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Abstract

The end of an orogenic Wilson cycle corresponds to amalgamation of terranes into a Pangaea and is marked by
widespread magmatism dominated by granitoids. The post-collision event starts with magmatic processes still influenced by
subducted crustal materials. The dominantly calc-alkaline suites show a shift from normal to high-K to very high-K
associations. Source regions are composed of depleted and later enriched orogenic subcontinental lithospheric mantle,
affected by dehydration melting and generating more and more K- and LILE-rich magmas. In the vicinity of intra-crustal
magma chambers, anatexis by incongruent melting of hydrous minerals may generate peraluminous granitoids bearing mafic

Ž .enclaves. The post-collision event ends with emplacement of bimodal post-orogenic PO suites along transcurrent fault
Ž .zones. Two suites are defined, i the alkali-calcic monzonite–monzogranite–syenogranite–alkali feldspar granite association

w x w x Ž .characterised by biotiteqplagioclase fractionation and moderate LILEqHFSE enrichments and ii the alkaline
w xmonzonite–syenite–alkali feldspar granite association characterised by amphiboleqalkali feldspar fractionation and

displaying two evolutionary trends, one peralkaline with sodic mafic mineralogy and higher enrichments in HFSE than in
LILE, and the other aluminous biotite-bearing marked by HFSE depletion relative to LILE due to accessory mineral
precipitation. Alkali-calcic and alkaline suites differ essentially in the amounts of water present within intra-crustal magma
chambers, promoting crystallisation of various mineral assemblages. The ultimate enriched and not depleted mantle source is
identical for the two PO suites. The more primitive LILE and HFSE-rich source rapidly replaces the older orogenic mantle
source during lithosphere delamination and becomes progressively the thermal boundary layer of the new lithosphere.
Present rock compositions are a mixture of major mantle contribution and various crustal components carried by F-rich
aqueous fluids circulating within convective cells created around magma chambers. In favourable areas, PO suites pre-date a
new orogenic Wilson cycle. q 1998 Elsevier Science B.V. All rights reserved.

Keywords: Post-orogenic; Granitoids; Alkaline; Alkali-calcic; Mantle; Crust; Fluids; Fractionation

) Corresponding author. Tel.: q33-1-69-15-67-66; Fax: q33-1-69-15-67-72; E-mail: bbonin@geol.u-psud.fr

0024-4937r98r$ - see front matter q 1998 Elsevier Science B.V. All rights reserved.
Ž .PII: S0024-4937 98 00025-5

hezy
高亮

hezy
高亮

hezy
高亮

hezy
高亮

hezy
高亮

hezy
高亮

hezy
高亮

hezy
高亮

hezy
高亮

hezy
高亮



( )B. Bonin et al.rLithos 45 1998 45–7046

1. Post collision granites suites: a case of multi-
source multi-process magmatism

The orogenic Wilson cycle evolves from the break
up of an older Pangaea through oceanic basin open-
ing and closure to accretion of displaced terranes

Ž .into a younger Pangaea Dewey, 1988 . Three major
episodes can be identified. The first episode, intra-
continental rifting characterised by plate divergence,
is followed by oceanic basin opening and ends with
the onset of subduction along active margins. The
second episode resulting from plate convergence is
dominated by ocean–ocean andror ocean–continent
subduction, oceanic basin closure and continent–
continent collision, and associated with wrench and
thrust tectonics. The dominantly ensialic third episode
consists of accretion of continental blocks or terranes
by ‘docking’ andror hyper-collision with uplift and
transcurrent fault tectonics generating transpressional
and transtensional regimes. The geodynamic settings
of the three distinct episodes are essentially governed

Žby lithosphere and asthenosphere rheologies see
.Black and Liegeois, 1993, and references therein .´

Regarding the third episode of syn- to post-colli-
Ž .sion, Black and Liegeois 1993 distinguish mantle´

Ždelamination followed by lithosphere growth stages
.C and D, Fig. 4, p. 92 . The orogenic continental

lithosphere is composed of a thickened crust and a
thinned upper mantle and overlies an asthenosphere
still affected by oceanic and continental subduction
products. During stage C thermal instability and
weak links with the crust cause lithosphere thinning
by delamination. Upwelling of hot asthenosphere
induces magmatic under-plating, low-pressure high-
temperature metamorphism, partial melting of lower
crust and rapid uplift due to isostasy. This leads to
juxtaposition of a cratonic foreland with cold crust
and thick lithosphere and orogenic belts with hotter
crust and thin lithosphere. Eventually, during stage D
the lithospheric mantle of former mobile belts expe-
riences progressive growth with time by cooling and
basal accretion of deeper materials, as long as quiet
conditions prevail. If not, cratonisation effects are
destroyed and continental break up parallel to an-

Ž .cient orogenic belts Vauchez et al., 1997 starts a
new Wilson cycle.

Magmatic rocks found in orogenic belts provide a
record of the thermal and chemical evolution of deep

lithospheric roots of the developing orogen. Though
the rocks eventually sampled may be the end product
of several generative processes, magmatic suites can
be discriminated on the basis of geological, miner-

Žalogical and chemical characteristics Barbarin, 1990;
.Lameyre and Bonin, 1993 . Distinct suites associated

with the successive episodes of a Wilson cycle re-
flect a relation between geodynamic factors and
magma types, which constitutes the basis of the

Žtectonic discrimination schemes currently used e.g.,
.Pearce et al., 1984; Maniar and Piccoli, 1989 .

After collision, magmatic suites are located prin-
cipally within mobile belts where reactivated pre-ex-
isting zones of weakness control their emplacement
during ensialic deformation. They change abruptly
from typically orogenic syn- to post-collision suites
emplaced during collision, uplift and subsequent
gravitational collapse of the hot and thick crust to
post- to non-orogenic suites related to transcurrent
faulting, peneplanation and the development of
fault-controlled intra-continental molassic basins
Ž .Bonin, 1990; Turner et al., 1992 . The aim of this
paper is to focus on the nature, sources and differen-
tiation processes of post- to non-orogenic suites em-
placed during the stage D of Black and Liegeois´
Ž .1993 . Two world-wide orogenic cycles will be

Ž .examined: i the Late Proterozoic event with exam-
Ž .ples from Africa and Brazil and ii the Late Palaeo-

zoic event with examples from Europe and the West-
ern Mediterranean area.

1.1. Nomenclature aspects

Collision corresponds to the welding of at least
two terranes into a new continental land. The subse-
quent episodes can be considered as intra-continental
and different terms should be explained.

‘Post-collision’ stands for the episode occurring
after the major collision episode. Continuing plate
convergence result in intra-continental thrust and
wrench deformation andror lateral escape of discrete
terranes. This episode can be considered also as ‘late
orogenic’. Magmatic events encompass anatectic
peraluminous S-type granite suites of main crustal
origin and high to very high-K calc-alkaline suites
with an orogenic depletedrenriched subcontinental

Ž .lithospheric source McKenzie and O’Nions, 1995
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akin to the source of the previous orogenic pre-colli-
sion calc-alkaline suites.

Ž .‘Post-orogenic PO ’ stands for the subsequent
episode, when the geodynamic context becomes en-
tirely intraplate, with the welded terranes moving
according to the same pole of rotation. Magmatic
suites are emplaced along shear zones in transcurrent
tectonic regimes and display markedly alkaline
affinities with a new undepleted and enriched mantle
source.

‘Anorogenic’ is synonymous with ‘non-orogenic’
and stands for later episodes. Alkaline magmatic
suites characterised by the same mantle source are
emplaced along intraplate rifts. No association with
local plate convergence is evidenced, though a rela-
tion with contemporaneous global scale collision

Ž .events can be evidenced Black et al., 1985 .
‘Post-tectonic’ and ‘atectonic’ are irrelevant terms

for magmatic activity, as demonstrated by abundant
field evidence on the ‘room problem’ and volumes
necessitated by magma circulation.

