more reminiscent of Mediterranean type lamprophyres (Foley et al., 1987
which are characteristic of post-collision environments (Thompson et al., 1984; Foley
et al., 1987).
Trace element profiles (Thompson et al., 1984; Pearce J.A., 1983) are good
discriminant diagrams with which to contrast the geochemical affinities of suites of
rocks, and allow in part, the determination of the different components which have
influenced the magmas, especially those associated with subduction,(Pearce, 1983) the
principal indicators for this type of contamination being negative anomalies of Nb and
Ta both of which are seen in these rocks (Figure 4..
It is generally recognised that ultrapotassic basic magmas are generated by partial
melting of the upper mantle (Sabatier et al., 1980; Thompson et al., 1984, Venturelli
et al., 1984, Montel and Weisbrod, 1986; Rock et al., 1986; Esperanca and
Holloway, 1987; Foley et al., 1987). But most authors agree that even with a large
element of crustal contamination it is necessary to invoke an enrichment of both
incompatible and Large Ion Lithophile elements, either within the source material or
during the ascent and crystallisation of these magmas, to explain their chemical make-
up.
For the basic syenites and monzodiorites of this part of the Haute Dauphine, it seems
unlikely that there has been more than peripheral interaction with the host granites,
with the one notable exception in the region of the Refuge des Sources in the Rochail
granite massif, (Chap 3 op.cit). Therefore the chemistry of these basic rocks can only
have undergone limited modification and are in general unchanged, at least from a
point early on in their history. The source or sources of enrichment must therefore be
situated within the upper mantle or possibly the lower crust.
Fractional crystallisation of clinopyroxene and garnet from a basaltic magma,
generated by the partial fusion of a garnet lherzolite under high pressure conditions

(>30 Kb), (Foley et al., 1987), can give a product with abnormal enrichment of certain
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incompatible elements whilst the residual liquid has an enhanced K»O/NapO ratio.
(Clarke et al., 1983). The high values of these incompatible elements indicates a large
degree of fractional crystallisation which would exclude the high values of Cr, Ni and
Magnesium which are also characteristic of these rocks.

Crustal contamination of a mantle derived magma, at depth within the lower crust, is
in accordance with the 'hybrid' character of these rocks (Rock et al., 1986) as well as
the elevated Sr87/Sr86 ratio (Venturelli et al., 1984; Banzet, 1987). This does not
however explain the high K»>O/NapO ratio as well as the low values for NapO. Foley
et al. (1987) underlined the fact that this sort of hypothesis does not allow an
explication of the abundance's of certain elements and consequently the geochemical
interpretation remains difficult.

Further to the south of the Valsenestre region, in suites of similar rocks, Banzet
(1987) determined the presence of corroded, inherited zircons characteristic of the rare
granulite facies found amongst the basic metamorphic rocks of the Haute Dauphine. It
could therefore be construed that a certain amount of contamination of these basic
magmas has taken place, probably at an early stage in the emplacement process, but
this contamination is a relatively minor contribution to the geochemical characteristics
of these ultrapotassic basic rocks (Esperanca and Holloway, 1987; Foley et al., 1987).
Supporting this hypothesis is the fact that those enclaves showing the greatest en-
richment of incompatible elements are not necessarily the most silicic, whereas the
effect of early contamination would be to increase the SiO2 content.

If in fact these magmas originate within the upper mantle then the concentrations of
incompatible elements, require a very small percentage of partial melting, less than 1%
( Sun and Hanson, 1975; Hanson, 1978; Mitchell et al., 1987) and the difficulty arises
in the segregation of the liquid phase. It therefore seems imperative that the partial
fusion has taken place within a mantle which has undergone an enrichment process of
the incompatible elements, this process has been largely envisaged by other

workers. (Bailey, 1982; Peccerillo et al., 1984; Thompson et al., 1984; Venturelli et al.,



1984; Esperanca and Holloway, 1987, Foley et al., 1987; Mitchell et al., 1987, Banzet,
1987).

Metasomatic processes have been described by various workers (Bailey, 1982;
Esperanca and Holloway, 1987; Foley et al., 1987, Mitchell et al., 1987), in lherzolite
xenoliths from diatremitic volcanic rocks, indicating abnormal compositions,
especially the alkali elements, replaced during the changes in mineralogy. The principal
minerals concerned in these reactions being phlogopite, amphibole and the carbonate

minerals, see Fig,4.36 for stability fields of these minerals for typical mantle pressures
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Figure 4.36 P-T relationships of mineral stabilities, solidi and geotherms.

Solidi: PSD - peridotite vapour absent solidus, KS- Kimberlite solidus, OE -
peridotite solidus with H;O and CO; present, WE - KAISiO, - MgO - H:0 - CO;
system which gives a measure of phlogopite stability in peridotite mantle.
Mineral stabilities: C = coesite, Ks = Kalsilite, Ab = albite+ nephiline, (Ab) =
albite (jadite + quartz), Or = K- feldspar, SC = solvus crest for alkali feldspar.

(after Bailey, 1987)

Elements are moved through this media by the action of fluids and volatiles whose

probable provenance is either from the dehydration of a subducted plate or from out-
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gassing from sources deeper within the mantle itself. Possible sites for the passage of
these fluids are the deep crustal faults associated with collision zones with associated
metasomatic processes and eventual fusion.(Bailey, 1982). The high K20/Nas0 ratio
is a good indicator as this would be expected from the fusion of a lherzolite mantle
rich in phlogopite, however the high values of HREE within the basic syenites and
monzodiorites associated with the granites of the Valsenestre region would suggest an
absence or at best only a small presence of garnet within the source rocks.

Some workers, basing their arguments on either isotopic data (Allibert et al., 1986) or
geochemical (Thompson at al., 1984;Oberhannsli, 1986, Venturelli et al., 1987) suggest
that subduction processes are a major element in the genesis of these ultra-potassic
basic rocks. Following Thompson et al.,(1984) the origins for these ultrapotassic
magmas is from deep within the upper mantle but with major contributions from the
melting of subducted slabs, up to several millions of years after continental collision
has taken place. This accounts for occasional negative Eu anomalies found in these
types of rock, as their bulk compositions are to silica under saturated for feldspar to
have precipitated.

These types of rock are considered as being characteristic of post orogenic phases
within collision zones (Folley et al., 1987) and are emplaced after the last regional

deformation episode (Thompson et al., 1984).

4.5 General Summary and Conclusions

The four granites of the Valsenstre to Lauvitel region show some marked differences
in their chemical make up. The Ramu granite is distinguished by trace element and
Rare Earth patterns which place it amongst the high level leucocratic granites. This is
born out on multi-variant and discriminant diagrams, where following the classification
of Harris et al., 1986, it falls into the Group II granites. The other three granites,
Alfrey, Quatre Tours and Rochail are geochemically quite similar, but showing minor

variations, and on a plot of Rb/30-Tax3-Hf (Figure 4.21) the Rochail granite plots




into volcanic arc space, whilst the Quatre Tours and Alfrey granites are generally
within Group III space although the former shows quite wide dispersion. Whilst it is
evident that all the granites are the result of crustal melts, there particular source rock
types are not easily defined. The Ramu granite could possibly be considered as the
result of the fusion of the La Lalley gneisses, over which it has been thrust, more
especially as it contains numerous large, half digested panels of this materiel, however
the geochemical arguments for this are too sparse to be taken into account.

The Rochail granite as similar looking trace and REE patterns to those of the analysed
gneisses, although overall abundances differ by an order of magnitude, however the
granite body as a whole shows evidence (Giorgi, 1982, Buffiere, 1960) of
emplacement textures, certainly around its northern border, so its source material must
be further down in the crust. It is however probable that a certain quantity of the
gneisses into which it has been intruded have been assimilated and so play some part at
least in the makeup of this granite.

The Quatre Tours granite has only tectonic boundaries and is therefore not "in situ",
but its overall geochemistry is not very different from that of both Alfrey and Rochail
and therefore the same type of source may be ascribed to this granite.

The Alfrey granite lies in situ and has a geochemistry very similar to both Rochail and
Quatre Tours, but does show a small fractionation trend from the outside inwards, as
demonstrated by the rare earth patterns.

The Mg* - B classification of Debon et al, (1994) puts the Quatre Tours and Rochail
granites well within their syn-collision context and to a lesser extent the Alfrey granite,
(Debon, personnel communication) however the boron data tends to disagree with this
idea , as the Alfrey granite which has much higher values than other two, would
appear to be situated within a syn-collision context, as opposed to a possible post-

collision context for Rochail and Quatre Tours.




CHAPTER 5

ISOTOPIC GEOCHEMISTRY AND GEOCHRONOLOGY

5.1 INTRODUCTION

The purpose of this chapter is to review the isotope geochemistry and
geochronology, carried out to date on the Rochail granite and the associated syenites
from the intrusion at the Cascade de Lauvitel, and the QTBC granite with the
associated syenites at the Combe de Belle Cote as well as to present new Rb/Sr data on
the later.

Isotope geochemistry and geochronology have been performed on the Rochail
granitic complex; in the first instance by Bonhomme and co-workers in 1963, who gave
ages for the Rochail granite, from Rb/Sr data (corrected), of 317+/-9 and 327+/-16 Ma,
aligned to an initial 87Sr/86Sr ratio of 0.712. Demeulmeester (1982) presented data

both for K/Ar and Rb/Sr; from the former he obtained an age of 373 +/- 30 Ma, whilst




Rb/Sr determinations indicated an age of 331 +/- 31 Ma for the Rochail granite, with an

initial 87Sr/86Sr ratio of 0.7049. |
E
|

K/Ar data were presented by Vittoz et al (1987) in which two age determinations A I
Ar/"Ar i

were made. The first, on amphiboles and biotites established an age of 324 +/-22 Ma *10° i
I

for the cooling of the basement rocks, whilst the second gave an age of 160 +/-5 Ma for , |

a thermal event which affected the K-feldspars of the igneous rocks. New Rb/Sr data

for the Quatre Tours/Belle Cote granite and associated syenite dykes are presented. 373 +/- 30 Ma .
When these data are added to those of Demeulmeester a new age of 317 +/- 11 Ma is |
obtained with an initial 87Sr/86Sr ratio of 0.706088. This gives a somewhat younger age ] 1‘
than previously published results on the Rochail massif and adds to evidence for a post-
collision emplacement for the Rochail and Quatre Tours/Belle granites. g
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5.2 K/Ar ISOTOPE DATA
Figure 5.1 40Ar/36Ar versus 40K/36Ar for the northern part of rhe Rochail massif.

(from Demeulmeester, 1982)

Demeulemeester (1982) published K/Ar data on amphiboles, from the northern

part of the Rochail massif, which gave for this mineral a closing age of 373+/-30 Ma Ardp®

(Figs. 5.1 and 5.2), Whilst this data does not give a definite isochron, it did allow him

10
373 +/- 30 Ma

to draw the conclusion, that the northern sector of the Rochail granite and its
surrounding basement had not suffered to any great extent from the Alpine
metamorphic event. Further he ascribed the apparent difference between this age and the

general closing date of 324 Ma as dueto an excess of radiogenic argon, whilst the
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Figure 5.2 Plot of radiogenic Ar versus K% for amphiboles from the Rochail massif,
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Figure 5.3 Sketch map of the Rochail/QTBC sector of the
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during the Jurassic.

The study was made on the following samples:

1) A fine grained equigranular sample of granite (RO309) from the Belle Cote

section of the QTBC. This sample is relatively rich in biotite/chlorite.

2) Two syenites from the Belle Cote sector, one from the centre of the largest

basic dyke (RO316) containing amphibole as the mafic phase. The second

(RO317) from a position closer to the contact with the granite contains

both amphibole and biotite as mafic phases.

3) Two biotite rich syenites from the Lauvitel sector of the Rochail granite, one

(RL102) from the monzosyenitic contact of the intrusion containing large
' Sedimentary cover

and Alluvium
Rochail granite
Clapier facies
Rochail and

QTBC granite s.s.

phenocrysts of perthitic potassium feldspar. The second (RL103) from the

centre of the basic intrusion containing megacrystals of poikilitic microcline.

Syenite

Gneiss du vallon

The locations of the samples are shown on Fig. 5.3.

Gneiss de La Lavey
Gneiss du Bourg

Analyses were performéd on separated fractions. For the granite (sample RO309) A Oaais

only K-Feldspar was analysed, as the plagioclase feldspar was too altered and the




biotite to0

chloritised for sensible analysis. For the mafic samples, amphibole, biotite

and potassium feldspar were analysed for all samples; but plagioclase feldspar could

only be measured for sample RL103, from the cascade de Lauvitel, due to the high

degree of alteration of this mineral in the other samples.

5.3 RESULTS

The analytical results are shown in table 5.1

Sample  Mineral “Ar %Rad. K% “ArfSAr “K/°Ar AgeMa
(nl/g) (*10°) (£ 2sig)
RL102  Biotite 95.80 98.7 691 22908 1092.1 325+ 6
RL102  Biotite 89.90 96.9 6.74 9984 4642 314 4
RL103  Biotite 76.80 98.7 6.86 23333 13763 267% 12
RO316  Biotite 95.40 98.0 740 15078  767.9 304+ 6
RO317  Biotite 99.20 98.2 753 16427  819.4 310% 6
RL102  Amphibole 5.48 83.4 0.39 1777 715 326+ 8
RL102  Amphibole 5.72 87.6 0.42 2388  102.7 32111
RL103  Amphibole 4.46 83.3 0.33 1766 71.8 322+20
RO316  Amphibole 4.87 84.4 0.32 1898 71.3 350 £18
RO317  Amphibole 5.53 89.9 0.34 2921  107.4 378+18
RL102  K-Feldspar 73.90 97.8  10.83 13293 12746 167% 2
RL103  K-Feldspar 80.20 98.2 1325 16437 1784.6 149 4
RL103  K-Feldspar 81.10 98.7 1325 23086  2493.1 151 4
RL103  K-Feldspar 93.70 98.1 1325 15627 1451.1 173 % 6
RO309  K-Feldspar 49.20 98.2 1246 16554  2756.0 99% 2
RO316  K-Feldspar 113.60 985 1151 19551  1305.7 238+ 4
RO317  K-Feldspar 77.40 985  11.90 20287  2055.6 160+ 6
RL103  Plagioclase 11.67 86.4 1.83 2171 196.5 157 £ 4

Table 5.1 K/Ar data for separated minerals from the QTBC and Rochail
intrusives. (After Vittoz et al., 1987)
RL102 and RL103 Rochail
RO309, RO316 and RO317 Quatre Tours/Belle Cote
Errors for ages are given as 2 sigma
Constants are taken from Stieger and Jaguar, (1977).
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All the amphiboles gave ages in excess of 320 Ma, with RO316 at 350 Ma and
RO317 at 378 Ma. The biotites range from 267 to 325 Ma.
Three of the five potassium feldspars, which were analysed, gave ages of
approximately 160 Ma, whilst one (RO316) gives an older age at 238 Ma and the
granite RO309 gives a much younger age of 99 Ma. The unique plagioclase analysed

gives an age of 157 Ma comparable to that found for the potassium feldspars.

150 —
Ardo*
®  Biotite
o ¥ Amphibole
100 o B K-Feldspar
O  Plagioclase
® ]
50 — |
K%
0 | L |
0 5 10 15

Figure 5.4 A 1 versus ‘K for intrusives from the Quatre Tours/Belle Cote and Rochail massifs.

These results have been plotted on a 40K versus 40Ar diagram (Fig. 5.4). The
amphiboles and one biotite give a reasonable alignment on a regression line passing
through the origin, indicating that no loss or excess of argon has affected these samples.
Data have also been plotted on a 40K/36Ar versus 40Ar/36Ar diagram (Fig. 5.5).
The results obtained are almost identical to those for the 40K/40Ar data with the

isochrons passing through a point close to 300. This gives an age of 324+/-22




®  Biotite
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S B K-Feldspar
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324 +/- 22 Ma

2 161 +/- 5 Ma

|
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Figure 5.5 “’Ar/**Ar versus 4K S Ar for intrusives from the Quatre Tours/Belle Cote and Rochail massifs.

Ma for the biotite/amphibole line. On the same diagram four of the feldspars also

give a fairly reasonable alignment and an age of 161+/-5 Ma.

5.4 DISCUSSION

The age obtained of 324 +/- 22 Ma for the amphiboles and one biotite is much
less than that found by Demeulemeester, (1982) for the northern part of the Rochail
massif, but is comparable with earlier data obtained by Bonhomme et al., (1963) and
with amphiboles for the basement gneisses in the Romanche valley, which have a K/Ar
age of 324 +/- 12 Ma (Menot et al., 1988).

All three of the above mentioned authors interpreted these data as giving the age

of cooling of the tectano-metamorphic block, during the Sudetean phase of the Variscan

5-8

orogenisis. This corresponds with the westerly directed, lateral tectonic event, of the
internal part of the Belldonne Taillfer massif and with the end of the thrusting episode
in the north-east of the internal part of the Belledonne massif (323 Ma), given by
Demeulemeester, 1982.

The ages for the amphibole for RO316 and RO317 dated at 350 and 378 Ma
respectively can most probably be explained by a local excess of radiogenic argon.
Demeulemeester invoked this hypothesis to explain similar enrichments for amphiboles
in the Grandes Rousses and Belledonne massifs. In this case a petrological and
mineralogical explanation may be invoked . Both samples were taken from the largest of
the syenite dykes in the QTBC granite at Belle Cote, which was intruded at a time
when the whole (granite and basement) were still hot. This has resulted in an almost
total re-equilibrium of the primary mineralogy of these dykes under thermodynamic
conditions comparable with amphibolite facies metamorphism (see Chapter 3). It has
been demonstrated (Tougarinov, 1965) that pyroxenes often contain an excess of
radiogenic argon; and it is therefore conceivable, that during the transformation of
primary pyroxene to amphibole, an excess of radiogenic argon remained. This
hypothesis is enhanced, if, as is likely, the re-equilibration took place under closed
system conditions, as is suggested by the mineralogy and geochemistry.

Results for the biotites give ages ranging from 257 to 314 Ma. These results are
very close to those obtained by Demeulmeester (1982) for partly chloritised biotites
from the Clapier zone of the Rochail granite e.g. 313 +/- 9 Ma and 290 +/- 8 Ma by
Rb/Sr methods, and 293 +/- 13 Ma by K/Ar mass spectroscopy.

This author, in a study of the ages, obtained by analysis of biotites in the
massifs of the Belledonne and Haute Dauphine, demonstrated the increase in the

Alpine metamorphic event from west to east. This can be related to a progressive loss
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of radiogenic argon as a function of the increase in metamorphic grade. From these
studies Demeulemeester concluded that the western part of the Haute Dauphine had
been relatively shielded from the Alpine metamorphism, this is born out by the large
amount of brittle fracture in this region, as well as the values obtained on the
biotites. It is interesting to note that, it is not necessarily those biotites that have
suffered the most chloritization, which show the largest loss of argon, as one (RL102)
lies on the isochron, whilst anc?ther (RO317) is dated at 310 Ma, very close to the
date of crystallisation, therefore arguing for a late ma gmatic process for this effect.

Four of the potassium feldspars and the single sample of plagioclase give
ages close to 160 Ma, whilst one K-feldspar gives an age at 238 Ma and another 99 Ma.