2. Late Proterozoic PO granite suites

Ž .A Neoproterozoic 750–550 Ma major orogenic
event is recorded in almost all the continental pieces

Žof Gondwana e.g., Pan-African in Africa, Kennedy,
1964; Brasiliano in the Brazilian shield, Almeida et
al., 1981; Cadomian in the Armorican Massif of

.France and surrounding areas, D’Lemos et al., 1990 .
Ž .Kennedy 1964 defines the Pan-African as a

thermo-tectonic event resetting isotopic dates at ca.
500 Ma, except for smaller cratonic areas still retain-
ing older Archaean and Palaeoproterozoic ages. Oc-
currences of true ophiolites, juvenile island arc as-
semblages and continental scale collisions provide

Žconvincing evidence for plate tectonics Black et al.,
.1979 . Considered together with its extensions in

other continents, such as the Brasiliano belt of South
America and the Cadomian terrane of Europe, the
Pan-African orogen is comparable in scale to the
currently active Alpine–Himalayan–Circum Pacific
belt.

The Trans-Saharan belt of northern Africa extends
from Mali to Saudi Arabia and comprises numerous
accreted island arcs and reactivated Archaean and
Palaeoproterozoic continental blocks. Up to 23 dis-

placed terranes were accreted during the Pan-African
episodes along major north–south-oriented shear

Ž .zones Fig. 1 and formed ultimately the Tuareg
Ž .shield Black et al., 1994 . Its southern extension

along the Atlantic coast of Brazil and Uruguay re-
sulted from the amalgamation of discrete terranes,
the easternmost ones corresponding to accreted juve-
nile arcs and the westernmost ones to a collage of

Ž .older continental slices Caby, 1989 . The belt is
characterised by voluminous Late Proterozoic oro-
genic suites, with tonalite–trondhjemite–granodiorite
associations within island-arc assemblages and nor-
mal to high-K calc-alkaline batholiths elsewhere,
pre-Ordovician molassic intra-continental basins
Ž .Fabre, 1988 and widespread Phanerozoic anoro-

Ž .genic alkaline magmatism Black et al., 1985 . At-
Ž .tention will be focused on three PO suites: i the

Ž .‘Taourirt’ suite of Hoggar, Algeria, ii the province
Ž .of Adrar des Iforas, Mali, and iii the suite of

Saibro, southern Brazil.

2.1. The ‘Taourirt’ suite of Hoggar, Algeria

The Hoggar, Algeria, constitutes the central part
of the Trans-Saharan belt and results from the weld-
ing of ophiolite-bearing juvenile terranes onto
strongly reworked older terranes. More than 20 PO
granite centres form a cluster of zoned plutons within
an elongated 250=70 km igneous province and
constitute the ‘Taourirt’ suite, the local word
‘Taourirt’ defining an isolated mountain clearly visi-
ble in the distance. They were emplaced within
thrust and shear zones related to terrane boundaries

Ž . Ž . Ž .between In-Tedeini It , Iskel Isk and Laouni La
Ž .Fig. 2 . Most centres are located along faults border-
ing Iskel and within it. Centres within Laouni mark
out faults related to the huge north–south-trending
750 km-long 4850X E shear zone.

Neoproterozoic country rocks comprise the shelf-
type and volcano-sedimentary Lower Pharusian Su-
pergroup and the volcanic and volcano-clastic Upper
Pharusian Supergroup. The so-called ‘Pharusian un-
conformity’ represent a cryptic suture with occur-

Ž .rences of eclogite lenses Bertrand et al., 1986 . Two
groups of syn-orogenic batholiths are distinguished:
the older is exposed in Iskel only, with 870 Ma
calc-alkaline Cordilleran-type diorite–granodiorite
and 840 Ma anatectic K-feldspar megacrystic gran-
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Ž .Fig. 1. Black et al. 1994 reconstruction of the Tuareg shield. Solid arrows indicate movement directions determined from field and
laboratory works. Double dashed line is the eastern boundary of the West African craton deduced from gravity anomalies. Abbreviations of
terranes discussed in the text: Adrar des Iforas, Mali: Til. Tilemsi, Ki. Kidal, Ugi. Iforas granulitic unit; Hoggar, Algeria: It. In-Tedeini, Isk.
Iskel, La. Laouni, Te. Tefedest, Eg-Al. Egere-Aleksod, Az. Azrou-n-Fad.´ ´

ite; the younger is widespread elsewhere with 730–
700 Ma volcanic arc assemblages and 650–570 Ma
normal to high-K calc-alkaline batholiths and anatec-

Žtic potassic granite Black et al., 1994, and refer-
.ences therein .

The ‘Taourirt’ suite intrudes the different Pharu-
sian units and two centres are covered by Ordovician

Ž . 40 39sandstone Fabre, 1988 . Rb–Sr, K–Ar and Ar– Ar
Ždeterminations centred around 570–520 Ma Cahen

et al., 1984; Cheilletz et al., 1993; Zaimen et al.,
.1994; works in progress . The ‘Taourirt’ suite is

dominantly granitic, with scarce basic to intermedi-
ate rocks, and four major rock types are defined: G I
monzogranite, G IIa monzogranite and syenogranite,
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Ž .G IIb alaskite alkali feldspar granite and G III
Ž .alkali feldspar syenite and granite Table 1 .

G I monzogranite is present in a small number of
complexes. SREE contents average 200 ppm, with
patterns yielding moderate fractionation, slight LREE
enrichment and weak negative Eu anomalies. G IIa
monzogranite and syenogranite are exposed in al-
most all complexes studied. The rock-forming miner-
alogy is the same as within G I monzogranite, with
K-feldspar being more abundant than plagioclase.
The accessory paragenesis is similar, with addition
of thorite q fergusonite q monazite q xenotime.
SREE contents average 250 ppm, with less fraction-
ated patterns and more pronounced negative Eu

Ž .anomalies. G IIb alaskite alkali feldspar granite is
the most evolved type of the suite characterised by

Žpure albite and Li-bearing mica protolithionite to
.zinnwaldite . Extremely high SiO contents contrast2

with extremely low Ti, Mg, Ca and P contents. REE
patterns show little or no fractionation and deep
negative Eu anomalies. Tetrad effects on La–Ce–
Pr–Nd and Gd–Tb–Dy–Ho suites of lanthanide ele-

Ž .ments Bau, 1996 result in gull wing-shaped pat-
terns with downward concavity. With the lowest
abundances of Sr, Ba, LREE, Zr and the highest
abundances of Rb, U, Th, Nb, Y, MREE, HREE
alaskite exhibits the features defining the low-P sub-

Ž .type of topaz granite Taylor, 1992 .
The G III association is exposed in a small num-

ber of complexes. Mesoperthitic alkali feldspar is the

ŽFig. 2. Geological setting of the ‘Taourirt’ suite Azzouni-Sekkal
.and Bonin, 1998 . Complexes studied in crosses, others in black.

Abbreviations and lithology of the displaced terranes: It, In-
Tedeini: greenschist facies greywacke, volcanic and clastic rocks,

Ž .calc-alkaline granitoids 650–550 Ma ; Isk, Iskel: greenschist
facies platform sedimentary rocks, mafic–ultramafic sills, calc-al-

Ž . Ž .kaline granitoids 870 Ma , high-K granite and syenite 840 Ma
and volcaniclastic sequences; La, Laouni: amphibolite facies base-
ment gneiss and several supracrustal sequences, greenschist facies
shelf sedimentary rocks, anatectic potassic granite, PO Sn–W-

Ž .bearing topaz granite 540–520 Ma ; Te, Tefedest: amphibolite
facies basement gneiss and several supracrustal sequences, calc-al-
kaline granitoids; Eg-Al, Egere-Aleksod: Archaean and Eburnean´ ´
granulitic gneiss, supracrustal banded iron formation, Pan-African
high-P amphibolite facies gneiss with eclogite, foliated granodior-
ite, no huge calc-alkaline batholiths; Az, Azrou-n-Fad: similar to
Eg-Al terrane.
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Table 1
The ‘Taourirt’ suite of Hoggar, Algeria

Ž .Rock types gabbro and diorite stocks, enclaves
G I monzogranite
G IIa monzogranite and syenogranite

Ž .G IIb alaskite alkali feldspar granite
G III alkali feldspar syenite and granite

Rock-forming mineralogy G I quartzqK-feldsparqplagioclaseq
edenite–hornblendeqbiotite
G IIa quartzqK-feldsparqplagioclaseq
biotite"hornblende
G IIb quartzqK-feldsparqalbiteq
protolithionite–zinnwaldite
G III alkali feldspar"quartz"plagioclaseq
hedenbergite qhastingsite–hornblendeq
biotite"grunerite" riebeckite¨

Accessory mineralogy G I zirconqallaniteq titaniteq ilmeniteq
magnetiteqapatite
G IIa zirconqallaniteq titaniteq ilmeniteq
magnetiteqapatiteq thoriteq fergusoniteq
monaziteqxenotime
G IIb zirconqallaniteq titaniteq fluoriteq
topaz" tourmaline"garnet
G III zirconq thoriteqallaniteqchevkiniteq
ilmenite qmagnetiteqapatiteq fluorite

Major element chemistry SiO G I 69–73 wt.%2

G IIa 70–76.5 wt.%
G IIb F78 wt.%
G III 65–69 and 73–77 wt.%

CaO G I 1.2–2.2 wt.%
G IIa 0.8–1.8 wt.%
G IIb -0.02 wt.%
G III 2–2.5 and 0.5–0.9 wt.%

ASI G I metaluminous
G IIa metaluminous
G IIb peraluminous
G III metaluminous to peralkaline

alkali-calcic G I, G IIa, G IIb
alkaline G III

Ž . Ž . Ž .Trace elements ppm Rb 200–410 G I, G IIa, G IIb 120–260 G III
Ba 14–800 37–600
Th 20–85 15–60
Zr 65–300 180–1200
Y 22–140 40–60

Ž .REE patterns La ppm 10–80 35–280
Ž .LarYb 0.6–10 13–30N

EurEu) 0.02–0.75 0.04–0.16
gull wing shape tetrad effects in G IIb only gull wing shape

no tetrad effects
Isotope ratios Sri 0.706–0.723
Age of emplacement 570–520 Ma

Ž . Ž . Ž . Ž .Refs. Azzouni-Sekkal and Boissonnas 1993 , Cheilletz et al. 1993 , Zaimen et al. 1994 , Azzouni-Sekkal and Bonin 1998 , works in
progress.
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chief mineral component. The compositionally ex-
panded group comprises metaluminous to peralkaline
alkali feldspar syenite and granite. SREE contents

Ž .are higher in syenite 1100 ppm than in granite
Ž .200–400 ppm . Fractionated and gull wing-shaped
REE patterns show LREE enrichment, pronounced
negative Eu anomalies, no tetrad effects and upward
concavity. Ba and Sr levels are intermediate between
PO and early anorogenic types of alkaline granitoids
Ž .Bonin, 1990 .

Two distinct suites are evidenced. The major one,
composed of G I, G IIa and G IIb, is alkali-calcic in

Ž .the sense of Peacock 1931 . Azzouni-Sekkal and
Ž .Boissonnas 1993 calculate a liquid line of descent

wby extraction of leucocratic plagioclase q K-
xfeldspar q biotite " amphibole q allanite q titanite

monzo-syenitic assemblages. The markedly alkaline
G III types follow a different trend. The two associa-
tions were emplaced synchronously in the complexes
where they occur together. Azzouni-Sekkal and

Ž .Boissonnas 1993 interpret them as the transition
from late-orogenic calc-alkaline to non-orogenic al-
kaline magmatism implying increasing mantle in-
volvement.

2.2. The alkaline proÕince of Adrar des Iforas, Mali

The Adrar des Iforas, Mali, constitutes the south-
western appendix of the Tuareg shield in the Trans-
Saharan belt of northern Africa. Like the Hoggar it
resulted from a collage of several displaced terranes
Ž . Ž .Fig. 1 , namely from west to east, Tilemsi Til with

Ž .juvenile island-arc assemblages, Kidal Ki with Pro-
terozoic supracrustal formations, and Iforas gran-

Ž .ulitic unit Ugi with 2.1 Ga granulites.
Kidal is characterised by the high-grade so-called

Kidal Assemblage comprising old granulitic gneisses,
Palaeo- to Neoproterozoic metasedimentary lenses
and abundant pre-tectonic intrusives. During the ma-
jor Pan-African event it was cross-cut by successive

Ž .intrusive suites Liegeois et al., 1987 . The syn-sub-´
duction episode is characterised by volcano-clastic
and volcanic deposits with scarce large Cordilleran-
type plutons displaying a low-K to normal calc-al-
kaline trend. The only dated intrusion is the 695 Ma
Teggart quartz diorite. By contrast the syn-collision
episode is well represented by the huge 300 km=50
km late tectonic Adrar des Iforas batholith which

follows a high-K calc-alkaline trend. Syn-kinematic
plutons were deformed during their crystallisation.
Ages of emplacement are bracketed by isotopic dates
of 615 and 580 Ma indicating a short-lived episode.
Rb–Sr systematics of earlier magmatic units were
also reset at 600 Ma representing, therefore, the
climax of the collision event. Late tectonic magma-
tism, with Rb–Sr dates clustered in the 575–545 Ma
range, comprises the Yenchichi 2-type syenogranite
plutons and the dense WNW-ESE Telabit, Dohendal
and Yenchichi dyke swarms, which provide the ref-

Žerence for sliding normalisation Liegeois et al.,´
.1998 .

After emplacement of WNW-ESE dyke swarms
the PO 560–540 Ma alkaline group was emplaced in

Ž .three diachronous episodes, i Tahrmert peralkaline
Ž .granite, ii N–S dyke swarms acting as feeding

conduits for Tiralrar thick ignimbritic rhyolite sheets
Ž .and iii subvolcanic ring complexes in which syen-

ites and granites define two evolutionary trends. The
onset of alkaline magmatism was induced by reacti-

Žvation of N–S shear zones around 550 Ma Yenchichi
.mylonites related to reversal of the sense of move-

Ž .ment ‘harpoon effect’, Black et al., 1985 . Metalu-
minous amphibole–biotite hypersolvus granites and
peraluminous biotite subsolvus granites constitute
the aluminous trend, the peralkaline trend comprises
metaluminous fayalite–pyroxene–amphibole hyper-
solvus granites and peralkaline aenigmatite–

Žaegirine–arfvedsonite hypersolvus granites for char-
.acteristics, see Liegeois and Black, 1987 .´

Post-collision high-K calc-alkaline and PO alka-
line groups yield indistinguishable dates but slightly
different isotope ratios. Sr–Nd–Pb–O isotopes sys-
tematics preclude any direct derivation from old

Ž .crustal units and Liegeois 1988 suggests two con-´
trasting sources, subduction-related depleted mantle
for the post-collision high-K calc-alkaline suites and
more primitive mantle with possible DUPAL signa-
ture for the PO alkaline suite.

2.3. The Saibro intrusiÕe suite, southern Brazil

The Sul-rio-grandense shield, a small piece of the
Brasiliano belt of the western Atlantic coast, occurs
in southern Brazil and Uruguay and is made up of
Proterozoic metamorphic assemblages intruded by
numerous granitoids and overlain unconformably by
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volcano-sedimentary formations. The shield is subdi-
vided into two contrasting zones, eastern and west-
ern.