These results can be interpreted in the same way as the biotites, i.e. in
terms of a greater or lesser loss of radiogenic argon but in this case as a function of the
intensity of some later thermal event. In this case, the fact that the ages of five of the
feldspars are close to 160 Ma is significant. Had the Alpine event been of a sufficient
intensity to reset the feldspars, then it should have affected the chloritised biotites.
Further, Bonhomme et al (in preparation), have shown that in the Belledonne massif
and in the region of La Grave (central zone of the Haute Dauphine) fine clay fractions
in the Liassic cover give dates of 40 to 50 Ma for the height of the Alpine
metamorphic event, whilst closer to the studied region in the Bourg d'Oisan syncline,
the fine clay fractions give an event at 26 Ma (Grand et al, in preparation). The
temperature of crystallisation for these fine fragments, (approximately 200°C), is
roughly equal to that for the opening of feldspar, and if they had indeed been subjected
to these events then they should have shown comparable ages. This is not the case

and we must therefore look for another explanation.
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The regression lines for the feldspars on the 40K/40Ar and the 40K/36Ar versus
40Ar/36Ar diagram pass close to zero and 300 respectively. This indicates that their
crystallisation, re-crystallisation or simply their thermal opening, with respect to
radiogenic argon, took place in an environment that had no excess pressure with
respect to argon (Bonhomme et al.,1988), and that all the feldspars, with the
exception of the syenite RO316, were thermally reset at 160 Ma. Apparently the
granite RO309 was either  affected by an event at 99 Ma or lost argon by some
other method, perhaps a partial opening during the Alpine event.

A general diagenetic event, took place in the sedimentary cover, over practically
the whole of south-eastern France at 160-170 Ma (Bonhomme and Millot, 1987), and
these workers demonstrated that this event was mainly thermal. Potassium feldspar is
a good thermal thermometer, as the opening temperature with respect to argon lies
between 170 and 200°C, It is therefore probable, that the age of 160 Ma found for

these feldspars, is dueto a reaction of the basement rocks to this diagenetic event.

5.5 SUMMARY AND CONCLUSIONS

The K/Ar isotope geochemistry has shown that, the intrusion of the granitic
complex and its accompanying suite of basic rocks, of the western Haute Dauphine
took place in the late Variscan at approximately 324 Ma. The analysed ages of the
amphiboles, indicate the probable cooling history of the tectono-metamorphic block,
during the Sudetean phase of the Variscan orogenisis. The chloritization of the biotites
corresponds to a late Variscan episode at 314 Ma, whilst the ages obtained on the

feldspars, indicates the effect of a diagenetic event within the overlying sedimentary

cover during the Dogger.




5.6 Rb/Sr ISOTOPE DATA

Demeulemeester, (1982) presented Rb/Sr whole rock data on the northern part
of the Rochail granite intrusion. The locations of the samples are shown on Fig. 5.3.

whilst the analytical data he obtained is reproduced in Table 5.2

1 (RT9275) 204 391 1.5094 .0302 0.7128 0.0005
2 (RT9276) 322 380 2.4590 .0492 0.7169 0.0005
3 (RT9277) 268 239 3.2574 .0651 0.7195 0.0005
4 (RT9278) 313 149 6.0963 .1219 0.7342 0.0005
5 (RT9279) 268 199 3.9046 .0781 0.7220 0.0005
6 (RT9349) 0.35 3.61 0.2806 .0056 0.7056 0.0005
Table 5.2 Rubidium Strontium Isotope data for the Northern part of the Rochail massif
from Demeulemeester, 1982

The resulting isochron is shown in Fig 5.6
This gives a Rb/Sr age of 331 +/- 31 Ma with an 87Sr/86Sr initial ratio of 0.7049.
Whilst these data correspond very well with those dates established by Bonhomme and
co-workers, 1963, When the data is examined more closely some discrepancies come to
light. Demeulmeesters data is in fact a mixture of samples from both basic and granitic
rocks. The granites are 1,3, and 6 whilst 2,4 and 5 are rocks of basic to intermediate

composition. In chapter three we demonstrated that the two rock types have different

affinities, it seems therefore logical to separate the data.

0.74 :
87Sr/ 86Sr

0.73

0.72 -
Age : 331+£ 32 Ma

0.71 -
0.70 -
87Rb/ 86Sr
069 1 | ] | | ]
0 1 2 3 4 5 6 7
Figure 5.6 Plot of #’Sr/ #Sr vs #Rb/ #Sr for the northern
part of the Rochail massif.
(Data from Demeulemeester, 1982)
5.7 RESULTS

New Rb/Sr data have been obtained on rocks from the QTBC granite complex. The
samples consist of two granites, one syenite from the Belle Cote dykes and one diorite

from the outcrop at the Quatres Tours, the localities for which are shown on Fig. 5.7.

1) Sample RO124 is a fine to medium grained granite from the southern end of the
QTBC granite. The biotites are partially chloritised but otherwise the sample was

quite fresh.

2) Sample RO125 isa fine grained diorite from the outcrop underneath the pinnacles

of the Quatres Tours.
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3) Sample RO213 is a medium grained syenite from the central dyke of the Belle Cote

‘ dyke system. The minerals being quite fresh. -

4) Sample RO132is a fine grained granite from the Vallon de Valsenestre, and is

quite rich in biotite, which shows little alteration. 0.730 |

Age =317 +/- 23 Ma
the data from these samples are displayed in Table 5.3

0.720 -
0715
Sample Rb Sr Y Rb®Sr Er  ¥St/*Sr  Err 0'7”’;_
B =~ 00000 e e e 0.705 [ TR b/%Sr
‘ RO124 153 470 0.943 .009 0.710668 +/-12 . i l i i 1 l 1 : |
| RO125 467 796 1.699 .017 0.715302 +/-13 e 1 8 3 & s & 9 § 8 @ Il
| RO213 311 521 2.016 .020 0.717230 +/-19 4
' RO132 300 54 5.575 .056 0.730601 +/-15 Figure 5.7 1sochron of granites from the Quatre Tours and Rochail. '

ol Table 5.3 New Rb/Sr Isotope data from rocks of the QTBC granite complex
w Rb/ P Q gra P The data from the basic intrusives are regrouped in Table 5.5 and these data have been

i\ (Analyses made at the Open University) sloted ip in Fig 5.8,

‘ Sample Rb Sr  ¥Rb/*Sr Err ¥Sr/*Sr  Err
RO125 467 796  1.6990 .0170 0.715302 +/-13
RO213 311 521  2.0160 .0200 0.717230 +/-19
RT9276 322 380 2.4590 .0492 0.7169 0.0005
RT9278 313 149 6.0963 .1219 0.7342 0.0005

0| To make a resonable data set, these new data for rocks of granite composition, have

" been added to the existing data set. These are displayed in Table 5.4

87R 6 87 6

Sgle Rb B VRS Er  Vej Ba RT9279 268 199 3.9046 .0781 07220  0.0005

RO124 153 470 0.943 009 0.710668 +/-12

RO132 300 54 5.575 056 0.731241 +/-15 ; : ; i i

RT9275 204 301 15094 0302 07128 0.0005 Table 5.5 Data for basic and intermediate rocks used in diagram 5.8.

RT9277 268 239  3.2574 .0651 07195  0.0005 W — b dnaa , |
| RT9349 0.35 361 0.2806 .0056 0.7056 0.0005 These data give a five point errorchron with an age of 304 + 98 Ma, the large error being i

|

H Table 5.4 Isotope data from The Quatre Tours and Rochail granites used in Figure 5.7 due to the amount of scatter. Whilst these new presentations of existing and new

I| measurements should be regarded with some caution , especially those for the basic

i These data are plotted on a new five point isochron which is displayed in Fig 5.7 This . .
rocks, due to the amount of scatter in the data, it none the less appears that the Quatre

|
| gives an age of 317 + 23 Ma with an initial value of 0.705413. This is some 14 Ma . e .
| Tours and Rochail granite is somewhat later than has previously been thought, and that

younger than the previous value given by Demeulmeester.

the age of the associated basic to intermediate rocks could have been intruded some 10

Ma later. This accords quite well with field observations.
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Figure 5.8 Isochron of syenites and diorites from the Rochail and QTBC intrusions.

To test the possibility that the isochrons for these data are due to the mixing of magmas

the data have been plotted on a diagram of *St/**Sr versus Sr, (Figure 5.9)

0.74
YgrMse
0,73 —

0.72 - ]

0.71 @

{l]
1] 200 400 600 800 1000

Sr

Figure 5.9 Plot of 87Sr/86Sr versus Sr for the intrusive rocks from the Valsenestre region
Haut Dauphine. (Data from Demeulmeester, 1986 and new data)
( ® pranite B gyenites + diorites)

this diagram has been shown to indicate magma mixing with the data from hybrid rocks,
following a hyperole. (Bell et al., 1968,1969; Faure and Powell, 1972; Volmer, 1976,
DuThou, 1982).

This is almost the case here, however to correlate this the same data on a diagram of

¥Sr/*°Sr versus 1/*°Sr (Bernard-Griffiths, 1975; Duthou, 1982) should if there is mixing,

describe a straight line, with the equation Ry = f(1/Cm). From Figure 5.10 it can been
seen that no straight line regression can be drawn, but on the contrary there is a
dispersion of points for both types of rock, and it may therefore be concluded that there

has been no effect of mixing in this case.
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Figure 5.10 Plot of *Sr/**Sr versus 1/*Sr for the intrusive rocks of the Valsenestre region,
Haut Dauphine, (Data source as for Figure 5.9.)
(symbols as for Figure 5.9)

5.8 SUMMARY AND CONCLUSIONS

The isotope geochemistry performed to date on the granitoids of the western part of the
Haute Dauphine, demonstrate that the intrusion of these, together with their
accompanying suites of basic rocks took place in mid to late Variscan times. K/Ar data
for the QTBC basic suite gives 324 Ma whilst Demeulmeester, (1983) found 373 Ma for
the Rochail granite. Rb/Sr data for the Rochail and Quatre Tours intrusives have been
revised and together with some new data, now gives an age of 317 + 23 Ma somewhat
later than the age of circa 330 Ma found on what was mixed data by Demeulmeester, for

the northern part of the Rochail granite. If this new age is correct then it puts the Rochail
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and Quatre Tours granites within a period which is perhaps neither syn-collision, circa
330 Ma or post collision 300 Ma (Debon et al 1994) but somewhere between the two,
this may be an explanation of its mixed geochemistry. The later errorchron for the basic

to intermediate intrusions could indicate a later date for the intrusion of the basic rocks in

the form of dykes.
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CHAPTER 6

GEOCHEMISTRY OF THE IGNEQUS ROCKS OF THE
HAUT DAUPHINE

6.1 INTRODUCTION
The region of the Haut Dauphine has been intruded by a number of granitic plutons (Figure
6.1) of various shapes and sizes. In general, the granitic material makes up about one half of
the exposed surface of the region. A number of workers have undertaken studies of these
intrusions (notably Buffiere, 1964; Ozocak,1965; Barbieri, 1970; Pecher, 1970,1971; LeFort
et Pecher, 1971; Bartoli, 1973; LeFort, 1973; Barfety et al., 1984; Costerella, 1986: de
Boisset, 1986) and these have elucidated the main structural, petrological and mineralogical
characteristics, as well as providing a limited amount of geochemical information. These
geochemical data have given rise to a number of interpretations and classifications of the
granitic intrusions, these have been summed up by Stussi et al., 1983, in which, in conclusion

these authors classified the granites using major element analysis. These data are presented in

Table 6.1.




$i02 A1203 Fe203 Mn0 Mg0 Cad Na20 K20 Ti02 P205 LOI

Subalkaline granites

Combeynot n=4  74.4]1 13.04 1.83 0.04 0.60 0.55 2.92 5.35 0.20 - 1.08
1.41 0.66 0.51 0.02 0.23 0.36 0.79 0.64 0.11 0.10
La Bérarde- ~ n=46 75.24 12.85 1.41 (.05 0.40 0.43 3.94 4.49 0.12 - (.74
Promontoire 1.54 0.71 0.48 0.01 0.07 0.08 0.07 0.09 0.03 - 0.08
Etages n=43  74.35 13.08 1.57 0.04 0.46 0.50 3.39 4.93 0.15 - 0.87
0.50 0.19 0.21 0.01 0.07 0.24 0.36 0.13 0.04 0.10
Cray RAG4  75.36 13.03 0.94 0.03 0.42 0.24 3.31 5.34 0.06 - 0.83
Graou R2G6 70.10 13.73 2.38 0.05 1.15 1.34 3.48 4.39 0.31 - 1.40
Giobernay SD32 73.30 13.10 1.63 0.05 0.49 0.39 3.67 5.15 0.22 - 0.90
Bans B420 68.10 15.30 3.55 0.10 1.60 1.75 3.50 4.65 0.35 - 1.10
: Pelvoux-Pic de n=10  73.16 13.26 2.01 0.05 0.65 0.55 3.69 4.44 0.31 - 1.21
Aiiiistidg— — Clouzis 1.10 0.79 0.21 0.03 0.36 0.41 0.22 0.71 0.15 0.17
Jretieiyd Rochail fin  n=12  72.35 14.70 1.37 0.02 0.60 0.42 3.96 4.79 0.20 - -
rASE SeEes 3ed 1.23 0.48 0.38 - 0.32 0.34 0.50 0.5 0.10
Y+ Rochail gros. n=15 65.67 15.42 3.11 0.06 2.09 1.80 3.61 5.60 0.48 - =
e 2.88 1.27 1.01 0.02 0.84 0.84 0.69 1.22 0.31
Ftid Ramu PGK1 75.60 13.82 0.85 0.04 0.21 0.50 3.83 4.25 0.17 - 1.03
Quatre Tours n=6  72.06 14.85 1.41 - 0.80 0.33 4.35 4.18 - = &
: 1.26 0.56 0.32 0.24 0.25 0.36 0.41
L& Bt Pointe P7T4 73.48 14.19 1.19 0.05 0.39 0.44 3.68 4.04 0.03 - 1.35
Marcelline
Combe Guyon 312882 72.39 13.33 2.72 0.06 1.45 1.37 3.06 4.21 0.40 - =
- Valsenestre  n=4  66.80 15.54 3.91 0.06 1.19 1.75 3.50 4.09 0.60 - s
-\ [Pelvoux 0.96 0.61 0.35 0.01 0.11 0.33 0.23 0.43 0.07
- | P. de Clouzis | Chapelet MX13 66.85 15.85 5.29 0.09 2.07 0.85 2.68 4.08 0.77 - 1.82
: : Entraygues APEL 72.21 13.60 2.92 0.04 0.68 0.38 3.57 3.21 0.35 - 1.64
/4 (Claphouse] ‘ Péou St n=11  72.13 14.89 1.44 0.04 0.52 0.80 3.96 4.53 0.23 - -
Maurice 0.92 0.51 0.28 0.01 0.26 0.40 0.40 0.60 0.07
: : | Turbat-Lauranoure 73.30 13.42 1.27 0.04 0.52 1.01 3.26 4.89 0.23 - 0.89
. n=34  0.94 .0350.26 0.01 0.12 0.29 0.08 0.15 0.06 0.15
Orgiéres n=6  62.76 16.55 5.00 0.09 2.22 2.48 3.56 3.88 0.65 - 2.04
. BtE 2.79 0.99 0.76 0.01 0.51 1.29 0.74 0.89 0.11 0.48
[Peou de St Maurice] Bourg n=6  66.57 15.13 3.64 0.08 1.47 2.45 3.24 4.42 0.50 - 2.25
/ 1.44 0.48 0.38 0.01 0.19 0.32 0.18 0.27 0.09 0.31
-m Mguﬂ'érg? 1 PV31 60.90 14.50 6.27 0.10 4.54 3.58 2.76 3.92 0.68 - 3.27
olle-Blanche
—-""/
]COHCEﬂaHChEI Alumino—potassic granites
10km ‘
/ J Grun de St P3U1 71.58 15.29 1.35 0.03 0.40 0.58 4.03 4.75 0.18 - 1.20
Maurice
Pétarel 75.00 12.30 2.37 0.07 0.59 0.34 3.40 4.34 0.15 - 1.32
[:,- Yy e, s F++4a se Dol ; Rieou Blanc  n=4  69.69 14.66 2.62 0.03 1.34 0.82 3.81 4.38 0.33 - 1.65
it BT A [rreh” ===t asn 1.92 0.47 0.48 0.03 0.72 0.29 0.25 0.23 0.10 0.35
Claphouse n=5  70.70 14.31 2.85 0.03 1.34 0.47 3.48 4.28 0.52 - 1.70
0.79 0.50 0.27 0.03 0.34 0.42 0.08 0.16 0.14 0.13

Figure 6.1 Structural map indicating the emplacement of the granites of the Haut
Daupnine province, western French Alps.
(Key: 1. Eocene deposits 2. Mesozoic cover 3. Carboniferous deposits

4, Variscan granites 5. a) Migmatite gneiss b) Gneiss 6. Orthogneiss
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Na20 CaC

Figure 6.3 Na,O/K,0/CaO triangular diagram of the granites from the Haut
Dauphine.
(Fields TE: Turbat-Lauranoure, Bo: Bourg, MCB: Colle Blanche-
Moutiers Pe: Pelvoux, Ba: Bans, Or: Orgieres.)
The granitoids which make up the alumino-sodic trend are well defined and show little
chemical variation within the same intrusion. The same however, cannot be said for the
monzonitic group, which show considerable variations, even within the same intrusion.
LeFort (1970,1973) underlined this tendency in the granites of Colle Blanche, Moutieres,
Bourg and Tourbat-Laurenoure. In an attempt to throw some light on the classification of
these intrusions, the PICG-27 working group, using the work and diagrams from Santalier,
1983; Stussi et al., 1983 and De La Roche and Stussi, 1982; again recognized two magmatic

associations. The first was termed "subalkaline", into which they grouped the granitoids of

Rochail, Valsenestre, Bourg, Orgieres,
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Figure 6.4 Distribution of the granites of the Haut Dauphine, after the classification of
Stussi et al., (1983).
(See Figure 6.1 for intusion names and regional geology, and Table 6.1 for
basic data.)




Turbat-Lauranoure, Colle Blanche, Moutieres, Les Etages, La Berarde-Promontoire,

| J Combeynot and Pelvoux. The second, termed "alumino-potassic", included the granites of

! Grun, Petarel, Rieou Blanc and Claphouse. (Figure 6.4)

' Whilst these two trends were very close, the authors were able to discriminate between the

\ two, using the couple Al-Na for the first trend and ALK for the second. However,

| discrimination using major element chemistry is not entirely satisfactory, especially amongst

| the more silicic members, as the fields tend to overlap and converge.

‘ The use of geochronological and structural criteria (Demeulmeester, 1981;Giroud et
| al.,1981;LeFort, 1973) has allowed the definition, especially in the south of the region, of

those granitoids having a syntectonic signature, these being Claphouse, Colle Blanche,
I Moutieres and Bourg. In the north of the region, the granitoids of Rochail, Les Etages,
‘ Berarde-Promontoire, Pelvoux and Combeynot,(Pecher, 1970; Giraud and Vivier, 1980;

I Costarella, 1986) have been assigned to a post-tectonic phase of intrusion. (Figure 6.5)

. Il Comparison of these figures 6.4 and 6.5 highlight certain points. The syn-tectonic granites are,

with the exception of Colle Blanche et Moutieres alumino-potassic whilst the post-tectonic '

Syn-Collisi i
granites are sub-alkaline in character. yn-Collision granite 0 % %

From these two discrimanatory systems The geographical distribution of these granitoids

would appear to be a north-south orientated, but the presence of epi-volcanic facies in the Post Collision granite

=

i “ intrusions in the East of the region and their absence in the west, has been interpreted as
intrusion at different structural levels (Pecher, 1970; Costarella, 1986). Further the majority of
the granitoids found in the western part of the region (Rochail, Quatre Tours/Belle Cote,

:
| Peou de St Maurice, Colle Blanche and Moutieres) are associated with a bimodal magmatism B e
gure 6.5 Distribution of the granites of the haut Dauphine into 'Pre' and 'Post’' [

of granite and syenite or diorite tectonic domaines. (after the work of Le Fort, 1973; Giroud et al., 1981 and

‘ Demeulmeester, 1986) |
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(de Boisset et al., 1984; de Boisset, 1986; Banzet and LeFort, 1987), this type of magmatism
is also found further to the north, in other massifs of the External Crystalline Alps (Oliver et
al., 1981; Aumaitre et al., 1985).