The eastern zone is composed mainly of juvenile
volcanic arc formations. On the basis of field evi-
dence and Rb–Sr data, the progressive maturing of
the arc is substantiated by successive igneous suites
Ž .Frantz and Nardi, 1992 . Arc assemblages were
affected by a major 885 Ma compressional event
reaching amphibolite facies and intruded by phase-1
syn-thrust 830 Ma low-K calc-alkaline tonalite–
trondhjemite–granodiorite Piratini gneisses. This en-
semble was affected by low-P high-T metamor-

phism inducing anatexis, migmatites and cordierite-
bearing S-type granodiorite, carrying crustal xeno-
liths and spinel–sillimanite–cordierite restites. The
phase-2 syn-shear 775 Ma high-K calc-alkaline gran-
odiorite–monzogranite Pinheiro Machado suite was
related to transcurrent movement along narrow shear
zones and the development of greenschist facies. The
two magmatic phases lasted about 60 Ma. They
correspond approximately to the episodes affecting
the Iskel terrane of Hoggar and predate the major
Brasiliano episode by 100 Ma.

At the boundary between western and eastern
zones the Cordilhera peraluminous suite comprises

Ž .Fig. 3. The Sul-rio-grandense shield Bitencourt et al., 1987; Nardi and Bonin, 1991 .
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two-mica leucogranite and garnet–tourmaline mus-
Ž .covite leucogranite Nardi and Frantz, 1995 . Like

the phase-2 calc-alkaline suite, syn to late-kinematic
emplacement within shear zones along a NE-trend-
ing system was accompanied by greenschist facies
metamorphism of the country rocks. The Cordilhera
suite resembles the Variscan peraluminous suite of
Europe as emphasised by occurrences of greisens,
tourmalinites, beryl pegmatites and Sn–W minerali-
sations.

Ž .The western zone Fig. 3 is a more complex
continental terrane and results from the stacking and
piling of tectonic slices, with the Santa Maria Chico
2.0 Ga granulite complex as the oldest and upper-
most unit and the Passo Feio amphibolite complex as
the lowermost unit. The tectonic slices are cross-cut
by intrusive suites and overlain by volcano-sedimen-
tary units. Different dates correspond to distinct

Ž .phases Bitencourt et al., 1987 . The phase-1 syn-
thrust 660 Ma granodiorite–monzogranite calc-al-
kaline suite is composed by orthogneisses related to
amphibolite facies metamorphism and planar defor-

mation. The phase-2 syn-shear 640–610 Ma
shoshonitic association comprises the K-feldspar
megacrystic monzodiorite to monzogranite Lavras do

ŽSul suite and volcanic-pyroclastic formations Nardi
.and Lima, 1985 unrelated to metamorphic events

and emplaced under post-collision tensional regimes.
The orogenic magmatic phases have lasted again
about 100 Ma and correspond to the major Brasil-
iano episode. There is one exception to this general
scheme. In the Passo Feio lowermost unit the normal
calc-alkaline granodiorite to syenogranite Caçapava
do Sul suite displays flat foliation planes and N108-
trending mineral lineations related to amphibolite to
greenschist facies in country rocks, like the 660 Ma
syn-thrust phase-1 suite. The unexpectedly younger

Ž .Rb–Sr date of 550 Ma Nardi and Bitencourt, 1989
needs further refinement.

In every zone of the shield, magmatic activity
ended with the PO phase-3 alkaline suite which was
given various local names, Saibro in western zone,
Dom Feliciano in eastern zone and Encruzilhada do
Sul in boundary zone. Strike-slip movements along

Table 2
The Saibro intrusive suite of southern Brazil

Rock types syenite
hornblende–biotite hypersolvus granite
arfvedsonite–aegirine granite
hornblende–biotite subsolvus granite

Rock-forming mineralogy metaluminous to peraluminous: quartzq
alkali feldspar"plagioclaseqedenite–
hornblendeqbiotite"clinopyroxene
peralkaline: quartzqalkali feldsparq
arfvedsoniteqaegirine

Accessory mineralogy zirconqallaniteq titaniteq ilmeniteq
magnetiteqapatiteq fluorite"carbonates

Major element SiO 54–66 and 70–77 wt.%2

Chemistry CaO 1.2–6.8 and 0.2–0.7 wt.%
ASI metaluminous, slightly peraluminous and

peralkaline alkaline suite
Ž .Trace elements ppm Rb 150–200

Ba 40–800
Zr 170–750
Y 35–75

Ž .REE patterns La ppm 27–76
Ž .LarYb 4–20N

EurEu) 0.05–1.0
gull wing shape, no tetrad effects

Isotope ratios Sri 0.703–0.705 0.707–0.711
Ž .Age of emplacement 575 and 550–540 Ma 460–450 Ma ?

Ž . Ž .Refs. Nardi and Bonin 1991 , Frantz and Nardi 1992 .
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shear zones controlled the emplacement. Isotopic
dates are identical throughout the shield, ranging
from 575 Ma for Piquiri syenite to 550–540 Ma for
most granites. The phase-3 alkaline suite post-dates
the orogenic phase-1 and phase-2 magmatic episodes
by about 100 Ma in the western zone and at least
200 Ma in the eastern zone of the shield. Younger
460–450 Ma Rb–Sr dates have been determined in
Ramada subsolvus granite and some dyke swarms.
The apparent time lag of 80 Ma is difficult to
reconcile with other data and, according to field

Ževidence miarolitic cavities, late oxidation effects,
.active faults , could be ascribed to resetting by fluids

percolating along shear zones.
The alkaline suite is compositionally expanded

Ž .Table 2 with rare syenites, abundant granites and
associated volcanic rocks. Two evolutionary trends
are defined. The aluminous trend comprises metalu-
minous hypersolvus and mildly peraluminous sub-
solvus granites. The peralkaline trend of hypersolvus
granites is less represented. Thick trachyte–rhyolite
ignimbritic sheets covering vast areas within and
around red molasse basins and associated hypabyssal
dyke swarms constitute the volcanic association.
HFSE are relatively depleted in biotite-bearing gran-
ites, while HREE, Zr and Y contents increase sharply
in the peralkaline trend. SREE contents are higher in

Ž .amphibole-bearing granites 230–340 ppm , lower in
Ž .biotite-bearing granite 120-210 ppm . Slightly frac-

tionated and gull wing-shaped REE patterns yield
LREE enrichment, variably negative Eu anomalies,
no tetrad effects and upward concavity. Ba and Sr
levels correspond to the PO type of alkaline grani-

Ž .toids Bonin, 1990 . On the basis of Piquiri field
evidence, where alkaline granite is closely related to
biotite-bearing pyroxene–amphibole layered syenite,

Ž .Nardi and Bonin 1991 calculates a liquid line of
wdescent by extraction of a leucocratic plagioclaseq

K-feldsparqamphiboleqFe–Ti oxidesqapatite"
xREE-rich accessory minerals syenitic assemblage.

3. Late Palaeozoic post-Variscan granite suites

Successive Palaeozoic orogenic events were re-
sponsible for progressive welding of almost all conti-
nental terranes into the last Pangaea present at the
Earth’s surface. Amalgamation was completed at the

end of the Carboniferous before onset of continental
break-up during the Permian. The different episodes
were given different names, the first being the ca.
400 Ma Caledonian, followed by the ca. 350 Ma
Variscan and, ultimately, the ca. 300 Ma Allegha-
nian. The names were defined originally on a re-
gional basis, e.g., Caledonian for the orogenic belt
extending from Ireland and Scotland toward Scandi-
navia and Greenland, and should not be used in other
areas. However, the common usage that has pre-
vailed is based mainly on age grounds, e.g., Caledo-
nian for Lower Palaeozoic orogenic events.

The Variscan belt is a large orogen extending
over 8000 km from the Appalachians in North Amer-
ica to the Bohemian massif in central Europe. It
results from the complex, mainly collisional interac-
tions of two super-continents, Laurasia to the north
and Gondwana to the south. The scattered occur-
rence of Cadomian ages in south Europe and eastern
North America is interpreted as evidence of Gond-
wana-derived microcontinents, such as Avalon, Ar-
morica, Iberia, extending to the north as far as the

Ž .Elbe valley Wenzel et al., 1993 , that collided with
Ž .the Laurasia megacontinent Ziegler, 1986 . Schal-

Ž .tegger 1994 concludes tentatively that the Helvetic
realm and the European foreland of the Alpine belt
were consolidated within the present configuration
before Caledonian and Variscan events. Attention
will be focused on two PO suites post-dating Upper

ŽPalaeozoic orogenic events in the Alpine belt Bonin
. Ž .et al., 1993; Bonin, 1997 , i the 300-Ma Mont-

Blanc–Aar–Gotthard suite, Western and Central
Alps, emplaced after the end of the Variscan event,

Ž .and ii the Permo-Triassic Western Mediterranean
alkaline province, emplaced after the very end of
orogenic events and considered as either post-Varis-
canrAlleghanian, or eo-Alpine, or both.

3.1. The 300-Ma Mont-Blanc–Aar–Gotthard suite,
Western and Central Alps

In western-central Europe the Variscan belt was
subsequently reworked by the Tertiary Alpine
orogeny. As a consequence the best exposed out-
crops of Variscan rocks are located in the weakly
overprinted outer zone of the Alpine arc, i.e., the
so-called ‘External Crystalline Massifs’ of the French
and Swiss Alps, such as Mont-Blanc, Aiguilles-



( )B. Bonin et al.rLithos 45 1998 45–70 55

Ž .Rouges, Aar and Gotthard massifs Fig. 4 . All four
massifs consist of a complex assemblage of tectonic
units composed of partly migmatised ortho- and
paragneisses, interlayered volcanics, mafic–ultra-
mafic lenses and granitic plutons. This assemblage,
reminiscent of a metamorphosed accretionary prism,
probably resulted from large-scale thrust and tran-
scurrent fault tectonics linked to oblique accretion of
terranes or continental blocks by docking andror
hypercollision.

Oceanic crust subduction during the Ordovician is
documented in Gotthard massif by island arc-type
eclogitised metagabbros, dated at 467–475 Ma
Ž .zircon, Oberli et al., 1994 , in Aiguilles-Rouges and
Mont-Blanc massifs by MORB-like retro-eclogites

Žwith a magmatic age of 453 Ma zircon, Paquette et
.al., 1989 and by several volcanic arc-type calc-al-

Žkaline orthogneisses dated at around 455 Ma Bussy
.and von Raumer, 1993 .

wContinent–continent or continent– island-arcq
xaccretionary prism collision started during the De-

vonian and led to major crustal thickening. Bar-
rowian-type metamorphism subsequently developed

Žin mid-crustal levels and is dated at 327 Ma mona-
zite from high-T metapelites in Aiguilles-Rouges

.massif, Bussy and Hernandez, 1997 and at 330 Ma
Žzircon and rutile from metagraywackes in Aar mas-

.sif, Schaltegger, 1994 . Oblique compression gener-
ated transcurrent faults with a dextral strike–slip
component and intra-continental transtensional
grabens. Strong uplift rates are documented by thick
coarse-grained continental deposits filling these vol-
cano-sedimentary basins and decompression melting
processes in orthogneisses and metagraywackes
within Aiguilles-Rouges and Mont-Blanc massifs

Ždated at 317–320 Ma monazite, Bussy and Hernan-
.dez, 1997 .

The post-collision dominantly granitic magmatic
activity consists of very short-lived syn-tectonic
episodes of a few Ma, strongly controlled by the
transcurrent crustal-scale faults. Early Mg–K-rich
magmatism is widely recorded between 345 and 330
Ma from Corsica to the Bohemian massif. High to
very high-K plutons were emplaced at 334–333 Ma

Ž .in Aar massif Schaltegger and Corfu, 1992 and at
Ž332 Ma in Aiguilles-Rouges massif Bussy et al.,

.1998 . These magmas probably derived from a sub-
duction-enriched lithospheric mantle source with

subsequent crustal contamination, as evidenced by
Ž .Hf isotopes Schaltegger and Corfu, 1992 and oc-

currences of melanocratic stocks or enclaves of
vaugneritic to durbachitic composition.

The subsequent magmatic pulse at 310 Ma in Aar
massif, thought to derive from a similar source,
evolves towards high-K calc-alkaline diorite to gran-

Ž .odiorite Schaltegger and Corfu, 1992 . In the
Mont-Blanc–Aiguilles-Rouges area, syn-tectonic
peraluminous magmas were emplaced along dextral
strike–slip faults at 307 Ma. A dominantly crustal
source is inferred by Al-rich minerals, restitic xeno-

18 Ž .liths and high d O values Brandlein et al., 1994 ,¨
but mantle contribution is documented by coeval

Žgabbro and mafic microgranular enclaves Bussy and
.Hernandez, 1997 .

The last magmatic episode is PO and alkali-calcic.
It is documented by the 303 Ma Mont-Blanc granite
and the 298 Ma Central Aar granite pluton, and by
abundant intermediate to acidic volcano-clastic de-

Ž .posits at 303–299 Ma Schaltegger, 1994 . Magma-
tism in the nearby Gotthard massif is still poorly
characterised, with a group of about 300 Ma de-
formed calc-alkaline diorites–granodiorites–granites
and another of 295 to 292 Ma undeformed plutons
Ž .Schaltegger, 1994 .

Ž .The Central Aar Granite Fig. 4 comprises sev-
eral discrete bodies of granodiorite, granite,

Ž .leucogranite and aplite Table 3 , heterogeneously
deformed and overprinted by Alpine greenschist fa-
cies metamorphism. Biotite is the only mafic mineral
and unusual accessories are found in aplitic facies
Ž .chernovite, polycrase, thorite . K is high throughout
the whole suite. The highly differentiated
leucogranitic facies are very low in Ca, Mg and Fe,
extremely depleted in Ba, Sr, La and Ti, and rela-
tively enriched in Rb, Y, HREE, Th and U compared

Ž .to granodiorite. Though SREE 200–380 ppm is
not clearly correlated with SiO contents, overall2

LREE depletion, HREE enrichment and increasing
Eu negative anomaly lead to gull wing-shaped pat-
terns and tetrad effects in leucogranite. Fractional
crystallisation was the predominant differentiation
process. Low initial Sr isotope ratios, positive ´ Hf

and absence of zircon inherited cores all point to an
ultimate mantle source. Evolution of ´ valuesHf

from y8 in ultrapotassic 334 Ma monzonite to q3.5
in Central Aar Granite to q5 in late lamprophyre
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Ž .Fig. 4. The Mont Blanc–Aar suite. Sketch map of the Aar Massif Bonin et al., 1993 .

indicates an increasing contribution of the upwelling
asthenospheric mantle relative to the subcontinental
lithospheric mantle source that produced the 334 Ma

Ž .rocks Schaltegger and Corfu, 1992 .
The Mont-Blanc granite is strikingly similar to the

Žmonzogranitic facies of the Central Aar Granite Ta-
.ble 3 . Biotite composition reflects high FerMg ratio

in magmas as opaque minerals are very rare. The
Mont-Blanc granite differs mainly from the Central
Aar Granite by the presence of numerous mafic
microgranular enclaves, calc-alkaline micromonzodi-
oritic stocks and synplutonic dykes, which indicate a
mantle source and magma mingling processes. En-
riched REE patterns with flat HREE distribution for
the most mafic stocks and dykes, as well as inherited
630 Ma zircon cores in the granite, reflect crustal

contamination of unknown magnitude. The border
zone of the intrusion is occupied by leucogranite
quartz–porphyry rich in Rb, Th, U and poor in Sr,
Ba.