From petrological and geochemical criteria, LeFort, (1973) and Pecher, (1971), showed that
the subalkaline association of the Haut Dauphine has many similarities with some subalkaline
to potassic series from other French Variscan domaines, e.g. The massif of Ploumanac'h;
Barriere, 1977 and The Ballons pluton; Pagel and Leterrier, 1980, where Autran et al., (1980)
demonstrated a shoshonitic affinity.

Elsewhere in the Variscan domain, this twin association of subalkale and alumino-potassic
trends has been demonstrated by De La Roche and Stussi, (1982) and Autran et al., (1980).
However, the genetic relationships between the two associations are not clearly defined, and
while their origin is still under discussion, the consensus opinion appears to be that they are

both crustal in origin.

6.3 RARE EARTH ELEMENT GEOCHEMISTRY

A number of the granitoids from the Haut Dauphine have been analysed for trace element and
REE element data by neutron activation analysis (see Annex 1), some representative values for
which are found in Table 6.2.

The chondrite normalised (Nakamura, 1974) REE spectra are plotted in Figure 6.6, these
reveal two types of variation between the spectra. 1) A difference in the ratio and hence the

fractionation of the LREE over HREE 2) The difference in the relative size of the Eu anomaly.
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Sample Massif 2REE Eu/Eu (La/YDb)

C2-38  Combeynot 94 0.36 3
c21 Combeynot 128 0.28 5.14
COBL Colle Blanche ' 194 0.76 19.43
GM100  Peou de St Maurice 86 0.91 18.82
NA33 Turbat -Lauranoure 110 0.67 15.28
NB12 Orgieres 154 0.38 15.28
PA46 Etages 157 0.75 15.42
R4G8 Cray 157 0.25 8.54
RL121 Rochail s.s. 103 1.26 13.25
RL210  Rochail (Clapier) 127 0.87 20.95
RO309  Quatre Tours 100 0.73 13.77
RO508P Ramu 16 0.32 3.54
RO513  Alfrey 146 0.78 14.39
S8W1 Rieou Blanc (Porph) 142 0.72 15.34
SCé Bourg 216 0.66 19.06
T3V2 Rieou Blanc (fine) 115 0.36 5.09
T6Q1 Pelvoux-Pic de Clozis 96 0.48 13.33

T6T3 Claphouse 274 0.33 7.16
V272 La Berarde-Promontoire 61 0.62 5.84

VJ20 Valsenestre 152 0.76 11.01

Table 6.2 Rare Earth element characteristics for some granitoids
of the Haut Dauphine

Added to this are small relative variations in SREE which when included with the other two
criteria allow a discrimination into four major groups.

Group 1:

This group is characterized by relatively low total values (86-127 ppm) and by a large
fractionation of LREE to HREE (La/Yb N= 13.25-20.95) and by the almost total absence of a
Eu anomaly ( Eu/Eu* =0.87-1.26). The members of this group are Rochail, Peou de St

Maurice, Alfrey and Quatre Tours.
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Figure 6.6 Chondrite normalised REE profiles for the granites of the Haut Dauphine.

Group 2:
This group includes the granitoids of Turbat-Lauranoure, Bourg, Colle Blanche, Moutieres,
Orgieres, Les Etages and Valsenestre, and is defined by a large fractionation index of LREE
over HREE (La/Yb N= 11.01-19.43) somewhat higher total values of REE (110 - 216 ppm)
and a slight but consistent negative Eu anomaly (Eu/Eu* = 0.66-0.76). The porphyry facies of

the Rieou Blanc granitoid also falls into this category.

Group 3:

This group can be subdivided into two groups on the basis of a marked difference in the slope
of the chondrite normalised plot. The first, which includes the granitoids of Pelvoux, Pic de
Clouzis and Cray, have a La/YDb ratio of 8.54 - 13.33, whilst the second sub group have
La/YD ratios of 5.09 - 8.54. Both sub groups however, show a pronounced negative Eu
anomaly with values of Eu/Eu* = 0.25-0.48, whilst the total REE content varies greatly
between 94 and 274 ppm, but without showing a further discrimination. These two sub-groups

have been labelled 3a and 3b.

Group 4:
Into this last group go, for the moment, just two granites those of La Berarde-Promontoire
and Ramu, having low total REE content (16.54 - 61ppm), negative anomalies for Eu (Eu/Eu*

= (0.36 - 0.62) and a relatively flat profile with La/Yb of 3.54 - 5.84.

Within the region as a whole, the groups, as defined, form a series of bands running roughly

north-south (Figure 6.7), with the granitoids forming Group 1 lying to the west of the region,




SR I\

Group 1
Group 2

Group 3
adb

Group 4

Figure 6.7 Distributio of the granites of the Haut Dauphine according to the four groups
defined by the REE geochemistry.
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those of Group 2 in the centre and the granitoids forming Group 3 to the East. Group 4 is for
the moment an anomaly, but may represent granitoids of high level anatexis or alternatively
plutons, which have undergone a greater degree of metamorphism during Alpine orogenic
events, with an eventual loss of certain elements in a lost fluid phase. In any event with the
exception of this group, the zones established from structural and petrological criteria are in
part confirmed by the chemistry of the REE in the different granitoid plutons of the region.
However this is somewhat of a generalisation and there are some minor anomalies that stand
in need of further explanation.

1) The porphyry facies of the Rieou Blanc pluton fits in Group 2 Whilst the fine grained facies
fits into Group 3b; should these two then be considered as two distinct units with the fine
grained facies being associated with the more alkaline rich granites of the eastern edge of the
region,

2) The granites of the Etages and Cray are very closly associated in a temporal sense, but have
very different REE profiles with Les Etages belonging to Group 2, whilst Crey which is highly
aluminous in character, with the presence of cordierite, belongs to Group 3.

On the whole the profiles show similar characteristics to a number of other calc-alkaline and
sub-alkaline associations, which also show steep profiles, with pronounced fractionation of
LREE with respect to the HREE and important negative Eu anomalies Figure 6.4 (Fourcade
and Allegre, 1981).

In particular the profiles of Groups 1 and 2 are very similar to those of the
magnesium/potassium rich granitoids of Corsica (Cocherie,1985), to the syeno-granitic
complex of Ploumanac'h (Barriere, 1980) and the calc alkaline two mica granite of Aix les
Thermes (Fourcade and Allegre, 1981), as well as some of the Corsican granodiorites

(Cocherie, 1985) but with a less pronounced fractionation of LREE with respect to HREE.
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Figure 6.8 Multi-element variation diagrams of the four granite groups (defined by

REE geochemistry) for the granites of the haut Dauphine. (Normalization

values of ORG are from Pearce et al., 1984.)
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The Group 3 granites, with an important negative Eu anomaly, have profiles which are
comparable to monzonites of the calc-alkaline series of Corsica (Cocherie, 1985) whilst those
the sub-group 3b show important similarities with those of the inter-plate granites of the Isle
of Skye (Oliver and Vittoz, unpublished data), considered to have been derived from a mantle

source enriched in incompatible elements (Pearce et al., 1984).
6.4 TRACE ELEMENT GEOCHEMISTRY

Variations in abundance for the trace elements Thorium, Hafnium, Cesium, Scandium and
Tantulum are very small for the majority of the plutons, with the exception of the Valsenestre
granite with a low value of Thorium (9.72), and the intrusive complex of La Berarde-
Promontoire which has lower values for all the elements.

These data have been plotted on multi-element variation diagrams normalised to theoretical
values of ocean ridge granites (ORG), (Figure 6.8), after Tarney et al., 1981 and Pearce et al.,
1984. Groups 1 and 2 are generally characterized by lower values of the more incompatible
elements as Tantalurﬁ and Thorium, whilst the contrary is true for Group 3 . Within the
profiles it can be seen that the ratio of Ta to Ce is marked by an increase between Group 1 to
Group 3b, These profiles show close similarities to those defined for granitoids from syn and
post collision environments (Pearce et al., 1984). To further test this, the data have been
plotted on the discriminant diagram Ta versus Yb (Pearce et al., 1984), (Figure 6.9). This
indicates a trend for the Haut Dauphine granitoids from the field of granites generated in a
volcanic arc environment (VAG) passing by the field of syn-collision granites to that of within
plate granites. The granitoids of Group 1 being of Volcanic arc type and those of Group 3b of

within plate type. The zonation of the Haut Dauphine therefore, is in large measure respected.

R




Yb

Figure 6.9 Discrimant diagram of Ta versus Yb for the granitoids of the Haut

Dauphine.
(Group 1= A, Group 2 =+, Group 3a=®, Group 3b=1, Group 4=#)
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6.5 BORON DISTRIBUTIONS

Elemental concentrations of Boron have been determined for a number of the plutons of the
Haut Dauphine , by the method of Prompt Gamma Activation analysis (see Annexe 2), and
these data are detailed in Table 6.3, and shown schematically on Figure 6.10

Again a close look at these values allows a distribution into a number of groups, this time

using derived from values from different tectonic environments (Table 4.2) .

Intrusion Boron Concentration Error
Orgieres 4.0 (0.92)
Turbat-Lauranoure 2.0 0.92)
3.1 (0.87)
Etages 3.0 (0.93)
La Berarde-Promontoire 2.0 (0.88)
3.3 (0.91)

Combeynot 8.1 (1.0
Pelvoux-Pic de Clouzis 7.1 (0.91)
Rieou Blanc (Porphyrey) 7.3 (0.94)
Rieou Blanc (Fine grained) 7.0 (0.92)
‘ 7.4 (0.94)
Claphouse 9.7 (0.98)
6.5 (0.93)
Pic de Valsenestre 9.1 (0.99)
Rochail 155 (1.12)
Ramu 13.4 (1.03)
Colle Blanche 13.2 (1.03)
Moutieres 14.1 (1.07)
Quatre Tours 155 (1.08)
Alfrey 28.2 (1.68)
Bourg 57.4 (2.99)
68.2 (3.33)

.




Group 1: <5 ppm
This group includes the plutons of Orgieres, Turbat-Laurenaure, Les Etages and La Berarde

and forms an island situated in the north and centre of the region.
Group 2: 5 to 10 ppm

This group is made up from the intrusions of Combeynot, Pelvoux-Pic de Clouzis, Rieou
Blanc and Claphouse, which forms the Eastern Zone. This group also includes the Valsenestre
porphyry granite but the fact that this granite shows extensive signs of chloritization and

alteration may be a significant factor in its apparent low boron concentration
Group 3: 10 to 30 ppm

This group includes the plutons of Rochail, Colle Blanche, Moutiers, Quatre Tours and Alfrey,
forming the Western zone as defined by the REE and trace element geochemistry; as will be

demonstrated in section 6.6 this data also accords fairly well with the zircon morphology.

Group 4 : > 30ppm

Finally the Bourg granite is set apart by excessively high values (57 to 68 ppm) of Boron. One
explanation of this may be that the granite lies close to a major band of Alpine deformation
and has possibly been affected by the circulation of fluids. As yet the mobility of Boron has not
been determined, although petrological experiments are under way ( Manning and Pichavent,

1983;
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Figure 6.10 Distrubution of groups formed by concentrations of Boron for the granites

of the Haut Dauphine.




Pichavant, 1987) to determine both the phase relations and mobility of elements such as Boron
and Flourine in magmatic and metamorphic environments.

Values for the basic rocks of the Western zone range from 3 to 12ppm with an average value
of 7.5 ppm. Syenites and diorites normally contain from 9 to 14 ppm of Boron (Harder, 1975)

and so the values measured for the basic rocks reasonably close to these figures.

6.6 ZIRCON MORPHOLOGY

The typology of zircon populations within granitoid bodies has been proposed as a method of
classification (Pupin, 1976; Pupin, 1980; Pupin, 1985). The basis of the method applies to the
differences in physical and chemical parameters during the crystallisation of magmatic rocks,
this leads to differences in the form of the pinacoids depending on the temperature and
alkalinity at the moment of formation .

The granitoids of the Haut Dauphine have been in part studied, using this method, notably by
Schade, 1983 and Costarella, 1987. The studies were made on the granites of Combeynot,
Pelvoux-Pic de Clouzis, Les Etages and Turbat-Lauranoure (Costarella, 1987) and Orgieres,
Bourg and Peterel (Schade, 1983).

These data, together with some new data for Colle Blanche-Moutiers (Banzet, personal
communication) and Rochail, are presented in Figure 6.11. From this it can be seen that there

are essentially three groups.
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The first group is represented by a single member, the Peterel granite, the average value
plotting in the field of high level crustal granites (Pupin, 1980). The second group consists of
the granitoids of Les Etages, Tubat-Laurenoure, Bourg, Orgieres, Rochail and Colle Blanche-
Moutieres, which plot in the field of calc-alkaline granites having mixed crustal and mantle
origins. Finally the third group represented by the plutons of Combeynot and Pelvoux-Pic de
Clouzis have zircon morphologies characteristic of material with mantle origins or at least a
large percentage of mantle derived material (Costarella, 1987).

As with the major element, REE and trace element chemistry the three defined groups fall

into a zonal pattern Figure 6.12 which shows, running from west to east.

1. Granitoids of essentially crustal origin found in the west of the region.

2. Granitoids having mixed origins in terms of their source material, and showing calc-

alkaline chemical affinities which lie in the middle zone of the region .

3. Granitoids having source origins with a high proportion of mantle material and showing
alkaline chemical affinities (Costarella, 1987), which form a zone in the east of the region.
It should however be said that a lot of information is not available and a more comprehensive

study of the whole of the Haut Dauphine needs to be undertaken.
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6.7 SUMMARY AND CONCLUSIONS

The use of Major element and mineralogical criteria together with Rare Earth and Trace
Element data, as well as, the use of Zircon morphology has highlighted a zonation of the
granitoid intrusions of Variscan age, found in the region of the Haut Dauphine. Each of these
criteria show some sort of zonation which is in general coherant, however minor deviations do
occur and Table 6.4 attempts to coordinate these various data.

The essential information that can be demonstrated is that from the grouping defined by the
REE data, Groups 1 and 2 (Rochail, Alfrey, Quatre Tours, Turbat-Lauranoure, Bourg, Colle
Blanche, Moutieres, Orgieres) correspond to granitoids of mixed crustal and mantle origins
and a calc-alkaline chemistry as defined by their zircon morphology, whilst they are sub-
alkaline by the definition of the PICG 27 method, these granitoids occupy the west and central
part of the region. In the east of the region those granitoids defined by Group 3 (Combeynot,
Pelvoux-Pic de Clouzis) are also classified as of mainly mantle origin by their zircon
morphology whilst they fall into the alumino-potassic group of the PICG.

The correlation of the Boron geochemistry is not quite so straight forward. However it is
interesting to note that with the exception of the Valsenestre porphyry granite, those
granitoids in the western zone have boron contents ranging from 12 to 16 ppm with the
exception of the Alfrey granite, at nearly 30 ppm, but this granite however, is thought to be
slightly older and more fluid rich than the other granites of the western zone, whilst the
granites of the eastern zone all have lower values than this within the 5 to 10 ppm range.

Harder, (1975) gives values of 5 to 7 ppm for basic rocks and from 20 to 30 ppm for acidic
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Table 6.4 Schematic correlation of data and classifications for the granites of the Haut Dauphine,
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Western French Alps.




rocks, and measurements made at the ILL corroborate the evidence from the zircon
morphology

The main conclusions which can be drawn from this information are:
1) The granitoids of the Haut Dauphine appear to correspond to a zonation which becomes
more alkaline in character from West to East
2) Those granitoids forming the Western zone have characteristics close to those
described for granites from collision zones (Pearce et al., 1984). This is evidenced by apositive
anomaly for Ce and Sm whilst the slope between Hf and Yb is negative (Figure 6.5a), these
being good indications of an important crustal component in the make up of these granitoids
3) For the granitoids making up the Eastern zone their trace element chemistry shows little or
no selective enrichment and the incompatible elements from Hf to Yb show a mainly flat
profile, Pearce et al., (1984) demonstrated these characteristics as belonging to within plate
granites and gave as examples the granitoids of the Skaergaard and Mull. For these authors
the provenance of these granites was a mantle source enriched in incompatible elements. There
is however a slight positive anomaly for Sm for some of these granitoids, which may be an

indication of some slight crustal contamination.
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CHAPTER 7

GENERAL CONCLUSIONS

7.1 GENERAL SUMMARY

The studied field area has been shown to be a structurally complex region, where crystalline

basement in the form of Upper Proterozoic to Lower Paleozoic metamorphosed volcano-
sediments have undergone poly-metamorphism. These volcano-sediments have subsequently been
intruded by a series of granitic rocks associated with a small basic suite of dikes and intrusions ‘

during Variscan times. Rb/Sr and K/Ar dates range from 340 Ma to 310 Ma (Demeulmeester,

1982: Vivier, unpublished data and Chapter 5 op. cit.). During this period, syn-tectonic thrusting
and possible strike slip movement have affected the region, and the major result of this
deformation has been the creation of mylonitic zones often along the boundaries of allocthonous

granite massifs. Following this period, the area suffered erosion (no evidence for deposition of

Upper Carboniferous to Lower Permian sediments in this region has been found, although these I

do exist to the west and further north) and evidence of eroded surfaces in the Alfrey granite,

which appears to be in situ, exists (Plate 2.14). This period was followed by crustal extension,

and the deposition of quite thick sequences of Lower Mesozoic sediments.
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This period was then followed by one of severe crustal shortening, with thrusting from the east,
which has led to the failure of the crystalline basement, essentially along existing lines of
weakness, and the development of a series of thrust faults, which have resulted in the creation of
a series of thrust sheets (Butler et al., 1986). (Fig 2.4 - 2.6)

Within the field area, this has resulted in the overthrusting of the Ramu granite over the Quatre
Tours/Belle Cote granite, which has in turn been overthrust onto the Alfrey granite. Field
relationships do not unequivocally demonstrate that this type of deformation was unique to the
Alpine orogenic event. On the contrary it is probable that some of the observed deformation, in
the form of strike-slip tectonics, was coeval with the emplacement of the intrusives, resulting in
the creation of mylonitic zones in late Variscan times.

Subsequent deformation during Alpine metamorphic events has given a retro-metamorpkic
overprint, especially close to the major fracture zones (Demeulmeester, 1982), whereas the

Mesozoic cover has suffered intense deformation and mild metamorphism (slate grade).

7.2 GRANITES AND ASSOCIATED ROCKS

7.2.1 Processes of granite formation.

Processes of granite formation can be divided into three main groups.

a) Processes that take place within the source region and which lead to the
generation of parental magmas. These include such processes as partial melting
and mixing or hybridisation of primary melts within the source region.

b) Processes which operate on the parental magmas, during the period of their
emplacement and cooling. These processes include multiple intrusion of
magmas, crystal settling and in situ fractionation, assimilation of country rocks

and the circulation of late stage volatiles.
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¢) Processes which vary pressure and temperature constraints, within specific
tectonic regimes.

The granites of the Valsenestre region, on the evidence of their geochemistry, fall into two
distinct categories. The granites of Alfrey, the Quatre Tours/Belle Cote and Rochail can be
considered as sub-alkaline or monzonitic granites after the classification of several workers (Stussi
et al., 1983; Debon and LeFort, 1988), and correlate with the other granite intrusions found in the
western part of the Haut Dauphine province. The *’Sr/*Sr initial ratio for the Rochail and Quatre
Tours/Belle Cote granites of 0.705 would appear to be too low- for a purely crustal source to be
considered, but if coupled with the fact that Rochail at least, shows a marked affinity with
volcanic arc domains on discriminant diagrams, it seems possible that the source regions may be
found in volcanic arc type rocks from a subduction event prior to the collision event. This could
explain this fairly low ratio, without invoking a mantle source input. The Ramu granite has a
geochemical signature close to the Group II granites of Harris et al., 1986, and a petrology which
suggests, when coupled with field relations, that it is an anatexic granite melting from fairly dry

metamorphic crust to give a muscovite rich granite.