3.2. The Permo-Triassic Western Mediterranean al-
kaline proÕince

Present morphological features of the Western
Mediterranean area are governed basically by the
Alpine orogeny, but all orogenic events having af-
fected this complex zone are recorded through tec-
tonics, magmatism, metamorphism and sedimenta-

Žtion Von Raumer and Neubauer, 1993, and refer-
.ences therein . The Helvetic realm and the European

foreland were affected by the Variscan event which



( )B. Bonin et al.rLithos 45 1998 45–70 57

Table 3
The 300 Ma magmatic suites of Western and Central Alps

Aar Mont-Blanc

Ž .Rock types granodiorite monzodiorite dykes, stocks
Ž .Central Aar granite granodiorite enclaves

Mittagflue granite granite
Kessiturm aplite leucogranite, aplite

Rock-forming mineralogy quartzqK-feldsparqplagioclaseq quartzqK-feldsparqplagioclaseq
biotite"hornblende biotite"hornblende

Accessory mineralogy allaniteq titaniteqzirconqapatiteq allaniteq titaniteqzirconqapatiteq
ilmeniteqchernovite qpolycraseq ilmeniteqchernovite qpolycraseq
thoriteq fluorite"molybdenite thoriteq fluorite"molybdenite

Major element SiO 63–77 wt.% 55–77 wt.%2

chemistry K O 3.5–5 wt.% 2.5–6 wt.%2

K Or Na O 0.7–1.4 0.8–1.72 2

ASI metaluminous to slightly peraluminous metaluminous to slightly peraluminous
alkali-calcic suite alkali-calcic suite

Ž .Trace elements ppm Rb 120–280 170–490
Ba 100–1200 10–800
Th 20–40 0–50
Zr 100–300 40–400
Y 30–100 30–70

Ž .REE patterns La ppm 10–50 20–54
Ž .LarYb 0.3–10.7 1.6–10.6N

EurEu) 0.01–0.34 0.08–0.52
gull wing shape and tetrad effects in gull wing shape and tetrad effects in
aplitic facies aplitic facies

Isotope ratios Sri 0.705 0.705
´ q1–q3.5 no dataHf

Age of emplacement 298 Ma 303 Ma

Ž . Ž . Ž . Ž .Refs. Schaltegger 1990, 1994 , Bussy 1990 , Schaltegger and Corfu 1992 , Bussy and von Raumer 1993 .

ended with 300 Ma short-lived PO magmatic activ-
ity. By contrast, the terrane composed of the
Austro-Alpine realm, the Southern Alps and the
Western Mediterranean coastal areas was affected by

Ž .successive Palaeozoic events Bonin, 1997 .
After an oceanic stage starting at around 530 Ma,

the Caledonian event is marked by 470–430 Ma
orogenic calc-alkaline and 425 Ma PO alkaline or-
thogneisses. The Variscan event is poorly repre-
sented by post-collision 340–330 Ma high- to very
high-K calc-alkaline massifs generally post-dating
crustal anatectic magmatism. The following event is
akin to the Alleghanian and displays orogenic mag-
matic units emplaced during the Upper Carbonifer-
ous and the Lower Permian. Calc-alkaline magmatic
units constitute huge batholiths, such as the 500
km-long 50 km-wide Corsican–Sardinian Batholith
ŽOrsini, 1980; Zorpi et al., 1989; Cocherie et al.,

.1994 . The older tonalitic units are normal calc-al-

kaline Cordilleran-type and interpreted as the result
Žof renewed subduction process Finger and Steyrer,

.1990 . The younger post-collision high-K calc-al-
kaline units were unroofed at the beginning of the

Ž .Permian. During the Lower Permian 300–275 Ma
widespread high to very high-K calc-alkaline and
anatectic plutonic–volcanic massifs were emplaced
Že.g., Vellutini, 1977; Sole Vinas, 1993; Crevola and´ ˜

.Pupin, 1994 . These massifs yield trace element and
isotopic compositions typical of orogenic magmas
derived from a depleted mantle source with a sub-
duction component and contaminated at or near the

Žbase of continental crust Cabanis et al., 1990; Barth
.et al., 1993; Pinarelli et al., 1993 .

The PO to anorogenic Permo-Triassic alkaline
province is located mainly within this terrane and
distinct magmatic episodes are evidenced by radio-

Ž .metric dates. The Mid-Permian 270"10 Ma is a
critical period marked by emplacement of numerous
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ring complexes. Like in the Adrar des Iforas no time
interval is recorded by radiometric dates between the
last high-K calc-alkaline and the first alkaline intru-

Ž .sions at about 280 Ma Pinarelli et al., 1988 . Two
Ž .magmatic alignments Bonin et al., 1987 , one from

ŽMorocco to Costa Brava, Catalonia Ferres-´
.Hernandez et al., 1997 , to Corsica–Sardinia to Es-´

Ž .terel Zheng et al., 1991 to Briançonnais to southern
Alps and the second from the French Alps to Vos-

Žges-Schwarzwald to the Oslo Rift Rasmussen et al.,
.1988 , define a Y-shaped fault system associated

Ž .with large sinistral shear zones Fig. 5 . The mag-
Ž .matic suite Table 4 is compositionally expanded

with scarce basic lava flows and voluminous K-rich
red ignimbritic sheets at the volcanic level and gab-
bro–monzonite–pink syenogranite to subsolvus al-
kali feldspar granite at the subvolcanic level, sug-

Žgesting water-rich and oxidising conditions Bonin,
.1990 . Initial Sr isotope ratios range from 0.703 up

to 0.737 and ´ from q0.5 down to y5.8 in theNd

Western Mediterranean province, more primitive val-
Ž .ues ´ up to q4.6 are found in the Oslo RiftNd

Ž .Trønnes and Brandon, 1992 . The extreme values
characterise highly evolved Sn–W–Mo mineralised
peraluminous granites and match closely those of
country rocks at the time of emplacement. In the 275

Ž .Fig. 5. The Permo-Triassic Western Mediterranean area Bonin et al., 1987 .
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Table 4
The Permo-Triassic Western Mediterranean province

Ž .Rock types gabbro and diorite stocks, enclaves
monzonite, syenite
hypersolvus alkali feldspar granite
subsolvus syenogranite and alkali feldspar granite

Rock-forming mineralogy alkali feldsparqquartz"plagioclase
)Early phases fayaliteqhedenbergite–aegirine augiteqhastingsite–hornblende
)Late phases peraluminous: anniteqzinnwaldite–trilithioniteqceladonitic muscoviteqchlorite

peralkaline: barroisite–winchite–richterite–arfvedsonite seriesqgrunerite" riebeckiteq¨
aegirineqmontdorite

Accessory mineralogy zirconqallaniteqchevkiniteq ilmeniteqmagnetiteqapatite qfluorite" topaz
Ž .inclusions within alkali feldspar

)Mineralised granites topazqcassiteriteqmolybdeniteqwolframiteqsphaleriteqgalenaqpyriteq
pyrrhotiteqchalcopyrite

)Peralkaline granites aenigmatiteqelpiditeqpyrochloreq thoriteq fergusonite"xenotime"mimetite
Major element chemistry SiO 60–79 wt.%2

CaO 0.1–2.3 wt.%
ASI metaluminous, mildly peraluminous and highly peralkaline alkaline suite

Trace elements Rb 70–550
Ž .ppm Ba 4–1500

Th 10–87
Zr 80–2500
Y 35–240

Ž .REE patterns La ppm 4–70
Ž .LarYb 0.4–3.8N

EurEu) 0.01–0.96
gull wing shape no or slight tetrad effects

Isotope ratios Sri 0.703–0.737
´ q0.5 to y5.8Nd

Age of emplacement 270"10 and 245"10 Ma

Ž . Ž . Ž . Ž . Ž . Ž .Refs. Bonin 1986, 1988 , Stille and Buletti 1987 , Whalen et al. 1987 , Pinarelli et al. 1988 , Bonin et al. 1993 , Egeberg et al. 1993 ,
Ž .Poitrasson et al. 1994, 1995 .