7.2.2 Processes of formation of the basic rocks.

The syeno-monzodioritic intrusives appear, from their geochemistry, to be genetically unrelated
and it seems most probable that these basic rocks were generated from hydrous upper mantle type
sources at temperatures around 800 - 900°C (Hamidullah and Bowes, 1987), which were then
forcibly intruded in a volatile rich environment. Subsequent contact with the still hot, overlying
granites, has caused a re-equilibration of the primary minerals with the development of essential
amphibole and phlogopite followed by K-feldspar. This then implies, the involvment of a basaltic

magma with the associated granite. Sabatier, (1980) felt that these types of association and the
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high values of the alkali elements were a result of the interaction between granite and basaltic
magma, however little or no evidence of this type of reaction has been observed in the studied
outcrops, and it is difficult to imagine the large scale movement of K and Na into a basic medium,
It is much more probable that these elements are in fact to be found in the highly metasomatised
source material of the upper mantle, where small degrees of partial melting give a quite alkaline

signature to the melt as envisaged by Thompson, (1984) and Foley et al., (1987).
7.3 TECTONIC REGIME AND ENVIRONMENT OF EMPLACEMENT

Many of the intra Alpine Variscan granites have been studied by a large number of workers and
the concensus opinion gives two major periods of granite formation, that of 350 to 330 Ma being
considered as the emplacement of granites syn-orogeniclly, whilst later granites circa 320 to 280

Ma are considered as post-orogenic. Debon et al., 1994, have recently given an age of 332 £ 13

Ma obtained by Lead isotopes on zircons for the granite of the Sept Laux in the Belledonne
range, but this granite has been intruded in a compressive strike slip regime, reminiscent of the
Main Donegal granite (Pitcher, 1972; Hutton, 1981), which is not the case for either the Rochail,
or Alfrey granites where it appears that emplacement was in a regime of probable extension.

The somewhat younger age tends to place these granites within the post-collision period cited by
Finger and Steyrer, (1990, 1991). They argue that the late Carboniferous magmatic activity
represents a rather late event in the Variscan cycle, long postdating the initial collision in
Devonian times (Matte, 1986). They further argue for a subduction related environment for the
production of the I and S-Type granites having concurrant ages Mthin the Moldanubian sector.
Vestiges of late Carboniferous shoshonitic magmatism exist within the province of the Haut

Dauphine (Lameyre, 1957, Banzet et al., 1985), and has been ascribed to a Basin and Range type

s 3

of environment by these workers. However in several parts of the southern Variscan mountain

chain, extensive basement uplift and extensional unroofing have been cited (Krohe and Eisbacher,
1988, Eisbacher et al, 1989; Echtler and Malavielle, 1990; Malaveille et al,. 1990) whilst Ring and
Richter, (1994) invoke a high heat source, due to decrease in pressure during exhumation by
crustal thinning processes in an extensional regime (Brodie and Rutter, 1987) for the generation
of granitic intrusions in the SouthAlpine domaine. This high heat flow would have facilitated
melting of the de-pressurised mantle, causing underplating of the crustal pile with the subsequent
generation of both I and S type granites, with the injection under high velocities of small amournts
of basic magmas probably exploiting normal faults created by the extensional regime.

This then is the prefered model for the generation and emplaéement of the granites and their

associated basic rocks of at least the western part of the Haut Dauphine magmatic province.
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INTRODUCTION

| This report describes the methods used for the measurement of a

number of Rare Earth and Trace elements, essentially in
geological samples which have been developed over a number of M

years at the Institut Laue -Langevin, Grenoble.

The measurements are made by the process known generally as
Instrumental Activation Analysis (INAA), using the emisson of
gamma rays after beta decay of unstable atoms following thermal

neutron capture.

We also detail the results from Twenty one internationally

recognised and one unrecognised, or in house, standard

reference materials which have been analysed for sixteen rare

earth and trace elements using the described method, the
determined elements being La, Ce, Nd, Sm, Eu, Tb, Tm, Yb, Lu, U,

Th, Hf, Cs, Sc, Ta and Ba.

EXPERIMENTAL CONDITIONS AND METHODS

Two hundred milligrams of powdered sample, having a size of less

than forty microns and which has been Teemaed in agate rings, |

are weighed into round polythene capsules of two centimeters

diamater and five millimeters thickness (see Fig. 1) and




hermatically sealed. Small iron flux monitors (99.999% purity)
of approximately thirty milligrames weight are attached to each
capsule using 'Scotch Tape. Batches of samples together with
standard reference materials and blanks are then simultaneously
irradiated in a high thermal flux at the T1 position of the High
Flux reactor for a period of two hours. The thermal neutron flux
is approximatley 1.5 x 102 Neutrons cm—2s—' and the thermal to

rapid ratio is of the order of 10—° to 10~7.

All the irradiated capusules, together with the flux monitors
are subsequently counted using a hyper pure Germanium LEPS
detector, coupled to a Canberra multi-channel analyser based on
a 2B6AT pc system. Spectra for each sample and standard are
obtained for a 3600 seconds count after a seven day cooling off
period, and a second 9000 seconds count after twenty six days.
The elements La, Nd, Sm, Lu and U with fairly short half lives
are determined from the first counting, whilst the elements Ce,
Eu, Tb, Tm, Yb, Th, Hf, Cs, Sc, Ta and Ba having longer half

lives are determined from the second counting.

The spectra are first treated automatically by the peak fitting
programme 'dbGamma' (Canberra Electronics, 1988) on a PC
micro—computer and are subsequently corrected using an

interactive programme 'FIT' (Vittoz in press).

Background corrected peak areas are obtained for peaks of
interest, by summing a fixed number of channels around a chosen
point to left and right of the peak, the corrected channels are

then summed over the number of channels within the peak.

R 4

Details of half-lives, peak energies used and possible
contamination for each element are listed in table 1. and lower
limits of detection, as defined in De Soete et al., 1972, for

four major classes of crystalline rocks are listed in Table 2.

RESULTS FOR STANDARD REFERENCE MATERIALS

The geological reference materials that have been measured are
listed in Table 3., together with their split and position
number where known. Whin 8ill, a fine grained doleritic sill
from the North of England, sampled from a large fallen block
within the confines of the High Force quarry, High Force, Co
Durham, is the measured in house standard. The determined
elemental concentrations are also shown in Table 3. and are
normally from a single determination, exept when indicated in

parenthesis. The quoted errors are purely statistical (1 sigma)

on the measured data.

DISCUSSION

\

1. Rare Earth Elements

The values obtained for the recognised reference materials have

been compared with the 'Working values' given by Govindaraju,

1984.

In general our values are in good agreement with those given,
with the notable exception of Cerium, which shows consistently
Smaller values. However other values given for this element, in
various publications (Gladney et al., 1982: Gladney et al.,

1985: Abbey, 1983: Govindaraju and de la Roche, 1977:




Govindaraju, 1979,1980,1982,1984a,1984b: Bornhurst and Balagna,
1979: Potts et al., 1981) show a spread which is greater than
the difference between our values and those of the 'Working
values'. Two notable exceptions to this are, G-2 and SDC-1 whose

values for Cerium fall outside this criterium.

The measured values for the less well known reference materials
GL-0, FK-N, MA-n, and Mica-Fe are given as an indication only,
as these materials have either very small (GL-O0, FK-N, MA-N) or

extremly large (Mica-Fe) elemental abundances, and other

published data for these materials are sparse.

2. Trace Elements
Again, in general, good agreement is found between our measured
values and the 'Working values'

for the trace elements Th, Hf,

Cs, Sc and Ta. Uranium shows some variation, but this can be
explained by the fact that this element tends to concentrate in

exotic minerals e.g. uranite, uraninite, xenotime, allenite
etc., and depending on the distribution of these minerals within
what is, in effect,

a very small sample (200mg) they can

markedly affect the values determined.

Barium has been listed, but we consider these values to give
only an order of magnitude determination, as Ba, due in the main
to its small thermal neutron capture cross section, does not

appear to analyse very well by this method.

B |

Finally we 1list the values for an

'in house'

standard, Whin
§ill, which we propose hear as a possible standard reference
materiai, as the abundances of rare earth and trace elements

appear to be very homogeneous. Comparetive values are taken

from Potts (personal communication).

CONCLUSIONS

We have presented the methods employed, together with the data

acquired in support of the method, on twenty one internationally
recognised standard materials, as well as one in house standard,

which we propose to establish as a standard material. This being

the data acquired, over a number of years operation, of the

Instrumental Neutron Activation Analysis facility at the

Institut Laue-Langevin, Grenoble, France.
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BHVO-1 Gi GH BR DR-H gL-0 up-N
Sample
Ref. 521 P27 121482 604 253842 40432 16131 624718
™ /- Refl TH /- Refl TH /- kel TH /- Hef TH /- Rel TH /- Ref TH /- Rel
] 1 (6) 8 (7 3 (7} 5 (7 1 (10) 1 (13) 1 (10) n
Ls 18.62 0.59 17.00] 41.08 0.74 38.00| 24.69 1.00 25,00/ 80.51 2.80 80.00] 22.05 1.83 21,00 20.02 0.39 20.00 0.48 0.19 = La
Ce 33.78  0.52 39.00| 74.36 1.78 70.00| 59.82 1.68 50.00{140.38  4.27 140.00| €3.81 0.40 46.00]48.08 0.44 22.00) 1.16 0.30 - Ce
Ha 28. 43 1.98 24.00| 29.06 1.09 25.00| 30.85 4.59 25.00| 63.00 0.73 60.00( 22.14 0.65 22.00| 27.37 1.81 32,00 0.64 0.70 - Ha
Sa 6.11 0.05 6.10 5.12 6.15 5.00 9.63 0.31 10.00] 11,36 0.50 12,00 5,20 0.14 5,30 5. 61 0.04 6.10 0.20 0.01% - Sm
Eu 2.08 0.07 2.00f 1.01 0.03 - 0.11 ©0.02 o0.11] 3.5 o0.08 3.70| 1.42 0,07 1.50| 1,19 0.04 1.28| 0.07 0.02 = Eu
. Tb 0.98 0.05 1.00| 0.53 0.06 - 1.19 0.22 2.00] 1.44 0.10 2 '0.78 0.06 0,80| 0.66 ©0.03 0.62| 0.03 0.02 = Tb
Ta 0.45 0.07 0.30] 0.26 0.02 -] o0.93 ©0.1¢ .50 o0.55 o0.08 - - - = 0.26 0.0¢ - - 0.0y - L
Yb 2.51 0.07 1.%0| 2.26 0,28 2.00| .80 0.55 8.00/ 211 0.30 200 3.05 0.07 280 0.85 0.04 0.73 1.16 0.04 - b
i Lu 0. 31 0.03 - 0. 31 0,03 - 1.09 0. 04 1.17 0. 25 0.02 0. 24 0,42 0.02 -~ D.12 D.02 0.12 0, 04 0. 01 L Lu
| '] 0.52 0.17 0. 40 4. 568 1.17 4.00)] 15.67 2.44 18.00 2.12 0. 47 3: 00 1.69 0.42 1.50 0.67 0.12 = D.10 0.10 = U
Th 1.12 0.16 1.00| 16.70 0.92 17.00| 76.2% 4.15 90.00| 10.73 0.62 12,00 4.73 0.10 5.00] 3.26 0.11 4.30 - - - L
B .71 0.18 4. 30 4,18 0. 31 - 6.33 0. 64 6.50 5.70 0.48 ] 2.9 0.14 2.70 1.07 0.10 1.20 0.07 - 0.10 - BE
Se 29. 84 0.10 31,00 6.86 0.29 7.00 0.73 0.00 1.00] 21.98 0.68 26.00) 27,24 0.10 28.00 7.62 0,03 8.30)] 10.00 0,04 13,60 3¢
Cs 10,14 0.14 0.15 6. 34 1,37 6. 00 2,46 0. 11 2.50 0.7 0.17 1.30 5.99 0,27 6. 00 3.25 0,10 4.50 B. 25 0.15 11.00 Cs
Ta 1.18 0. 0% 1.10 1.32 0.08 - 4.47 0. 20 4. 20 5.55 0.16 = 0. 44 0.02 0.70 0. 25 0. 01 - 0.06 0. 01 L Ta
Ba - - 135.00{817.00 64.00 850,00 - - 22.00/1103,00 105 1050| 4¢24.00 98.00 385.00 210.00 256.00 - - - Ba
TABLE 3 (Cont'd) : Hare swarth and trsce elemenl determinstions by LHAA,
(n is the aumber of determinations for each standard)
FE-M Hica-Fe aL-I
Ssmple ati-a BE-N Ha-N 4ilsa Craig Mhin Sill
Ref. 14022 20911
18368 17016 19194 604
™ - Ref ™ t/- Rel ™ ¥ - Rel ' —
L) ™ b= Ref TH /- Rt 18] - Rel 1| /- Ref ™ - Rer
a 1 (12) 1 (8) 1 (1) | (9)
= ALl I 5 (9) 1 (9) ] (14 10 115) []
. . i ; 8.84 190.0 :
0| 9.9 0.3¢ 9.90 | 2.07 @0.70 2.00 |83.9% 1.68 82,00 - - 1.00 [59.31 2.44 60.00 | 27.6¢ 1,09 25 30| La
Ce 0.89 0.6 1.30|509.85 5.63 370.00|21.47 0.25 21.00 | 4.58 o
N L ; z -15 4,70 1153.24 2.60 152.00) 3.98 0.51 10.00 |151.91 9.06 160.00| $8.7¢ 2.16 58.00| Ce
. A - 260.75 17,33 -
9.82 1.23 10.00 | 1.94 0.27 2.00 |66.18 3.22 70.00 | 5.71 0,56 - 93.60 4.49 95.00 | 32.16 1.26 32.00| M4
ETY 0.08 0.02 0.07)39.7¢ 0.83 - 3.08 0.03 2.74 | 0.69 .
; . " 0.05 0,70 [v1.93 0.38 12.00 | 0.24 ©0.02 - 264.23 0.53 25.00 7.30 0.2 7.20| Sa
Eu 0.56 0.07 ©0.42| 0.75 0.09 - 0.20 0.01 0.19 | 0.30 ‘ |
- . 5 : . 0.03 0.37 § 3,80 0.73 3.60 - - - 1.85 0.06 2.00 2,00 0.06 217 Eu
- - = .41 0.23 -
0.28 0.0z 0.30 | 0.19 0,02 0.20 | 1.35 0.19 1.30 - - - 4.%2 0.32 5.00 1.08 0.06 1.07| Tb
Ts - - - - - - 0.07 0.03 - - - - - -
- - - - 2,13 - 3.00 0.57 o, .
1) - - 0.04| 3.7¢ 0.16 - 0.92 0.03 0.78 | 0.93 . e
; : : ! 0.03 0.85 | 1.8 0.13 1.80 - - - 19.95 1.08 18.00 2.82 0.10 2.48| ¥b
u - - - 0.65 0.10 - 0.15 0.02 0.11 | 0.1¢
: ) . 3 0.0 0.12 | 0.27 0.02 0.2¢ - - - 2.3 0.10 300 0.39 0.03 0.34| Lu
- 0.18 ) 116.25 33.55 60.00 | 5,67 0.31 5.80 - - -
2.67 0.43  2.40 [11.93 4.14 12,00 2.78 0.59 5. 00 0.70 0.18 - v
Th - - 0.00 | 192.61 2.66 150.00| 9.12 0.10 9.50 - - -
N : 19,43 0.57 ¥1.00 | ¢,52 0.15 1.00 [17.91 0.95 120.00 2.3 0.23 2,97 | Th
- - .13]23.00 1,07 17.00 | 2.42 0.0
N ' o 7 2,60 | 0.37 90.08 0.38 | 5.85 0.36 540 | 3.48 0.17 .50 |27.01 1.15 25.00 5.1 0.14 4.70 | &F
- - .05 ]16.7¢ 0.10 - -
j.?l 0.09 4.74 | 9.65 0.04 10,00 [22.664 1.13 22.00 [ 0.15 ©0.02 0.24 ] 0.11 0.01 - 27.23  0.98 129.00 | So
Cs 6.9¢ 0.37 7.00)980.69 8,37 200.00[ 0.3¢ 0.04 0.34 - - |
G - 0.75 0.15 0.80 (533,00 12.47 640,00 2.99 ©0.43 3.00 1.63 0.20 1.30 ]| cs
Ts 0.33 0,01 0.2031.39 ©0.63 34.00 | t.65 0.00 1.85 | 0.16
N § 4 0.0 0.20 5.38 0.36 5. 50 [59.93 0.54 306.00] 6.95 0.35 $.00 1.7%  0.83 1,22 | Ta
- - 200.0 - - 145,00 - - 85 - = ‘
1 . 00 34.00 | 1029.0 154.00 1025, 0 = - 42.00 | 345,00 15, 86 - 436,00 33.00 300.00| Ba

!

TABLE 3 (Cont*d.) :

Rare earth and trace element determinations

(n is the number of determinations for each

by INaA.
standacrd)
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The measurad elemental concentrations are compared in table 2. with the l
1984 compilation of working values by Govindaraju (8) and the most
recent PGAA values of Anderson (9) and Gladney (10-11). The general
agreement between these data is very satisfactory. In particular our qata |
for boron support those of Anderson for most of the GRM where previous |

| values either differed or were not known at all.
i Twelve French GRM have also been analysed for B, Sm, and Gd. Existing
information concerning these elements is very sparce (8) which therefore i
' Justified their measurement. i
Table 2. Boron,Samarium'and Gadolinium concentrations in ;
eleven USGS geological reference materials

\

USGS Boron Samarium Gadolinium '

il referenca
i ‘ matarial This work Others This work Others This work Others
! W-1 12.541.3 13 (8) 3.240.8 3.5 (8) 4.3+40.9 4 (8)
| 1
| G-2 3.041.2 2 (8) 6.7+0.8 7.2 (8) 4.4+0.8 4.1 (8)

' 2.6+0.7(9) 7.6+0.1(9) 4.3 (9)
i AGV-1 8.42+0.56 6/7 (8) 5.7+40.9 5.9 (8) 5.0¢1.0 5.2 (8)

| 8.7+0.8(9) 6.4+0.2(9) 5.1 (9)

| 8.3+0.8(10)
| SCO-1  78.5+2.01 66 (8) 5.1+1.0 5.1 (8) 4.7+0.9 4.2 (8)
Q 86+4(9) 5.5+0.2(9) 5.1 (9) x
: 78+7(10) 5+0.5(9) 5.1 (9)

| GSP-1 2.35¢1.6 - 26.2+1.2 26.8 (8) 12.2+40.9 13 (8)
\ 1.5+0.5(9) 27.6+(9) 13 (9)
l 0.81+0.16(10) 27+2(9) 12.8(11)

I BHVO1 3.8+0.98 - 6.1+0.8 6.1 (8) 6.9+0.9 6.0 (8)

| 3.5+0.4(9) !
i 2.1+40.2(10) i
I . SDC-1 13.9541.04 - 8.140.8 8.3 (8)  6.9+0.9 7.2 (8)

i 14+0.9(9) -

i 13+1.0(10)

|

| SGR-1  56.5+1.36 50 (8) 2.5¢1.0 2.8 (8)  2.641.0 -

| 57.9+1.6(10)

; | 55+5(10)

| | STM-1 8.1+1.1 - 12.040.9 13 (8) 9.2+0.8 10 (8)

9+2(9)
5.6+0.6(10)
; MAG-1 138.6+2.29 130(8) 7.141.0 8.1 (8) 5.641.0 6.6 (8)
| 150+4(9)

136.7+1.6(10)

RGM-1  2941.15 31 (8) 3.940.8 4.3 (8) 4.3:0.9 - |
31+2(9) '
29+3(10)
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The measured elemental concentrations are shown in Table 3. and are
again based on single sample measurements and should therefore be
treated as preliminary values. For Samarium where some values are quoted
in the literature our measured results are in relatively good agreement.
Finally Table 4. indicates detection limits for 3, Sm and Gd. Detection
limit is defined here as the concentration of an element which would
yield a net signal of 2/B counts, where B 1is the background
underlying the peak of interest. The detection limits have

been calculated for a granite matrix (USGS G-2) of 500mg weight and for
a measurement time of 2350 seconds.

4 .CONCLUSIONS French Boron Samarium

reference )
A facility for PGAA installad *™ple thiswok (1) thisnok (1) tiswerk  (7)
on a thermal neutron gquide at GA 28.241.3 20 4.410.8 5 40408

Gadolinium

the ILL High Flux Reactor has GH 3.8+1.3 - 10.0£14 10 10.2+1.4 .
been described. The performance BR 7.4+13 10 12.4+17 12 10.0+0.9 -
of the facility has been mﬁ: iiwy  C RS WGR -
assessed by the measurement of ‘no’ ygow3 | sams 53 sswe  as
8, Sm and Gd concentrations in (pn 1603 145 . i i i
eleven USGS geological pr.N  176t13 - 84108 - 7.2:08 -
reference materials. GSN  126£13 - 77408 82 55109 .
The agreement between our data GL-O 42135 - 55i14 - 46410 -
and earlier values is generally BEN 73t13 - 114%10 12 95413 9

good. Twelve French geological MAN  194x13 17 - - -
reference materials have also
been analysed for the same Table 3. Preliminary boron, samarium and gadolinium
trace elements and preliminary concentrations in twelve French geological reference
values for their concentrations samples

are reported. The results

demonstrate that the ILL Element Gamma-ray  Detection limit
facility is capable of energy in granite G-2
providing  high sensitivity (keV) eggh)
analyses for B, Sm and Gd ,
mainly due to the experimental B 478 022
geometry based on a neutron Sm 334 0.15
guide which results in a 439 0.24
relatively high flux/low Gd 181 0.09
background environment. ‘ 199 0.36
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1.INTRODUCTION

Over the last decade, the technique of neutron capture prompt gamma-ray
activation analysis (PGAA) has evolved as a powerful instrumental
analytical tool, complementary to that of instrumental activation
analysis (INAA). PGAA is generally useful for major element analysis but
it is capable of performing analysis for a limited number of trace
elements with large capture cross sections, such as B, Cd, Sm, Gd. The
elemental sensitivity which can be achieved with the PGAA technique is
directly dependent on the irradiating neutron flux, therefore reactor
based instruments are preferred for trace element applications (1-4).

The purpose of this paper is to describe a facility which has recently
been developed for PGAA at the High Flux Reactor of the Institut
Laue-Langevin (ILL) at Grenoble, France. An experimental programme is in
progress to evaluate the efficiencyof the facility,in order to provide
elemental analysis of a wide variety of geological materials. As part of
this prograrmme, a number of geochemical reference materials(GRM) from the
United States Geological Survey (USGS) have been analysed and results are
presented here for measured concentrations of B, Sm, and Gd. At the same
time a number of geochemical reference materials from the French CRPG
have been analysed, and these results are also presented.For the majority
of these materials our values are the first to be published, we therefore
tentativly propose these as recommended values.

2.EXPERIMENTAL

The ILL-HFR operates at a thermal power of 57 MW and provides high
intensity neutron beams predominantly for neutron scattering and
diffraction instruments. In order to extend the experimental facilities
available at the HFR (5), a number of neutron beams are carried by
internal reflection within curved neutron gquides into an adjacent
experimental hall. The quides have differing radii of curvature which
determine the maximum neutron energies propagated along each guide.

The PGAA experiments described here were performed at the last but one
position of a thermal neutron guide (#H22) with a radius of
curvature of 27 km.

© 1988 10OP Publishing Ltd \
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The curved guide ends at a Phrevra] S8ubion beamn |

distance approximatly 110 bLif

meters from the reactor core 7} lead

after which the neutron beam . iz

travels a further 2 meters 2t:L1,C0 <::::::iﬁ |
through straight evacuated beam + wax |
tubes to the experimental EE’_‘iglhﬁﬁ“_ £
position. The advantage of Zirconium |

performing PGAA experiments’ at

such a position are the absence

of fast neutrons which are L
effectively removed by the Aluminium
curvature of the guide, the Tow

background radiation levels due

to the large distance from the =
reactor and finally the ease [ \\\

T ——

10—1torr +4 =

s Sample

Mylar
window

C A

with which the neutron beam may 6
be collimated thus enabling the

:1
detector to be positioned jgsm
E: J

=

Lifss=—

————

773
TTTT——

relatively close to the sample
position.

The final experimental N
arrangement is shown in Fig. 1. =
The neutron beam emerges from \\\\
an upstream experiment where a .
6LiF collimator reduces the Caduiua
beam to a 25mm diameter circle. \\\

An evacuated beam tube of

aluminium with 4pm zirconium
foil windows, extends to the . .
sample position, and continues _——Zirconium
to the beam stop of the next B
downstream experiment position.

lead

Ge Detector

=
Figure 1. Schematic plan view of the PGAA
experimental arrangement on the

The sample  position is H22(S51) thermal neutron guide at ILL

surrounded by plates of 6LiF
with appropriate windows for:
the entry and exit of the Nx103

neutron beam, as well as for 478 keV
the detection of the emitted 10-
prompt gamma-rays. The

measured flux density at
th% sample position is 3.5 x
10Y n cm-2 s-1.

Powder samples of 1less than 54
40pym particle size, typically
weighing 500mg, are contained
in thin walled (<0.5 mm) teflon
tubing (8 mm outside diameter)
closed at each end by a teflon 30 60 90 120 ppm
plug. The tubes are supported _. . ) .

in "a jig which allows the Figure 2. Calibration curve using the 478 keV
measurement geometry to be Doppler broadened peak for Boron
accuratly reproduced.
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The detector end face 1is positioned approximately 50 cm from the
sample irradiation position. The whole of the detector is
protected from extraneous gamma-rays and scattered neutrons
by succesive layers of 2 mm of cadmium, 5 cm of lead, and 1 mm of
copper, with the exception of the aperture which allows the detector to
view the sample, this aperture being covered by a layer of 3 mm of 6LiF
and 1 mm of copper.

Garma-ray spectra are accumulated on an in house multi-parameter MCA
for counting times of typically 1 hour and are corrected for dead-time
by the use of a low frequency pulser. The neutron flux is monitored by
detecting capture gamma-rays from a fine (0.1 mm diameter) Au wire,
permanently positioned beside the sample.

‘Elemental sensitivities are determined by the method of addition
(3), that is, a range of guantities of each element in solution form
are pipetted 1into replicate samples of two geological reference
materials. The aliquots are selected to cover the anticipated range
of concentrations in the samples under study. A plot of measured count
rate versus the added quantity of Boron 1is shown in Fig. 2.

This has been checked for linearity by performing a weighted linear
least squares analysis. The obtained gradient 1is therefore the
calibrated sensitivity of the technique for each element and is wused to
determine the concentrations in the studied samples.

3.RESULTS AND DISCUSSIONS

Table 1 lists the gamma-ray rapje 1. A comparison of elemental sensitivities observed
lines which were wused for the ;i he= different PGAA facilities

determination of B, Sm, and Gd
in the GRM under study. The

characteristically Doppler ., G } Seasitivi s 1 uge1)
broadened 478 keV boron peak ement ﬁﬁ;;“ o "“"{3";5 R URR
suffers from a strong (keV) (This work) (Maryland) (Missouri)
interfering gamma-ray at 472 “) ®)
keV due to Na, which had to be
corrected for, in all the 5 478 et 2 L

. Sm 334 3700 640 740
measurements. A possible Fe %39 1900 120 163
interference at 479.5 keV (7) - oo €900 €20 ey
was also investigated but found 199 1600 _ B}

to be negligible for the

samples studied,including those
samples with high values of< Fe
as Fe-Mica, BE-N etc.

Table 1 also details the sensitivity values which were obtained by the
addition method at ILL, together with published sensitivities for the
PGAA facilities at NBS Maryland (2) and MURR Missouri (6), which are
included for comparison. The greater sensitivity of the ILL facility is
principally due the ability to place the detector much closer to the
sample position than is possible at either NBS or MURR.

Eleven USGS reference materials have been analysed for B, Sm, and Gd
using the ILL facility and the preliminary results of these measurements
are detailed in Table 2.

We have termed these results as preliminary since only two samples of
each GRI were analysed, except for SCO-1 where four determinations were
made and AGV-1 where ten determinations were made. The quoted errors
however 1include an assessment of both statistical and systematic
uncertainties, based on three independant sensitivity calibrations for
each element and nineteen replicate analyses.
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Abstract

A facility for neutron capture prompt gamma-ray activation analysis,
installed on a curved thermal neutron guide at the ILL High Flux Reactor, is
described. Elemental sensitivities for B, Sm and Gd have been measured. The
performance of the facility has been assessed by the measurement of these trace
elements in eleven USGS geochemical reference samples and comparison of the
results with existing values. Preliminary concentrations of B, Sm and Gd are
also reported for twelve French GRS.

INTRODUCTION

Over the last decade, the technique of neutron capture prompt gamma-ray
activation analysis (PGAA) has evolved as a powerful instrumental analytical
technique, complementary to that of instrumental neutron activation analysis
(INAA). PGAA is generally useful for major element analysis but it is capable
of performing trace analysis for a limited number of elements with large neutron
capture cross-sections, such as B, Cd, Sm and Gd. Since the elemental
sensitivity which can-be achieved with the PGAA technique is directly dependent
on the irradiating neutron flux, reactor based instruments are preferred for trace
element applications /1-4/.

The purpose of this paper is to describe a facility which has recently been
developed for PGAA at the High Flux Reactor (HFR) of the Institut
Laue-Langevin (ILL) in Grenoble, France. An experimental programme is in
progress to evaluate the facility and to provide elemental analyses of a wide
variety of geological materials. As part of this programme, a number of
geochemical reference samples (GRS) from the USGS and France have been
analysed and preliminary results are presented here for the measured
concentrations of B, Sm and Gd. For the purpose of comparison, independent
measurements on a number of the same GRS have also been performed on an
existing PGAA facility /5/ at the Imperial College Reactor Centre (ICRC) at
Ascot, UK; the results of which are also presented.

EXPERIMENTAL

The ILL-HFR operates at a thermal power of 57 MW and provides high intensity
neutron beams predominantly for neutron scattering and diffraction instruments.
In order to extend the experimental facilities available on the HFR /6/, nine
neutron beams are carried by internal reflection within curved neutron guides into
an adjacent experimental hall. The guides have differing radii of curvature which
determine the maximum neutron energies propagated along each guide.

The PGAA experiments described here were performed at the end position
of a thermal neutron guide (#H22) with a radius of curvature of 27 km. The
curved guide ends at a distance of approximately 110 m from the reactor core
after which the neutron beam travels a further 4 m through straight evacuated
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beam tubes to the end experimental position. The advantage of performing
PGAA experiments at such a position are the absence of fast neutrons which are
effectively removed by the curvature of the guide, the low background radiation
levels due to the large distance from the reactor and finally the ease with which
the neutron beam may be collimated thus enabling the detector to be positioned
relatively close to the irradiated sample.

The experimental arrangement is shown in Fig. 1. The neutron beam
emerges from an up-stream experiment and ®LiF collimators reduce the beam
dimension to 12 mm high x 10 mm wide. An E{vacuated beam tube surrounded
by ~ 3 cm of paraffin wax loaded with 50% " Li,COs; extends to the sample
position.  The _measured neutron flux density at the sample position is
1.3 x 10" n cm s .

Powder samples, typically weighing 500 mg, are contained in thin walled
(0.5 mm) teflon tubing (9 mm outside diameter) closed at each end by a teflon
plug. The tubes are supported in a jig which enables the measurement geometry
to be accurately reproduced. Gamma-ray spectrometry is performed with a
specially constructed high purity Ge detector supplied by Canberra in which the
usual boron implanted contact has been replaced by an evaporated gold substrate,
resulting in a ‘'boron-free' detector. The 23% efficiency coaxial detector has an
energy resolution of 1.75 keV and a peak to Compton ratio of 60:1 for
gamma-rays of 1.3 MeV. The detector end face is positioned 18 cm from the
seample irradiation position and is protected from scattered neutrons by 4 mm of
LiF. Apart from the aperture which allows the detector to ;‘xéew' the sample,
the detector is surrounded by a minimum thickness of 3 ecm  Li,CO./wax and
5 cm lead.

Gamma-ray spectra are accumulated on a Canberra Series 80 MCA for
counting times typically ~ 1 hour and are corrected for dead-time and pulse
pile-up effects by the use of a low frequency pulser. The neutron flux is
monitored by two independent methods: firstly by detecting capture gamma-rays
from a fine (0.2 mm diameter) Ni wire permanently positioned beside the

sample, and secondly, by recording integrated counts from a Li-glass scintillation

detector mounted close to the ®LiF collimators.

Elemental sensitivities are determined by the method of addition /2/; that
is, a range of quantities of each element in solution form are pipetted into
replicate samples of a GRS. The aliquots added are selected to cover the
concentration range anticipated in the samples under study. Plots of measured
count rate versus the quantity of element added are obtained and checked for
linearity by performing a weighted linear least-squares analysis. The gradient
thus obtained is the calibrated sensitivity of the technique for each element and
is used to determine concentrations in the remaining GRS.

A subset of the samples and standards prepared for the ILL experiments
have also been measured using the PGAA facility at ICRC which consists of a
Compton suppressed Ge(Li) spectrometer positioned on an external neutron beam
of the 100 kW rConsort' swimming pool reactor. The thermal neutron flux
density at the sample position is ~ 2 % 10°n cm “s '. The spectrometer has an
energy resolution of 3.1 keV at 1.3 MeV and a peak to Compton ratio of 1701
at 662 keV. Further details of the facility are published elsewhere /5/. A
typical sample counting time is 10000s.

RESULTS AND DISCUSSION

Table 1 lists the gamma-ray lines which were used for the determination of B,
Sm and Gd in the GRS. The characteristically Doppler broadened 478 keV
boron peak suffers from a strong interfering gamma-ray at 472 keV due to Na,
which had to be corrected for in all the measurements. A possible Fe
interference (479.5 keV) /7/ was also investigated but found to be negligible for
the samples studied. At ICRC the Sm 439 keV and Gd 199 keV lines were
unusable because of interfering gamma-rays resulting form the capture of scattered
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Element | Gamma-ray Sensitivity (counts s 'mg ')
energy ILL ICRC NBS MURR
(Maryland) {(Missouri)
(keV) (this work) (this work) /3/ /4/
B 478 2700 6.4 530 759
Sm 334 3700 13. 640 740
439 1900 - 320 363
Gd 181 6900 215 680 956
199 1600- - - -

Table 1: A comparison of elemental sensitivities observed at four different
PGAA facilities.

neutrons within the detector materials, namely 1(442.9 keV) /7/ and Ge(197.8
keV) /8/, respectively.

Table I also details the sensitivity values which were obtained by the
addition method at ILL and ICRC, together with published sensitivities for the
PGAA facilities at NBS (Maryland) /3/ and MURR (Missouri) /4/, which are
included for comparison. The greater sensitivity of the ILL facility is principally
due to the ability to place the detector much closer to the sample position than
is possible at either NBS or MURR.

Eleven USGS reference samples have been analysed for B, Sm and Gd using
the ILL facility and the preliminary results of these measurements are summarised in
Table 2. The results are termed preliminary since only one sample of each 7 i5
was analysed, although the quoted errors include an assessment of both statisiical
and systematic uncertainties, based on three independent sensitivity calibrations {or
each element and nineteen replicate analyses.

The measured elemental concentrations are compared in Table 2 with the
1984 compilation of working values by Govindaraju /9/ and the more recent
PGAA measurements of Anderson /10/. The general agreement between these
data is very satisfactory. In particular, our data for boron support those af
Anderson for most of the GRS where previous values either differed or were not
known at all.

Twelve French GRS have also been analysed for B, Sm and Gd. Exisiing
information concerning these elements is very sparse /9/ and therefore justified
their measurement at both ILL and ICRC in order to. provide independent
comparative results. The measured elemental concentrations are shown in Table
3 and are again based on single sample measurements and should therefore be
treated as preliminary values. A general correspondence is obtained between the
ILL and ICRC results, but the ICRC data are of substantially lower precision,
due to the much lower neutron flux density at the facility, and therefore serve
only as a useful control check of the more precise ILL results. For samarium,
where some working values are known /9/, agreement with the ILL results is
good. In view of these considerations, the ILL values should be taken as the
most reliable of the measurements in Table 3 for the French GRS.

Finally Table 4 compares detection limits for B, Sm and Gd between the
ILL and ICRC facilities. Detection limit is defined here as the concentration of
an element which would yield a net signal of 2yB counts, where B is the
background underlying the peak of interest. The detection limits are calculated
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USGS Boron Samarium Gadolinium
reference
p /9/ : /9/ : /9/
standard This work 07 This work 7107 This work o7
W-1 12.5+1.3 13 3.2+.8 3.5 4.3:.9 4
G-2 2.3£1.2 2 6.7+.8 7.2 4 41 8 4.1
2.6:.7 7.6%.1 4.3:.3
AGV-1 8.9+£1.6 6-7 5.7«.9 5.9 5.0£1.0 5.2
8.7+.8 6.3£.2 5.1£.3
BHVO-1 3.0+1.3 - 6.1£.8 6.1 6.9+.9 6.0
3.5+.4 6.5£.3 6.4:.5
STM-1 7.6+1.3 - 12.0£.9 13 9.2+.8 10
9+2 13.3+.3 10.3%.3
RGM-1 28.2:1.4 31 3.9+.8 4.3 4.3:+.9 -
31+2 4.15+.14 3.73+.08
SGR-1 58.6x1.7 50 2.5#1.0 2.8 2.6+1.0 -
57.9+1.6 2.6+.2 2.2+.1
GSP-1 2.01.3 - 26.2+1.2 26.8 12.2+£.9 13
1.5¢.5 27.6+1.2 13.0£1.2
MAG-1 1453 - 130 7.1£1.0 8.1 5.6£1.0 6.6
1504 7.6£.2 6.4+.4
SDC-1 13.2+1.3 - 8.1+.8 8.3 6.9£.9 7.2
14.0£.9 8.7+.3 7.5¢.8
SCo-1 80£2 66 5.1£1.0 5.1 4.7.9 4.2
864 5.5¢.2 5.1£.3
Table 2. Boron, samarium and gadolinium concentrations in eleven

for a gran

USGS-GRS.

and 10000s at ILL and ICRC respectively.
to interference problems described earlier in the text.
It is instructive to compare the detection limits obtained in this work with

ite matrix (USGS-G2) of 500 mg and for measurement times of 2350s

Missing values in the table are due

those from a much earlier PGAA experime nt also performed at the ILL by
Henkelmann and Born /11/. Those measurements were performed on a rcold*
neutron guide; that is, one having a spherical container of liquid deuterium
located within the reactor moderator and against the entrance window to the
guide resulting in a high flux of ‘subthermal' energy (~ 1-4 meV) neutrons.
Since the average capture cross-sections for most elements are higher by a factor
of ~ 2-3 for ‘cold* compared to rthermal' neutrons, this represents a significant
% P . 10 z 1
gain in sensitivity. The neutron flux density reported was 1.5x10 'n cm &
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Boron Samarium Gadolinium
' ' ILL /9/ | This work  /9/
GRS |This work il—léli-c /9/ | This work ICRC o
GA 28.2:1.3 20 4.4x. 8 5 4.0%-8 -
22x5 3+2
10.2+1.4 -
.821.3 - 10.0£1.4 10
n
10.0+.9 -
.3 10 12.4x1.7 12
BR 7'4f1 i
- - 32.7¢1.5 - 20.2+.8 -
MICA-Fe - 5l
MICA-Mg 4.1:1.3 - = - " _
114
DR-N 18.0#1.3 - 5.3z1.5 5.3 5.5¢.9 3.5
25+5 4+2
UB-N 16943 145 - - - -
11824
DT-N 17.6£1.3 - 8.4:.8 - 7.2¢.8 -
. 1614 -
GS-N  12.6#1.3 - 7.7+.8 8.2 5.5¢.9 -
306 412
GL-O 42115 - 5.5+1.4 - 4.6£1.0 -
356+71 5+2
BE-N 7.3£1.3 - 11.4+1.0 12 9.5+1.3 9
153 -
MA-N 19.4:1.3 17 = - 5 ¥
12+3

Table 3. Preliminary boron, samarium and gadolinium concentrations 11
twelve French GRS.