Ma gabbro–monzonite–granite Tana-Peloso com-
Ž .plex, Corsica Platevoet, 1990 , Sr isotope ho-

mogenisation occurred with considerable variations
of Nd values and lack of correlation between trace
element abundances and isotope ratios precludes
simple mixing processes by crustal contamination of

Ž .mantle-derived magmas Poitrasson et al., 1994 . If
the specialised granites are not taken into account,
the Sr–Nd–Pb isotope systematics indicate primary
magmas having characteristics similar to those of the

Ž .Ivrea mafic complex Sinigoi et al., 1994 , insignifi-
cant to minor contribution of old upper crustal units,

Žvarying contribution of lower crust Pinarelli et al.,
.1993 and possible involvement of EM1 component

Žin the case of Oslo Rift Trønnes and Brandon,
.1992 .

After a quiescent period lasting until the Per-
Ž .mian–Triassic boundary 245 " 10 Ma larger

caldera-related alkaline ring complexes were em-
placed in an incipient rifting regime within Corsica,
Esterel, Costa Brava of Catalonia, and the Oslo Rift.
The magmatic suite is made up of caldera volcanoes
filled with basalt lava flows and ignimbritic tra-
chyte–rhyolite and subvolcanic ring complexes con-
taining basic to intermediate rocks and alkali feldspar
granites. The aluminous trend comprises metalumi-

Žnous to peraluminous more than 1 wt.% CIPW
.normative corundum granites and the peralkaline

Žone metaluminous to peralkaline more than 1 wt.%
CIPW normative aegirine and possibly sodium disili-

. Ž .cate granites Bonin, 1986 . Alkali feldspar mineral-
ogy displays hypersolvus, transsolvus and subsolvus
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assemblages, with subsolvus rock types emplaced
Ž .after hypersolvus ones Martin and Bonin, 1976 .

The paragenesis is complemented by Fe-rich mafic
Ž .minerals and uncommon Ti aenigmatite , Pb

Ž . Ž . Ž .mimetite , Zr elpidite , U, Th, Nb, Ta pyrochlore ,
Ž . Ž .Y fergusonite , REE-bearing chevkinite accessory

minerals. Trace element compositions of dolerite
dykes indicate derivation from an OIB-type source
Ž .Cabanis et al., 1990 . Granites yield high, yet vari-

wable, LILE and HFSE contents related to amphibole
qplagioclaseqalkali feldsparqaccessory miner-

xals fractionation and volatile transfer through F-rich
Ž .complexing fluids Egeberg et al., 1993 . Peralkaline

granites yield lower Sr and higher Nd values than
Ž .subsolvus biotite granites Poitrasson et al., 1995 .

Ž .Last, the Triassic 245–200 Ma is marked by the
onset of Tethys oceanic basin spreading with the
development of a large rift system and emplacement
of volcanic–plutonic complexes related to strike–slip
fault zones. Anorogenic suites are illustrated by the
237–232 Ma Monzoni-Predazzo monzonite–granite
alkaline complex, Southern Alps, the 245 Ma Mat-
terhorn–Mont Collon–Dents de Bertol gabbro–
granite transitional association, Austro-Alpine realm,
and the tholeiitic ophites of Pyrenees. A 200 Ma´ ´
thermal anomaly has reset most mineral and some

Žwhole-rock isotopic dates D’Amico and Del Moro,
.1988 , substantiating the link between the last episode

of the Western Mediterranean province and the first
Ž .phase of Tethys ocean evolution Bonin, 1997 .

The Mid-Permian episode is PO, namely post-Al-
leghanian, and resembles post-collision alkaline
suites, such as the post-Pan-African Adrar des Iforas
alkaline province, Mali, and the post-Brasiliano
Saibro intrusive suite, southern Brazil. The Late
Permian to Triassic episode is not post-Alleghanian,

Ž .but early anorogenic EA , and resembles true anoro-
genic alkaline suites, such as the Niger–Nigeria
Younger Granite province, west Africa, and the
White Mountain Magma Series, New England. It
heralds the Mesozoic evolution of the Western
Mediterranean area and can be considered as eo-Al-
pine as well.

4. Characteristics of PO suites

The five examples of PO magmatic suites de-
scribed above come from world-wide orogenic belts

formed at the end of the Precambrian and the Palaeo-
zoic. Actually, PO magmatic suites are common to
all orogens known in the world. Other examples
taken from older, e.g., Palaeoproterozoic and even
Archaean, or younger, e.g., Alpine, could have been
used as well. They have in common the fact that they
post-date the cessation of main collision deformation
and the very late stages of post-collision processes.

4.1. Common features of PO and anorogenic mag-
matic suites

PO magmatic suites differ from the preceding
orogenic suites in that they have higher magmatic
temperatures, more primitive isotopic signatures and
bimodal rock type distribution. They share character-
istics in terms of geological settings, petrological,
mineralogical and chemical features in common with
within-plate anorogenic suites found in continental
or oceanic environments.

Ž .i Due to rapid decrease of erosion rates after
post-collision episodes, the PO suites are observed
mainly, not always, as subvolcanic ring complexes
and caldera volcanoes, associated with hypabyssal
dyke swarms and 1000 km2-scale volcanic plateaux.
They form clusters of 5 to 20 km-wide complexes,
aligned along terrane boundary-related thrust and
shear zones in transtensional to, more rarely, ten-
sional regimes at a lithospheric scale.

Ž .ii Basic rocks are scarce. Very rare intermediate
rocks evidence Daly gap. Syenogranite and alkali
feldspar granite predominate in the magmatic suites.
When they are present the anhydrous Fe-bearing to
Fe-rich mafic mineral species, such as olivine and
calcic clinopyroxene, crystallise near the liquidus.
The hydrous calcic amphibole and mica are always
later, sometimes near the solidus. Sodic andror Li-
bearing species, such as amphibole, clinopyroxene
and mica, precipitate very late and usually below the
solidus.

Ž .iii The highly complex accessory paragenesis is
composed of Ti, Zr, U, Th, Nb, Ta, Y and REE-
bearing silicates, phosphates, oxides, sulphides, fluo-
rides, and less frequently carbonates and sulphates.
Refractory and easily leached mineral species coexist
and substantiate the two-fold role played by acces-
sory minerals, either as euhedral crystals in fraction-
ating assemblages at the magmatic stage or as an-
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hedral crystals produced during the hydrothermal
Ž .stages. According to the Pupin 1980 petrological

grid, zircon crystals have A indices higher than 600
compared to a maximum value of 700, determined

� 4by predominant 101 pyramid, and a spectrum of T
indices from 800 to 100, marked by decreasing

� 4 � 4development of 100 prism relative to 110 prism.
High A indices indicate alkali-rich magmas, while T
indices are related to crystallisation temperatures and
water contents. High and constant growth rates of
� 4010 , relative to pyramidal forms, and symmetric

� 4growth of 011 are promoted by high cooling rates
Ž .Vavra, 1994 . Xenocrystic cores are rare.