=%
imi i 0.2x107, 0.15x10
i limits obtained for B, Sm and Gd were Y ]
zﬁ?i éhixilgggct;:n r;spectively. These results indicate that §ubstant1a1 m;x:e;se?_l ;f):
sensiti.vity. possibly by a factor of 1000, may be achieved at a hig

experimental position on a rcold* guide.

CONCLUSIONS

i ide at the ILL High

A facility for PGAA installed on a thermal neutron gui t bl

Flux Rea?:::)rl Yhas been described. The performance of _thelfamhtiyjrsggs_ GRS.
assessed by the measurement of B, Sm Gd concentrations in eleven

692

Element Gamma-ray Detection limit (ug g ')
energy in granite
ILL ICRC
(keV) (tc = 2350s) (te = 10000s)
B 478 0.22 6.6
Sm 334 0.15 2.2
439 0.24 -
Gd 181 0.09 3.6
199 0.36 -

Table 4. Elemental detection limits for a 500 mg granite matrix measured
at ILL and ICRC.

The agreement between our data and earlier values is generally good. A further
twelve French GRS have also been analysed for the same trace elements and
preliminary values for their concentrations are reported. The results demonstrate
that the ILL facility is capable of providing high sensitivity analyses for B, Sm
and Gd, mainly due to the experimental geometry based on a neutron guide
which results in a relatively high flux/low background environment.
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DETERMINATION OF B, Sm AND GD IN TWENTY-THREE
GEOLOGICAL REFERENCE MATERIALS BY NEUTRON-CAPTURE
PROMPT GAMMA-RAY ACTIVATION ANALYSIS (PGAA)
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.
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Eleven USGS geological reference materials and twelve
French geological reference materials have been measured
for B, Sm and Gd concentrations by prompt-gamma
activation analysis. For those materials that have already
been analysed, our data is in agreement with published
recommended values. These values constitute the first

measured data for several French geological reference
materials

Complementary to Instrumental Neutron Activation
Analysis( INAA), Neutron Capture Prompt Gamma-Ray
Activation Analysis (PGAA) has become a viable method
for the analysis of a number of major and trace elements

with large neutron capture cross section such as Al, Mg,
Fe, Gd, Smor B...

We report here the measured concentrations of Sm,
Gd and B for twenty-three geological reference samples
using PGAA. All the analyses were carried out at the High
Flux Reactor of the Institut Laue-Langevin, Grenoble.

EXPERIMENTAL

Prompt Gamma Activation experiments have been
carried out at the High Flux Reactor facility of the Institut
Laue-Langevin to determine the best experimental
configuration and have been reported by Kerr et al. (1986)
{1). The final experimental arrangement (Figure 1) was
Installed at the end position of the thermal neutron guide

2 which has a radius curvature of 27 km at a distance of

114 meters from the reactor core. This position offers
Several advantages which are: .

. a) A well thermalised neutron beam
b) A low level of fast neutrons due to the curvature
of the neutron guide

¢) Low reactor and guide generated bgckground
gamma levels.

Institut Dolomieu, U.A. 69 CNRS, University of Grenoble, France

Nuclear Geophysic Section, BP Research Centre, Sunbury on Thames, Middlesex, UK.

thermal neutron beam
(114 m from reactor core)

. T :

lead

Ge detector —f

Y R

sample

""i',

partial vacuum

beam stop

Figure 1. Schematic plan view of the PGAA experimental

arrangement at the end position of thermal neutron guide
H22 at the ILL-HFR

Problems were posed by interference from scattered
and diffused neutrons as well as from extraneous gamma
rays (2). To overcome this, the neutrons were guided to
the target chamber through a tube of plexiglass, the walls
of which had been coated with an approximatelly 3 cm
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thick mixture of 50% parrafin wax and 50% LiCOs. The
tube was maintained at a vacuum of better than 102 torr,
and the neutrons traversed two Mylar windows of
approximatelly 40 pm thickness. The samples were
supported in a jig which enables the measurement
geometry to be accurately reproduced. The neutron beam
was then evacuated through a plexiglass box, kept at a
small depression, to a beam stop of LiCO; and water, The
detector, positioned close to the irradiated sample, was
surrounded by 5 cm of lead, which in turn was covered by
a LiCO5+wax shield. The detector window was protected
by a 4 mm thick enriched SLiF plate and a 4 mm thick SLi
metal plate.

The prompt gamma spectra were collected with a
high purity Ge detector (23% efficiency) supplied by
Canberra Electronics, the usual implanted boron contact
having been replaced by an evaporate gold substrate,
resulting in a detector with very low concentrations of
boromn.

Data reduction was performed on the ILL DEC 10
computing facility.

A set of two geological reference samples were
spiked with a solution of Gd, Sm and B. The elemental
concentrations were then determined by a method of
addition (3). A linear regression of the measured count
rate versus the quantity of element added was then carried
out by performing a weighted linear least-squares analysis.

Each sample was counted for a period of one hour,
together with blank and background counts. Monitoring of
the neutron flux was provided by a neutron counter (a Li-
glass scintillation detector) positioned at the beam head and
a thin Ni wire suspended in the beam at the sample
position.

RESULTS AND DISCUSSION

The gamma-ray lines and the related sensitivities are
listed in Table 1, also listed are values obtained at NBS
(Maryland, 4) and MURR (Missouri, 5) for comparison.
The greater sensitivity of the ILL facility is principally
due to the ability to place the detector much closer to the
sample position, because of the reduced background from
fast neutrons and reactor generated gamma rays.

The characteristically Doppler broadened 478 keV
boron peak suffers from a strong interfering gamma-ray
at 472 keV due to Na, which had to be corrected for in all
the measurements. A possible Fe interference (479.5 keV)
(6) was also investigated but found to be negligible for the
samples studied, including those samples with high
percentages of Fe as Mica-Fe, BE-N etc. .

Table 1. A comparison of elemental sensitivities observed
at three different PGAA facilities

—

Element Gamma-ray Semsitivity (counts s-1 pg-1)
energy ILL NBS MURR
(keV) (This work) (Maryland) (Missour)
4) (5)
B 478 2700 530 759
Sm 334 3700 640 740
439 1900 320 363
Gd 181 6500 680 956
199 1600 - 3

Calibration curves using the 181 keV decay line for
gadolinium, the 333 keV prompt line for samarium and
the 478 keV Doppler broadened line for boron are shown

in Figure 2.

Eleven USGS reference samples have been analysed
for B, Sm and Gd and the preliminary results of these
measurements are summarised in Table 2. The results are
termed preliminary since only one sample of each
geological reference sample was analysed, although the
quoted errors include an assessment of both statistical and
systematic uncertainties, based on three independent
sensitivity calibrations for each element and nineteen
replicate analysis.

The measured elemental concentrations are
compared in Table 2 with the 1984 compilation of
working values by Govindaraju (7) and other published
values (8-14). The general agreement between these data is
very satisfactory. In particular, our data for boron support
those of Anderson for most of the geological reference
samples where previous values either differed or were not
known at all.

Twelve French geological reference samples have
also been analysed for B, Sm and Gd. Existing information
concerning these elements is very sparce (7) and therefore
justified their measurement. The measured elemental
concentrations are shown in Table 3 and are again based on
single sample measurements and should therefore be
treated as preliminary values. For samarium, where some
working values are known (7), agreement with our results
is good.

Finally, Table 4 indicates detection limits for B, Sm
and Gd. Detection limit is defined here as the
concentration of an element which would yield a net sign
of 20B counts, where B is the background underlying the
peak of interest. The detection limits are calculated for &
granite matrix (USGS G-2) of 500 mg and for 2
measurement time of 2350 s.

Table 2. Boron, samarium and gadolinium concentrations in eleven USGS geological reference samples

rnlsznc-fnce Boron Samarium Gadolinium uliiE:“:' Boron Samavium Gaduliniun
sample This verk  Others this vork Others this vork Others sample This vork  Others this vork Others  this wvork Others
v-1 12.521.3 137 32s08 3.8 43s009 7 SGR-1 5B.641.7 o) 23e10 287 2.6e1.0
= - - 57.9s1.6% 2.620.28 2.2:0.18
5510 2.620.3%3 2,220,313
G-2 2.3:1.2 2’ 6.7:0.8  7.27  sus0 4] 55451 )
2.620.7° 7.620.1% 4.320.3° )
2.620.1° 6.7120.33° 3.3:0.03° GsP-1 2.041.3 - .2:1.2 26,87 12.3:0.9 137
1,310 1.520.5% 27.621.2° 13.021.28
0.750.2% 2420.3° 9.5420.09%
AGY-1 8.9:1.6 677 5.9:0.8 5.7 s.0s10  s.2] 0.9'¢ 27221 e
8.720.8° 6.420.2° 5.150.3% 0.8120.16} ) 12 3;1 312
5.920.1% 5.320.2° 1.67:0.03° 12 o
8.6
8.320.8"! HAG-1 14553 1w’ 7as0 817 seslo 6.67
7842 150248 7.620.2% 642048
14210 6.420.513 15,620,513
BHVO-1 3.041.3 - 6.120.8 - 6.17  6.9:0.9 6.0 136.7:1.83¢ )
3.5:0.4 6.5:0.3% 6.420.5° )
2,49 5.5:0.513 6.420.613 soc-1 13.2:1.3 - 8.1:0.8 8.3 6909  7.27
2.150.21 14.020.9° 8.7:0.3% 7.220.8°
1z, 24 7.920.8%? 7:20.742
§TH-1 7.621.2 % 12.0s0.9 137 9.2:0.8 10’ 1301 ]
922 13.320.38 10.340.38 )
§:1%0 12.851.213 9.7:0.913 §Co-1 8042 66’ s 517 as0s oo
5.620.6'1 86242 5.820.2° 5.120.3%
7610 520,513 5.120.7%
RGH-1 28.231.4 n’ ses0s 437 43s0u9 s 78271 i
31228 4.154.14° 3.73:0.08% 17.320,7“
26° 3,920,413 3.720.473 )
292311
e

Table 3. Preliminary boron, samarium and gadolinium
concentrations in twelve French geological reference

samples
French Boron Samarium Gadolinium
reference
sample this work (7)  this work (7)  this work @)
GA 28.2+1.3 20 4.410.8 5 4.0+0.8 -
GH 3.841.3 - 10.0£1.4 10 10.2+1.4 -
BR _ 7.441.3 10 12.441.7 12 10.0£0.9 -
Mica-Fe - - 32.7£1.5 - 20.2+0.8 -
MicaMg 4.1£1.3 : - 5 - -
DR-N 18.0£1.3 - 5.3+1.5 53 5.510.9 35
UB-N 16943 145 © - - - -
DT-N 17.6£1.3 - 8.440.8 - 7.210.8 -
GS-N 12.6£1.3 - 7.740.8 82 55409 -
GL-O 42115 - 5.5%1.4 - 4.611.0 -
BE-N 7.3£13 - 11.44£1.0 12 9.5+1.3 9
MA-N 19.4+13 17 : - - '

Table 4. Elemental detection limits for a 500 mg granite
matrix

Element Gamma-ray  Detection limit
energy in granite G-2
(keV) (hggh)
B 478 022
Sm 334 0.15
439 0.24
Gd 181 0.09
199 0.36
CONCLUSIONS

(A facility for PGAA installed on a thermal neutron
guide at the ILL High Flux Reactor has been described.




Figure 2. Calibration curves using the 1§1 keV decay !im:
for gadolinium, the 333 keV prompt line for samarium
and the 478 keV Doppler broadened line for boron

The performance of the facility has been assessed by the
measurement of B, Sm and Gd concentrations in eleven
USGS geological reference samples. The agreement
between our data and earlier values is generally good.
Twelve French geological reference samples ha_vc_also
been analysed for the same trace elements and preliminary

values for their concentrations are reported. The-results
demonstrate that the ILL facility is capable of providing
high sensitivity analyses for B, Sm and Gd, mainly due. to
the experimental geometry based on a neutron guide which
results in a relatively high flux/low background
environement.
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RESUME

Une installation d'analyse par mesure des rayonnements
gamma-prompt émis aprés capture de neutron a permis la
mesure des concentrations en B, Sm et Gd sur onze
échantillons géologiques de référence de l'USGS_ et sur
douze échantillons géologiques de référencg.frangam.’Pour
les échantillons géologiques de référence déja anzﬂyses,‘les
résultats sont en accord avec les valeurs recomm’ar}dees.
Pour la plupart des échantillons géologiqlies de refet:ence
francais, ces valeurs représentent les premieres données.

REFERENCES

(1) S.A. Kerr, RA. Oliver, P. Vittoz, G. Vivier and F.
Hoyler (1986) . _
Elemental concentrations in geochemical reference
samples by peutron capture prompt gamma-ray
spectroscopy, Proceeding of the 1986 world meeting of
modern trends in activation analysis, Copenhagen, June
1986 (In press).

(2) E.G. Gordon et al (1981)
Technical report ORO-5173-020.

(3) S.A. Kerr, W.V. Prestwich, T.J. Kennet and D M. Shaw
1980 .
S.[‘he c%etermination of boron in sedimentary rocks by
neutron irradiation and prompt garr;ma-r;}'.
spectrometry, Journal of Radioanalytical Chermstry, 2/
525.

(4) D.L. Anderson, M.P. Failey, W .H. Zoller, W.B. Walters,
G.E. Gordon and R.M. Lindstrom (_1981) . |
Facility for non-destructive analysis for major and Lraac
elements using neutron-capture garqma-rﬁ;
spectrometry, Journal of Radioanalytical Chemustry, b2
97-119.

(5) A.G. Hanna, R M. Brugger and M.D. Glascock (1981) a
The prompt gamma neutron activation analysis fac-lclslzt%'.
Murr, Nuclear Instruments and Methods, 188: 619621

(6) M.A. Loze, R.A. Leavitt and D.A. Harrison (1981) e
Prompt gamma rays from thermal-neutron c;lp )
Atomic Data and Nuclear Data Tables, 26: 51 1-559.

(7) K. Govindaraju (1984)
1984 compilation of working values and sample
description for 170 international reference samples of

mainly silicate rocks and minerals, Geostandards
Newsietter, 8: Special Issue.

(8) D.L. Anderson, Y. Sun, M. P. Failey and W.H. Zoller
(1985)
Neutron-capture prompt gamma-ray multielement

analysis of twenty-two geological standards,
Geostandards Newsletter, 9: 219-228.

(9) G.E. Gordon, W.B. Walters, W.H. Zoller, D.L. Anderson
and M.P. Failey (1979) ,
Nondestructive determination of trace element
concentrations, Technical Report ORO-5173-008, Dept.

of Chemistry, University of Maryland, College Park,
MD.

(10) M.D. Higgins (1984)
Abundance of boron in international Geochemical

standards by prompt gamma neutron activation analysis,
Geostandards Newsletter, 8: 31-34.

(11) E.S. Gladney, D.B. Curtis and D.R. Perrin (1984)
Determination of boron in 35 International geochemical
reference materials by thermal neutron capture prompt

gamma-ray spectrometry, Geostandards Newsletter, 8:
43-46.

(12) M.A. Gautier, E.S. Gladney and D.R Perrin (1985)
Quality assurance for health and environmental

chemistry 1984, Los Alamos Natonal Laboratory report
LA-10508-MS.

(13) E.S. Gladney, D.B. Curtis and D.R. Perrin (19853)
Determination of selected rare earth elements in 37
international geochemical reference materials by
instrumental thermal neutron prompt gamma-ray
spectrometry, Geostandards Newsletter, 9: 25-30.

(14) M.G. Truscott, and D.M. Shaw (1984)

Boron in chert and precambrian siliceous iron

formations, Geochimica et Cosmochimica Acta, 48:
2313-2320.




Table 4.1a Major and trace elements for
the Quatre Tours/Belle Cote granite

RO503 ROB07 RO651 RO309 RO657 RO311 RC220 RO310 RO653B
Sio2 62.63 65.78 69.61 70.82 70.83 71.23 71.67 71.72 71.72
Al203 15.33 18.65 16.26 15.26 1543 15.78 15.14 14.83 15.28
Fe203 4.34 1.51 245 1.73 1.78 1.39 1.51 1.45 1.74
MgO 4.46 0.95 1.71 1.14 1.36 0.68 0.81 0.88 0.99
CaO 0.96 1.12 0.89 0.01 1.04 0.60 0.62 0.54 0.93 1
Na20 2.83 4.63 3.00 4.41 4.39 4.60 3.20 4.33 4.01
K20 4.34 5.61 3.60 493 4.41 452 4.60 4.52 4.06 |
Tio2 0.66 0.24 0.41 0.28 0.30 024  0.05 0.26 0.27 '
MnO 0.06 0.04 0.05 0.03 0.06 0.04 0.02 0.04 0.06
P205 0.51 0.13 0.21 0.30 0.21 0.14
LOI 2.83 0.83 1.81 1.07 0.10 0.85 0.91 0.84 0.80
TOTAL @8.95 9%.49 100.00 @2.68 100.00 G9.93 98.74 99.41  100.00
¥ 14.00 10.00 3.00 12.00 3.00 11.00 4.00 11.00 3.00
Sr 518.00 <908.00 552.00 407.00 442.00 354.00 537.00 520.00 387.00
Rb 135.00 227.00 14700 203.00 19600 16400 175.00 166.00 168.00
Zr 242.00 17700 161.00 13200 153.00 91.00 116.00 12200 126.00
Nb 16.40 11.00 Q.00 12.00 12.00 9.00 4.00 12.00 11.00
Ba 276200 2086.00 1273.00 1366.00 1316.00 1249.00 1172.00 1025.00
Co 137.00 89.00 6.52 39.00 240 28.00 3.46
Cu 22.00 12.00 2.00 27.00 4.00 16.00 2.00 21.00 4.00
Cr 227.00 68.00 46,00 26.00 12.00 21.00 24.00
Ni 35.00 22.00 20.00 13.00 27.00 11.00
V 79.00 65.00 36.00 41.00 24.00 20.00 30.00 21.00
U 7.20 15.05 1.78 4.25 3.86 4.00 15.60 1.17
Th 53.60 19.47 19.45 29.60 17.00 23.40 21.80 14.42
Hf 7.58 5.08 3.79 4.30 284 3.99 3.75 322
Sc 12.95 3.14 519 3.81 3.19 3.28 327 4.06
Cs 368 801 4.74 3.84 4.35 3.55 4.48 5.66
Ta 1.44 1.18 1.08 1.60 219 0.15 1.46 1.41
La 51.42 13.35 26.09 24.76 1263 16.89 19.54 16.63
Ce 100.60 23.64 51.30 49.35 23.87 31.55 41.71 3342
Nd 50.27 13.71 20.11 21.00 12.07 14.16 16.30 11.90
Sm 8.73 2.7 2.35 3.45 245 223 345 2.34
Eu 1.31 072 0.87 0.53 0.40 0.69 0.51 0.62
Gd 4.84 1.83 4.20 2.30 1.44 4.22 1.91 2.14
b 0.38 0.21 0.92 0.26 0.13 0.94 0.15 0.34
Yb 1.15 1.18 0.67 0.62 0.94 0.40 0.75 0.94
Lu 0.19 0.14 0.17 0.10 0.12 0.07 0.11 0.21
La/Yb 44.71 11.31 38.94 39.94 13.33 42.23 26.05 17.69
Tot. REE 214.05 B5.66 102.48 100.07 52.51 66.93 85.52 66.40

annex 4-1




SiO2
Al203
| Fe203
[ MgO

‘ CaO

| ‘ Na20
| K20

| TiIO2

1 MnO

i P205
LOI
TOTAL

il | Y
Sr
Rb
r
Nb
| Ba
il Co
i Cu
‘ Cr
; Ni
1 V

U
Th
| H
Sc
Cs
Ta

La
Ce
Nd
. Sm
| Eu
| Gd
i b
} Yb
Lu

La/Yb

Tot. REE

Table 4.1a (contd.)

RO675B RO655 RO656 RO132

71.85
14.16
289
2.30
0.48
410
294
0.40
0.06
0.18
0.63
100.00

10.00
360.00
148.00
118.00

13.00
898.00

7.38
4.00

62.00

34.00

41.00

1.78
16.24
3.39
5.82
159
3.94

13.09
29.72
18.23
292
0.66
4.71
1.00
0.88
0.16

14.88
66.66

71.96
15.35
1.49
1.08
0.92
3.80
4.40
0.25
0.03
0.12
0.60
100.00

3.00
601.00
164.00
152.00

10.00
1093.00
27.14
3.00
27.00
12.00
22.00

5.26
28.61
5.00
11.12
129
1.26

26.31
61.05
23.09
422
1.44
6.96
1.49
0.86
0.27

30.59
118.73

72.00
15.43
1.56
0.84
1.01
4.25
3.93
0.27
0.05
0.15
0.50
100.00

10.00
445,00
155.00
138.00

13.00

1072.00
1.36
2.00

19.00

9.00
20.00

5.75
41.80
9.22
14.98
14.88
1.38

52.10
120.58
56.37
10.49
1.57
12.44
233
1.03
0.23

50.58
24470

RO210 RO218 RO124

72.31 72.37
13.67 15.07
3.60 0.75
2.00 0.31
0.1 0.35
1.62 4.68
5.61 5.16
0.16 0.1
0.03 0.04
0.52 0.07
1.89 0.55
101.52 99.44
26.00 25.00
63.00 294.00
196.00 165.00
205.00 476.00
15.00 40.00
1000.00
8.35 12.49
37.00 10.00
4.00 58.00
17.60 51.61
5.50 12.93
Q.29 13.50
1.14 3.35
35.15 63.83
6450 130.03
29.02 76.11
5.01 14.05
0.87 2.60
3.77 Q.26
0.50 1.03
2.44 1.96
0.39 0.32
14.41 3257
137.88 289.93
annex 4-2

72.43
14.86
1.72
0.85
0.36
3.85
4.70
0.20
0.03
0.11
0.92
100.03

17.00
421.00
182.00
116.00

10.00

6.80
3.00

23.00

6.26
55.60
Q.74
8.99

1.60

51.28
103.20
42.34
9.08
1.63
8.06
1.25
3.50
0.35

14.65
212.63

72.48
14.95
1.30
0.91
0.74
4.68
4.46
0.08
0.02
0.20
1.13
100.95

12.00
474.00
183.00
118.00

9.50
1700.00
2.47

24.00
3.54

0.97

19.60
46.70
22.30
2.63
0.74
1.65
0.17
1.26
0.17

15.56
93.57

RO133
7359
16.36

0.53
0.43
0.23
2.84
6.13
0.24

0.06
1.21
101.62

11.00
47.00
311.00
41.00
16.00
200.00
0.83
8.00

7.00
3.00
1.36

259

3.28
11.70
5.43
1.56
0.24
1.44
0.23
1.1
0.31

2595
23.86

RO652
73.85
14.31

0.53
0.25
0.72
3.20
5.77
0.05
0.04
0.27
1.01
100.00

1.00
147.00
257.00

47.00
15.00
314.00

1.14

4.00

7.00

5.00

8.00

1.67
295
127
242
6.75
4.49

3.98
8.34
3.53
0.97
0.27
1.38
0.28
0.96
0.13

4.15
18.46

SiO2
Al203
Fe203
MgO
CaO
Na20
K20
TiO2
MnO
P205
LOI
TOTAL

Y
Sr
Rb
Zr
Nb
Ba
Co
Cu
Cr
Ni
V

U

Th
Hf
Sc
B
Ta

La
Ce
Nd
Sm
Eu
Gd
Tb
Yb
Lu

La/Yb
Tot. REE

RO675A RO653A ROS501

73.92
13.61
0.98
0.68
0.83
3.13
6.58
0.15
0.03
0.09

100.00

0.00
310.00
225.00

61.00

6.00
234.00

2.82

4.00

16.00
10.00
16.00

2.04
10.33
0.87
243
2.35
0.63

7.53
15.94
8.74
0.72
0.53
243
0.55
0.55
0.14

13.69
34.70

74.40
13.99
0.58
0.25
1.17
3.61
4.70
0.06
0.05
0.17
1.00
100.00

1.00
206.00
204.00

55.00
13.00
481.00

1.08

2.00

7.00

4.00

9.00

0.77
4.25
1.61
240
8.39
3.94

5.66
12.42
3.77
0.95
0.39
1.58
0.34
1.01
0.14

5.60
24.68

74.56
15.59
1.29
1.22
0.14
3.74
4.94
0.23
0.02
0.16

101.89

5.00
411.00
167.00
119.00

10.20
1433.00
81.00
4.00
56.00
13.00
61.00

2,08
2240
3.90
272
4.80
1.10

20.10
36.75
1539
2.53
0.42
1.86
0.24
0.53
0.08

37.92
76.04

Table 4.1a (contd.)

RO209 ROB02
74.58 74.68
14.05 16.13

1.07 1.56
0.40 171
0.17 043
3.00 3.76
5.00 484
0.27
0.02 0.03
0.12 0.16
0.72
29.21 103,57
12.00 7.00
215.00 454.00
185.00 168.00
38.00 114.00
7.00 8.60
1488.00
1.34 87.00
6.00 5.00
56.00
18.00
61.00
1.80 7.27
10.00 41.90
0.90 5.75
2.66 3.87
4.18
0.84 1.02
11.22 19.41
21.19 34.22
8.40 17.39
1.77 2.83
0.41 0.64
212 1.63
0.40 0.14
2.06 1.07
0.21 0.17
5.45 18.14
45.66 75.87
annex 4-3

RO215 RO208 RO134 ROS05

75.71
13.17
1.88
0.65
0.32
3.96
3.60
0.09

0.20
0.84
100.46

31.00
169.00
143.00
117.00

17.00

1.43
6.00

24.00

7.00
15.96
4.32
5.61

2.28

25.81
45.87
19.48
4.69
0.60
3.61
0.49
2.98
0.32

8.66
100.24

77.42
10.70
1.05
0.62
1.58
1.04
4.67
0.02
0.10
0.11
226
9957

10.00
144.00
187.00

48.00

5.00

1.47

12.04
1.91
248

0.40

13.88
28.28
1M1.71
223
0.59
1.74
0.24
0.90
0.15

15.42
57.98

79.12
11.75
0.02
0.24
0.03
3.61
4.94
0.30

0.10
0.74
100.85

9.00
196.00
183.00
70.00
8.00
1200.00
0.28

8.00

5.00
17.40
2.14
143

0.61

17.18
28.88
12.40
253
0.48
1.722
0.20
0.49
0.10

35.06
62.26

88.65
6.16
0.52
0.44
0.09
1.31
2.32
0.09

0.01
0.57
100.16

3.00
79.00
105.00
47.00
3.60
530.00
49.00
5.00
52.00
7.00
49.00

3.20
.32
185
1.49
3.57
0.41

12.58
19.28
8.52
1.32
0.26
0.81
0.08
0.39
0.04

32.26
42.47




RO513
70.77
14.73

1.88
0.74
0.84
412
4.36
0.37
0.02
0.17
1.47
§99.47

10
443
170
167

10

1484

96

26

63

21

63

6.93
32.18
5.48
4,55
4.93
0.91

40.07
58.99
39.11
5.57
0.83
2.86
0.18
0.96
0.14

41.74
145.85

RO118
71.74
15.45

1.47
0.9
0.65
3.98
4.65
0.21
0.04
0.24
1.41

100.75

9
338
193
109

12
1600

4

14
3.1

1.61

194
413
171
2.64
0.69
1.98
0.26

0.9
0.17

21.56
82.46

RO258
72.39
13.33

272
1.45
1.37
3.06
421
0.40
0.06
0.20
2.02
101.21

22
303
222
138

20

1309
45

12.74
23
3.4
65

1.32

30.5
56.66
23.97

4.49

0.63

3.67

0.53

1.62

0.17

18.83
118.57

RO257
72.69
15.53

0.92
0.61
0.72
4.40
493
0.16
0.03
0.06
1.01
101.06

1
464
191
103

10

157
1.76

SHals
12.8
219
2.66

0.95

14.84
28.09
10.85
2.08
0.62
1.72
0.25
0.78
0.1

19.03
57.61

annex 4-4

Table 4.1b Major and trace elements for the Alfrey granite

RO256
76.49
13.82

0.96
0.68
0.53
3.97
3.71
0.15
0.02
0.09
1.03
101.45

10
502
204
114

10

1224
0.63
6.6

14.9
2.75
2.78

1.31

16.2
33.05
15.1
221
0.48
1.73
0.24
sl
0.12

14.73
68.5

RO119
76.95
12.86

1.08
0.70
0.12
3.24
4.51
0.13
0.03
0.13
1.40
101.15

14
132
164

0

10

1000
2.35
8

19.2
2.2
3.18

0.87

21.52
39.79
18.77
3.54
0.45
2.23
0.23
1.04
0.21

20.69
85.55

Si02
Al2O3
Fe203
MgO
CaO
Na20O
K20
TiO2
MnO
P205
LOI
TOTAL

Y
Sr
Rb
r
Nb
Ba
Co
Cu
Cr
Ni
vV

U

Th
Hf
Sc
Cs
Ta

La
Ce
Nd
Sm
Eu
Gd
To
Yb
Lu

La/YB
Tot.REE

Figure 4.1c Major and trace elements for the Ramu granite

RO512 RO104 RO101

72.40
14.66
1.37
0.67
0.69
447
413
0.18
0.30
0.60
1.12
99.78

16.00
410.00
163.00
112.00

7.20
1274.00
82.00
4.00
56.00
9.00
6.00

5.68
22.81
3.78
2.35
g e
0.92

17.53
33.57
14.73
3.00
0.58
2.01
0.23
1.43
0.21

12.26
85.55

72,50
14.20
1.00
0.42
0.68
5.31
426
0.61
0.50
0.29
0.51
100.68

15.00
420.00
473.00

20.00

10.00
380.00

1.72
215
1.50
1.60
5.32
3.60

3.71
8.12
3.51
0.89
0.24
1.06
0.20
1.09
0.19

3.4
19.01

071 -

RO508 RO102
7367 7369 7429
1423 1449  14.61

0.67 0.76 0.76
0.45 0.29 0.32
0.65 0.65 0.69
5.21 5.36 5.19
4.27 4.70 3.51
0.64 0.70
0.30 0.50 0.50
0.50 0.17 0.34
1.35 0.47 0.62
9894 10070 10154
1200 12.00 13.00

400.00 11500 521.00

44500 427.00 471.00
2500 4000 22.00

900 1120  11.00

521.00 439.00 441.00

72.00

6.00

53.00

6.00

50.00
2.14 2.87 152
354 5.14 2.66
1.71 1.51 1.23
2.12 2.35 1.55
4.95 5.00 5.11
297 3.90 352
4.25 6.30 6.15
854 1320 1256
3.95 5.34 5.78
1.10 1.42 1.36
0.26 0.29 0.31
1.15 1.42 1.32
0.20 0.24 0.22
1.20 1.51 1.43
0.22 0.20 0.21
354 417 43
2087 34.09 29.34

annex 4-5

RO508P RO508D

75.22
14.19
1.13
0.34
0.58
4.30
3.30
0.80
0.30
0.32
0.63
§9.85

12.00
555.00
451.00

22.00

10.00
340.00

2.55
2.56
1.40
1.62
6.91
2.23

3.58
7.13
3.33
0.95
0.24
1.05
0.19
1.10
0.11

3.25
20.93

75.30

14.60 -

0.77

0.63
4.36
4.54
0.60
0.50
0.28
0.50
100.82

14.00
410.00
428.00

18.00

9.00
434.00

1.49
2.46
1.22
1.40
0.30
3.70

3.40
6.43
276
0.89
0.23
0.99
0.18
0.78
0.09

4,36
20.11




Figure 4.1d (contd.)

Figure 4.1d Major and frace elements for the Rochail granite

. RL127 RL213 RO207 RL108 RL207 RL110  RL121  RL111
RL402  RL112  RL203 RL223 RL210 RL202 RL201  RL412 '?7% 5 Si02 7096 711 7143 7168 7181 7238 7266 73.16
Si02 6326 6767 6782 6816 6868 6885 691 6994 . AI203 1436 1475 1487 1463 1489 1515 1534  14.09
AI203 1623 1525 1579 1542 1547 1572 154 1569 1?.79 Fe203 158 51 058 T84 195 144 ifE B
Fe203 355 497 208 223 204 191 217 173 oo MgO 096 118 039 094 059 031 047 035
MgO 242 156 146 145 123 135 151 0.81 s CaO 05 1.3 063 013 073 001 025 031
CaO 216 025 13 103 145 115 138 083 e Na20 382 389 446 392 386 477 467 432
Na20 392 341 438 426 408 429 3-2 ggg o K20 4.81 373 549 502 492 429 445 49
K20 577 373 481 453 486 478 4-11 o 099 TiO?2 022 041 053  0.31 019 015 022 005
TIO2 0.98 0.7 0.41 05 033 038 0. i O 5 5 MnO 003 004 007 004 003 0.02 0.03 0.04
MnO 008 007 004 005 004 003 00 0 o1 P205 006 026  0.11 015 008 014 023 0.1
P2O5 114 016 023 026 029 017 029 o e LOI 1.43 1.23 04  1.12 1.04 1.1 0.67 0.75
LOI 0.10 2.22 191 1.39 1.47 1.02 1.44 - ’ TOTAL 9873 9999 9936 9958 99.4  99.46 10002 9898
TOTAL 9961 9999 10031 9898 9934 9965 100.32 996  99.24
|
Y 10 9 10 8 9 |
v 12 13 12 e 6;'28 S 146 361 377 446 593 |
St 945 567 846 649 532 e g RD 341 195 185 172 202
Rb 285 21 237 231 174 o 7t 35 143 100 101 89
Z "315 1‘131 ";"g - Nb ' 15 9 9 8 7
Nb Ba 1104 992 1829 1676
Ba 2149 1377 1211 1560 1194 1174 118i . e 175 . %
Co Cu 7 67 66 46 48
Cu 115 68 71 69 77 58 45 & 18
Cr - Ni
Ni a4 V 39 28 27
V 114 12 12 132 1" 7n I
U 65 4.21 0.45
u 5.9 6.65 814 525 542 781 Th 2 2396 1501 2018  11.63
Th 3453 2624 0781 2295 2249 3466 2307
HE 1,31 52 363 418 342
H 8.37 6.19 601 498 535 456 482 o e 5 554
e 874 43 521 276 453 387 ol - 93 466
Cs 25.68 7.94 043 644 764 867 - s B3N B B :
Ta 1.33 0.86 1.01 0.71 0.93 07 094 e : ' Sl
L 33 4718 2162 49 14.42
La 35.16 25.06 30.62 15.7 252 4119  33.34 “ 25 L
Ce 94 8198 3953 4945  29.06
Ce 90.98 52.38 58.64 3435 5178 789  63.03 o 5Bt Sl r  oner  Auss
Nd 34.32 27.49 3022 2127 2692 3136  24.64 : :
sm 126 405 269 299 263
Sm 9.61 487 537 424 436 488 3.1
Eu 012 095 057 09 069
Eu 1.48 1.07 112 095 096 077 092 o i B TE ri o
Gd 5,58 2.83 339 269  2.81 326 266 ' ' : '
To 028 023 019 0419 024
o 0.49 0.25 035 028 03 037 0.4
Yb 109 071 086 073
Yb 1.29 0.86 098  0.81 089 054 08 " G G456 it B0
Lu 0.16 0.13 013 009 012 008 019 ' ' : , :
La/Yb 33 4915 3045 29, ;
Tot.REE  173.49 112.11 12743 7769 11053 158.09 126.42 : :
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Table 4.2a Major and trace element analyses

Figure 4.1d (contd.) for the Quatre Tours diorite
RO506 RO514 RO503B RO65? RO125 RO660 RO662 RO504 RO66T RO6D8
RL109  RL10O
50?2 734  74.18 Sio2 4775 5372 5826 5920 5940 5953 6020 6125 61.85 62.34 |
AI2O3 15.01 13.86 Al203 1042 1262 1586 1308 1423 1375 1354 1500 1376 147
Fe203 1.01 0.75 Fe203 3.76 6.36 599 6.86 4.37 6.67 6.33 4.99 5.64 5.45 g
MgO 0.15 0.22 Mgo 5.56 647 6.10 6.59 3.41 648  6.00 4.44 551 5.47 :
CaO 0.19 0.25 CaO 9.25 5.88 1.40 452 3.60 4.51 4.45 1.26 4.09 3.59 -;
Na20 4.41 3.61 Na20 1.1 1.65 1.29 2.55 2.33 3.42 3.29 257 3.44 3.45
K20 4.85 597 K20 5.42 6.63 4.97 5.53 7.88 4.09 4.65 4.49 4.25 4.16
Tio2 0.21 0.04 TiO2 1.49 1.74 1.05 0.89 0.70 0.86 0.82 1.09 0.79 0.74
MnO 0.02 0.02 MnO 0.31 0.14 0.07 0.10 0.06 0.10 0.10 0.04 0.09 0.09
P2O5 0.06 0.09 P205 1.18 1.36 0.83 0.66 1.30 0.58 0.61 0.80 0.57 0.53
LOI 0.92 0.62 LOI 12.74 3.14 3.72 0.00 1.96 0.00 0.00 3.01 0.00 0.00
TOTAL 10023  99.61 Total 9898 99.71 9954 10000 99.24 100.00 100.00 98.94 100.00 100.00
Y 7 10 ¥ 41.00 3600 20.00 2400 31.00 21.00 2400 1600 17.00 17.00
S 404 303 Sr 620.00 671.00 511.00 799.00 833.00 962.00 1055.00 259.00 1023.00 954.00
Rb 196 181 " Rb 524,00 43500 14600 22500 498.00 172.00 179.00 199.00 166.00 186.00
Zr 76 57 Zr 429.00 679.00 43500 381.00 548.00 308.00 353.00 210.00 295.00 281.00
Nb 7 10 Nb 29.00 3700 2920 2400 3600 19.00 2500 2260 17.00 18.00
Ba 810 652 gl Ba 2204.00 2747.00 3177.00 4188.00 2700.00 2777.00 3850.00 2160.00 2619.00 2378.00
Co 2 1 Co 171.00 189.00 161.00 14.30 145.00
Cu 33 42 Cu 2400 133.00 3500 2400 2300 6000 3700 3700 5000 17.00
Cr Cr 493.00 384.00 411.00 306.00 300.00 232.00 319.00 245.00 250.00
Ni Ni 115.00 201.00 164.00 108.00 113.00 100.00 6200 10000 99.00
V 11 26 \ 167.00 203.00 137.00 125.00 119.00 109.00 169.00 101.00 94.00
Zn 78.00 73.00 72.00 69.00 72.00
U
Th 8.27 Q.15 U 1740 1143 1175 7.00 13.00 7.83 8.12 2487 4.00 7.48
Hf 2.81 2.25 Th 4747 7397 7300 1763 7340 2823 4421 3874 3425 31.75
Sc Hf 1095 18.62 13.33 390 1580 6.11 7.81 6.94 8.46 6.24
Cs Sc 1814 2004 19.35 4,00 0.00 1601 1544 21,617 1677 14.68
Ta 0.48 0.74 Cs 5.64  20.09 275 5.30 0.00 8.38 742 6.32 8.21 3.60
Ta 1.82 2.48 2.48 494 2.45 119 1.98 1.13 1.05 1.49
La 13.77 773
Ce 2476  21.91 La 8460 9659 6410 1820 67.60 4974 7016 6152 4679 40460
Nd 1.1 11.26 Ce 17190 221.20 14592 40.85 179.30 97.99 14265 101.12 11391 8757
Sm 1.89 1.92 Nd 11720 12492 7846 1575 10590 4604 6620 4992 5339 4658
Eu 0.52 0.47 Sm 2225 2260 1456 257 2018 8.89 11.56 8.04 10.11 8.64
Gd 1.53 1.86 Eu 0.89 4.02 2.07 076 - 331 210 2.65 143 217 2.06
b 0.22 0.31 Gd 1092 11.94 7.13 1.86 12.21 828 1221 424 1115 5,73
Yb 0.83 1.01 o - 0.57 0.82 0.37 0.35 1.17 1.56 2.30 0.29 2.10 1.08
Lu 0.1 0.21 Yb 1.51 1.85 1.43 1.21 1.26 1.26 1.33 1.39 1.23 1.28
Lu 0.24 0.29 0.40 0.17 0.40 0.20 0.29 0.15 0.19 0.18
La/Yb 16.59 7.65 :
Tot, REE 532 4482 TotalREE 410.10 484.20 314.40 8172 391.30 21610 309.30 228.10 241.00 193.70
La/Yb 56.03 5221 4483 1504 53465 3948 5275 4426 3804 3172
annexd- ‘T
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Sio2
Al2O3

Fe203 7

Mgo
CaO
NazO
K20
TiO2
MnO
P205
LOI
Total

Y
Sr
Rb
Zr
Nb
Ba
Co
Cu
Cr
Ni
V
n

U

Th
Hf
Sc
Cs
Ta

La
Ce
Nd
Sm
Eu
Gd
Tb
Yb
Lu

TotalREE
La/Yb

Table 4.2b (contd.)

Table 4.2b Major and frace element analyses

for the Belle Cote syenites. RO316 RO672 RO671A RO217 RO671B RO674
RO307 RO308 RO317 RO313 RO314 RO315 RO219 RO312 RO213

Sio2 52.02 54.87 56.64 58.07 61.88 62.56
45.18 47.79 49.50 49.77 50.33 51.04 51.11 51.88 52.11 Al203 Q.69 16.48 13.83 17.07 16,76 19.91
14.46 14.60 11.66 2.81 11.63 10.04 .95 10.27 11.93 Fe203 7.38 7.49 7.25 4.60 3.51 2.21
7.73 Q.97 8.31 Q.19 8.67 7.76 8.14 8.32 7.85 Mgo Q.77 5.22 6.06 3.97 297 1.50
5.69 7.37 10.23 12.79 10.07 Q.95 12.34 11.51 7.40 CaO Q.22 4.60 4.42 3.21 271 2.02
7.84 4.31 7.00 8.29 7.84 Q.17 7.97 7.82 543 Na20 1.84 3.15 1.97 497 4.28 5.40
1.85 1.98 1.58 1.31 1.70 1.75 1.21 1.30 1.29 K20 4.50 5.87 7.52 5.26 6.68 5.65
5.1 3.96 5.71 4.65 5.34 4.57 4.46 529 6.78 TiO2 1.70 1.32 1.31 046 0.66 0.43
2.39 2.57 2.19 1.56 1.84 1.81 1.48 1.46 1.16 MnO 0.13 0.10 0.10 0.08 0.06 0.03
0.17 0.09 0.11 0.15 0.14 0.13 0.14 0.13 0.12 P205 1.40 0.89 0.90 0.87 0.48 0.29
1.87 1.54 1.56 0.63 0.94 1.49 0.50 0.36 1.91 LOI 0.96 1.03
7.93 5.80 1.12 1.04 1.05 0.98 1.72 1.01 1.73 Total @8.61 100.00 100.00 99.59 100.00 100.00
100.22 99.98 98.97 99.19 99.55 98.69 99.02 99.35 97.71
Y 46.00 50.00 18.00 21.00 4.00
37.00 37.00 : 22.00 23.00 19.00 36.00 S 491.00 1156.00 857.00 129.00 1052.00 1242.00
847.00 640.00 530.00 374.00 637.00 517.00 399.00 362.00 521.00 Rb 201.00 269.00 31000 244.00 2356.00 240.00
195.00 127.00 401.00 35600 41400 254.00 29500 332.00 311.00 Zr 63200 705.00 290.00 326.00 253.00
626.00 776.00 222.00 194.00 207.00 420.00 Nb 30.00 40.00 13.00 15.00 5.00
42.00 44,00 14.00 15.00 12.00 30,00 = = Ba 2132.00 3743.00 3363.00 3864.00 2650.00
2392.00 2360.00 2742.00 1258.00 1877.00 2198.00 1434.00 3111.00 Co 16.00 26.23 2416 14.90 12.42 0.00
22.00 25.00 0.00 32.00 17.00 38.00 76.00 4420 Cu 75.00 45.00 43.00 16.00 22.00 Q.00
13.00 12.00 35.00 99.00 69.00 18.00 606.00 43.00 Cr 488.00 124.00 314.00 122.00 44.00
307.00 29600 53%9.00 917.00 519.00 552.00 130.00 Ni 27300 113.00 149.00 56.00 56.00 24,00
168.00 198.00 264.00 716.00 310.00 321.00 92.00 @3.00 V 174.00 131.00 132.00 61.00 39.00
193.00 217.00 21200 21500 209.00 197.00 n 98.00 87.00 47.00 39.00
U 6.89 10.62 6.00 414 8.00
8.91 5.50 4.08 4.00 4.80 Q.30 Th 33.07 63.37 25.50 18.49 48.00
38.50 44,30 22.20 23.00 22.90 51.80 Hf 17.65 19.69 7.73 7.66
16.50 19.40 6.39 6.10 13.60 Sc 20.71 20.51 11.10 Q.58 1.00
26.00 24.60 28.35 26.80 21.64 Cs 10.09 22.69 0.00 11.57
Q.60 7.15 7.58 6.20 8.81 Ta 1.39 3.54 0.97 1.23
2.94 273 0.36 0.29 1.86
La 49.65 64.93 29.50 35.70 30.10 12.00
72.32 81.87 50.09 17.34 44 62 35.93 25.50 19.05 73.50 Ce 13128 182.38 255.80 73.85 86.68 37.00
196.02 207.68 134.19 49.07 11490 81.54 78.30 48.69 187.60 Nd Q0.05 11329 142.41 46.72 54.40 21.00
126,79 127.82 Q4.07 47.46 77.03 48,71 48.40 4270 137.10 Sm 18.13 20.87 24.96 8.19 8.17
23.32 23.62 18.80 11.43 15.12 9.13 11.27 8.57 27.07 Eu 3.08 4.37 4.89 2.07 1.83
3.90 3.87 3.36 2.10 2.79 1.93 2.03 1.77 4.68 Gd 11.14 3.09 4.08 5.58 1.40
13.75 13.52 11.70 7.40 .55 5.67 8.12 5.41 16.17 Tb 1.10 2.69 3.95 0.66 1.43
1.25 1.15 1.18 0.80 0.99 0.57 1.02 0.56 1.51 Yb 1.30 2.47 2.41 1.25 1.01
2.25 2.36 1.47 1:51 1.61 0.96 1.45 0.98 2.40 Lu 0.22 0.38 0.60 0.23 0.19

0.35 0.34 0.27 0.24 0.21 0.18 0.27 0.14 0.31

TotalREE ~ 306.00 327.83 437.69 17420 15448
44000 46220 31510 13740 26680 18460 17640 12790 450.30 La/Yb 38.19 26.29 41.28 28.56 29.80

31.14 34.69 34.07 11.48 21.71 3743 17.5% 19.44 30.63
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SiO2
Al203
Fe203
Mgo
Ca®
Na20
K20
TiO2
MnO
P205
LOI
Total

Y
Sr
Rb
Zr
Nb
Ba
Co
Cu
Cr
Ni
V
Zn

U

Th
Hf
Sc
Cs
Ta

La
Ce
Nd
Sm
Eu
Gd
Tb
Yb
Lu

TotalREE

La/Yb

RL118

50.10
11.41
9.48
8.16
7.72
1.16
533
213
0.15
1.16
299
99.57

32.00
591.00
216.00
309.00

21.00

2533.00

12.00
444.00

66.00
206.00
213.00

7.90
29.73
937
2955
12.00
1.65

47.41
125.91
82.32
17.86
3.43
11.53
1.24
1.88
0.33

291.90
25.22

RL103

50.12
11.03
9.69
10.32
6.96
1.39
554
2.02
0.13
1.14
1.82
100.16

31.00
403.00
321.00
213.00

27.00

1568.00

46.00
443.00

11.00
269.00
140.00

31.38
7.50

1.43

86.62
209.44
121.44

29.41

4.55
17.07
1.50
292
0.93

473.40
29.66

Table 4.2¢ Major and trace element analyses

for the Cascade de Lauvitel syenites.

RL131

50.45
15.05
595
3.98
548
281
6.02
1.60
0.22
0.87
6.70
99.13

959.00
289.00

2385.00

75.00
21.00
46.00
196.00

RL119

50.59
12.12
8.93
8.09
6.41
1.25
6.66
1.99
0.15
1.18
2.63
100.00

30.00
621.00
373.00
252.00

25.00

2535.00
0.00
350.00

11.00
195.00
179.00

RL105

50.96
11.64
7.87
8.17
5.87
1.68
7.31
2.21
0.13
1.40
1.26
98.50

32.00
641.00
511.00
566.00

34.00

2787.00

39.00
324.00

17.00
179.00
240.00

81.59
18.69

1.87

116.85
274.27
156.18
35.19
5.39
23.13
2.56
2.87
0.74

617.20
40.71

annex4-

RL102

51.08
12.76
8.05
725
5.7
1.58
6.77
2.29
0.14
1.07
2.54
99.30

40.00
860.00
341.00
664.00

39.00

3175.00

35.00
354.00

30.00
158.00
182.00

35.11
20.19

2,715

105.76
266.36
156.67
35.08
4.98
19.66
1.59
4.15
0.69

594.90
25.48

RL106

51.14
11.80
8.87
6.91
6.81
Vitd
6.07
2.56
0.15
125
2.54
99.82

39.00
519.00
327.00
409.00

32.00

2159.00

328.00

39.00
137.00
270.00

RL120

51.61
13.54
5.63
5.01
6.77
1.53
7.84
1.88
0.18
0.99
439
99.37

33.00
871.00
401.00
403.00

26.00

2782.00

313.00

0.00
121.00
180.00

922
36.42
11.02
19.37
19.80

2.09

4949
14278
110.12

2548

4.27

15.11

1.39
2.00
0.34

351.00
24.75

RL104

52.89
15.18
6.85
4.91
3.98
2.06
8.48
212
0.08
117
1.49
99.21

40.00
1418.00
354.00
923.00
60.00
4045.00

150.00
86.00
66.00

161.00

1.09
42.64
26.71
18.99
11.39

4.45

$9.30
259.70
150.00
25.60
517
16.47
1.76
2.53
0.38

560.90
39.25

SIO2
Al203
Fe203
Mgo
Cal
Na20
K20
TiO2
MnO
P205
LOI
Total

Y
Sr
Rb
Zr
Nb
Ba
Co
Cu
Cr
Ni
Vv
n

U

Th
Hf
Sc
Cs
Ta

La
Ce
Nd
Sm
Eu
Gd
Tb
Yb
Lu

TotalREE
La/Yb

Table 4.2¢ (contd.)

RL130

55.41
13.06
6.97
7.01
4.48
1.79
713
1.84
0.10
1.07
1.952
100.38

792.00
426.00

2442.00
12.00
400.00
18.00
217.00
163.00

RL124

55.49
12.92
6.86
7.14
4.54
1.95
6.77
1.78
0.10
0.98
1.32
99.85

33.00
665.00
393.00
547.00

37.00

2239.00

390.00

18.00
203.00
151.00

RL123

85,72
16.75
4.41

3.03
3.66
2.90
7.29
173
0.13
0.81
3.88
100.31

26.00
1096.00
321.00
489.00
31.00
2595.00

159.00
19.00
44.00

170.00

RL129  RL107
57.97 61.19
15.46 19.22

4.82 3.10
3.75 1.93
295 1.61
3.16 4,70
6.20 5.69
1.25 0.69
0.08 0.04
0.69 0.46
2.20 1.47
98.53 100.10
18.00
941.00 755.00
369.00 316.00
96.00
13.00
2240.00 1281.00
158.00 83.00
12.00
63.00
103.00  81.00
annex4-

RL116

62.61
14.99
3.07
296
2.67
297
8.20
0.76
0.06
0.47
1.17
99.93

1127.00
445.00
0.00
0.00
3131.00

150.00
31.00
50.00
63.00




Si02
AI2O3
Fe203
Mgo
CaO
Naz2O
K20
TiO2
MnO
P205
LOI
Totadl

X
Sr
Rb
r
Nb
Ba
Co
Cu
Cr
Ni
v
n

U

h
Hf
Sc
Cs
Ta

La
Ce
Nd
Sm
Eu
Gd
o
Yb
Lu

TotalREE
La/Yb

Table 4.2d Major and trace element analyses

RL4O7

50.41
10.88
7.82
11.57
6.22
1.45
574
1.92
0.14
1.52
1.67
99.34

889.00
401.00

3549.00

854.00

456.00
265.00

15.66
57.01
16.07
19.58
35.22

1.16

112.96
279.53
174.90
28.18
5.95
15.98
1.33
177
0.28

620.9
63.82

for the Refuge des Sources and Les Gauchoirs syenites
RL404

RL204 RL209 RL405 RL214
54.18 54.41 54.84 57.17
14.17 14.67 13.85 13.64
7.69 8.05 6.85 7.1
5.96 5.16 5.86 5.08
3.87 4.66 494 4.30
293 3.41 2.07 2.59
4.95 4.62 7.26 5.89
1.88 1.66 1.79 1.62
0.15 0.20 0.13 0.14
1.12 1.12 1.13 0.98
3.00 2.12 0.87 1.61
9990 100.08 99.59 100.13
34.00 456.00 39.00
390.00 376.00 585.00 332.00
34600 370.00 431.00 342.00
595.00 493.00 543.00
45,00 51.00 46.00
1231.00 923.00 3053.00 1287.00

13.00
282.00 212.00 228.00 234.00
14.00
102.00 90.00 137.00 81.00
149.00 151.00 14400 110.00
14.01 20.21 14.16
79.81 59.19 50.82
22.24 16.86 15.74
24.88 29.47 19.21
23.53 24.65 15.99
3.02 2323 2.27
74.89 69.50 75.37
18311 178.77 18874
114.75 10397 110.12
19.72 18.49 18.76
3.70 3.59 419
11.78 - 1239 11.15
1.10 1.41 1.03
2.69 3.59 2.20
0.42 0.54 0.30
41220 392.20 411.9
27.84 19.36 34.26
annex4-

RL211

57.31
13.83
5.43
4.81
3.70
216
6.36
1.48
0.08
0.92
3.81
99.89

24.00
666.00
288.00
353.00

31.00

1924.00

282.00

105.00
105.00

57.34
14.05
5.88
5.40
416
319
6.26
1.48
0.09
1.18
0.95
99.98

925.00
383.00

2379.00

246.00

52.00
108.00
146.00

10.13
57.80
16.10
15.79
2677

2.32

62.79
167.92
113.85

21.38

3.54
11.88
0.94
172
0.30

384.3
36.51

RL205

58.38
13.48
5.03
3.93
4.14
2,35
6.53
1.49
0.12
1.02
3.23
99.70

27.00
595.00
328.00
537.00

37.00

2065.00

226.00

61.00
§7.00

12.22
80.16
1951
18.20
20.15

2.86

70.77
164.68
100.08

18.43

3.34
10.27
0.82
1.93
0.26

370.60
36.67

RL206

58.41

13.38
4.84
4.46
3.32
2.03
6.85
1.65
0.09
1.01
354

99.48

24.00
493.00
282.00
534.00

36.00

1872.00

270.00

71.00
111.00

12.23
76.71
18.10
16.15
11.50

2.34

63.60
145.30
93.23
17.09
3.01
8.78
0.55
1.69
0.31

333.60
37.63

Sio2
Al203
Fe203
Mgo
CaO
Na2O
K20
TiO2
MnO
P205
LOI
Total

Y
Sr
Rb
Zr
Nb
Ba
Co
Cu
Cr
Ni
Y
n

U

h
Hf
Sc
Cs
Ta

La
Ce
Nd
Sm
Eu
Gd
b
Yb
Lu

TotalREE
La/Yb

RL212

59.35
13.25
5.51
4.44
4.23
2.28
7.13
1.44
0.10
0.89
1.52
100.14

25.00
529.00
381.00
472.00

31.00

1714.00

240.00

81.00
97.00

Table 4.2d (contd.)

RL215

62.59

14.20
3.96
2,715
2.85
241
7.90
1.34
0.07
0.62
1.46

100.15

560.00

411.00

1876.00

140.00

43.00
56.00

RL216

63.25
14.58
4.05
3.33
2.91
3.22
5.95
1.02
0.08
0.62
1.28
100.29

467.00

347.00

1674.00

171.00

51.00
45.00

RL402 RL219
63.26 63.27
16.23 14.00

355 416
242 3.28
2.16 3.18
3.92 2.60
5.00 6.96
0.77 0.98
0.08 0.10
0.98 0.65
1.14 1.24
§9.51 100.42
@45.00 380.00
285.00 338.00
2149.00 1754.00
115.00 1%8.00
44.00 68.00
114.00 54.00
5.0
34.53
8.37
8.74
25.68
1.33
35.16
90.98
34.32
9.61
1.48
5.58
0.49
1.29
0.16
179.1
27.26
annexd-

RL218

63.72
13.59
4.41
3.52
2.51
2.62
6.32
1.13
0.09
0.72
1.27
100.40

355.00
349.00
1742.00
190.00

57.00
60.00







	olivier 0-121
	olivier 122-215
	olivier 216-309
	olivier 310-339
	olivier 340-409
	olivier 410-439
	olivier 440-505
	olivier 506-615
	olivier 616-ref7
	olivier ref8-tabl3
	olivier tab3-
	olivier annex-fin