Ž .iv Major and trace element whole-rock
chemistries are typical of A-type granites and

Ž .within-plate granites. In the Whalen et al. 1987 and
Ž .Eby 1990 compilations, PO suites, namely Malani

suite of northern India, A-type granites of Bega
Batholith of south-eastern Australia, Topsails, Seal
Island and St. Lawrence suites of Newfoundland, the
Arabian Peninsula and Corsica, are clearly identified.

Ž .Eby 1992 uses the critical YrNb ratio of 1.2 as the
most reliable discriminating factor for a two-fold

Ž .classification, i the intraplate continental rift-related
A group has element ratios similar to oceanic-island1

Ž .basalts, ii element ratios of the PO A group vary2

from continental crust to island-arc basalts.

4.2. Petrological and chemical discrimination of PO
suites

Two types of suites are distinguished on the basis
of petrographical and geochemical data. The first one
is made up of the monzonite–monzogranite–
syenogranite–alkali feldspar granite association. Pla-
gioclase is present throughout the evolutionary trend
and albite forms a discrete phase in the most evolved
alkali feldspar granite which is, therefore, subsolvus.
SiO contents range between 51 and 56 wt.% for2

Ž .molar Na OqK O sCaO, defining the suite as2 2
Ž .alkali-calcic Peacock, 1931 . The monzonite–

syenite–syenogranite–alkali feldspar granite associa-
tion resembles closely the anorogenic alkaline suites
and, at similar SiO contents, whole-rock chemistry2

Žis far less calcic. The suite is alkalic Peacock,
.1931 , i.e., SiO content is less than 51 wt.% for2
Ž .molar Na OqK O sCaO. Feldspar mineralogy2 2

is either subsolvus with two discrete phases, alkali
feldspar and An oligoclase to pure albite, or hyper-15

solvus with one mesoperthitic alkali feldspar, or
transsolvus, a combination of the two former parage-

Ž .neses Martin and Bonin, 1976 .
Ž .Liegeois et al. 1998 observe two behaviours of´

Žincompatible elements. The LILE Rb, U, Th and
.Ta group is more enriched relatively to the HFSE

Ž .Zr, Y and REE group in high- to very high-K
calc-alkaline suites than in alkaline suites. They sug-
gest a sliding normalisation scheme based on the
compositionally expanded suite of Telabit-Yenchichi
dyke swarms which were emplaced during the onset
of late tectonic magmatism in Adrar des Iforas, Mali.
The sliding normalisation is done relatively to the
calculated sample from the reference series which
has the same SiO content than the studied sample2
Ž .Liegeois et al., 1998 . The following parameters´
will be used in Fig. 6: SNX is the average of Zr, Y,
Ce, Sm and Yb normalised ratios, SNY is the aver-
age of Rb, Th, U and Ta normalised ratios. Both
alkali-calcic and alkaline suites display trends evolv-
ing grossly toward increasing SNX and SNY values
Ž .Fig. 6, inset .

ŽThe alkali-calcic suites Hoggar, Algeria, and
.Mont Blanc–Aar–Combeynot, Alps share a com-

Ž .mon evolutionary trend Fig. 6A,B . Granodiorites to
syenogranites show weak variations and plot within
an area centred at SNXs1.1 and SNYs1.7, indi-
cating they evolved approximately along the same
path as the reference. Evolved syenogranites and

Žalaskites yield positiÕe linear variations DSNYr
.DSNXf1.0 from the granodiorite–syenogranite

values to the extreme values of SNXf3.0–4.0 and
SNYf3.0–3.2 of the highly differentiated leuco-
cratic facies. LILE and HFSE behave more incom-
patibly than in the reference.

ŽThe alkaline suites Hoggar, Algeria, Saibro,
.southern Brazil, and the Western Mediterranean

Ž .show more contrasting behaviours Fig. 6A and C .
The peralkaline trend shows a positiÕe non-linear

Žcorrelation with a downward concavity DSNYr
.DSNX decreasing from 2.0 to 0.5 from hypersolvus

granites plotting at about SNXs2.5 and SNYs0.8
to albite granites reaching extreme values of SNXf
7.0 and SNYf3.2. As usual in peralkaline rocks
Ž .Whalen et al., 1987; Eby, 1990 LILE and HFSE
are highly incompatible. By contrast the aluminous
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Ž . Ž . Ž . ŽFig. 6. Normalised SNX, SNY plots Liegeois et al., 1998 of PO suites. A ‘Taourirt’ alkali-calcic suite of Hoggar, Algeria Zaimen,´
. Ž .1994; Azzouni-Sekkal and Bonin, 1998; unpublished data . B Mont Blanc–Aar–Combeynot, External Crystalline Massifs, French and

Ž . Ž . ŽSwiss Alps, alkali-calcic suites Costarella, 1987; Bussy, 1990; Schaltegger, 1990 . C Corsica, Western Mediterranean Whalen et al.,
. Ž . Ž .1987; Bonin, 1988 , and Saibro, southern Brazil Nardi and Bonin, 1991; Frantz and Nardi, 1992 , alkaline suites. D The anorogenic

Ž .rapakivi alkali-calcic suite, Finland Ramo, 1991; Ramo and Haapala, 1995 . Inset: major trends within PO magmatic suites. Boundaries of¨ ¨ ¨ ¨
Ž .fields for syn- and post-collision suites Liegeois et al., 1998 are shown for comparison.´

trend is characterised by decreasing SNX values and
Ža weakly negatiÕe correlation DSNYrDSNXf0.0

.to y0.6 from metaluminous granites at SNXs2.0
and SNYs1.2 to peraluminous transsolvus to sub-
solvus granites plotting at SNXf1.0 and SNYf

1.0–1.8, identical to the alkali-calcic granodiorite–
syenogranite values. LILE still continue to be slightly
more incompatible than in the Telabit-Yenchichi ref-
erence, but HFSE are compatible due to Zr, Y and
REE-bearing accessory minerals precipitation.



( )B. Bonin et al.rLithos 45 1998 45–70 63

The anorogenic rapakivi suite is examined for
Ž .comparison Fig. 6D . This alkali-calcic suite is

composed in Finland of syenite, various types of
Ž .granite tirilite, wyborgite, pyterlite , granite–

Ž .porphyry and low-P topaz granite Ramo, 1991 .¨ ¨
ŽPeralkaline rocks are abundant in other areas Ramo¨ ¨

.and Haapala, 1995 . Whole-rock compositions are
metaluminous, peraluminous and peralkaline. Pro-
tracted behaviours are illustrated by metaluminous
granitoids plotting in the same area as PO alkaline
granites and extremely high values for peralkaline

Ž .granite SNXs11.0, SNYs1.4 and topaz granite
Ž .SNXs2.0, SNYs4.5 .

4.3. Amphibole–biotite antagonism and H F Õs.2 2

H O behaÕiours2

Alkali-calcic and alkaline mixed mafic–felsic
complexes provide evidence for derivation of granitic
liquids from mafic intermediate magmas by crystal
fractionation. Granites are governed by crystallisa-

Žtion of hydrous amphibole, biotite, accessory miner-
. Žals and anhydrous plagioclase, alkali feldspar, Fe–

.Ti oxides, accessory minerals phases. The two types
Ž .of suites differ in that i the major hydrous phase to

precipitate is biotite in the alkali-calcic suite and
Ž .amphibole in the alkaline one, and ii plagioclase is

more abundant in the alkali-calcic suite than in the
alkaline one.

Ž .Amphibole contains 2 OH anions per formula
unit. For the same number of 24 oxygen atoms,

Ž .biotite is twice more hydrous with 4 OH a.p.f.u.,
suggesting that biotite-controlled alkali-calcic resid-
ual liquids evolve under higher water fugacities than
amphibole-controlled alkaline ones. In the hydroxyl

Ž .site, OH can be replaced by F andror Cl. In
alkali-calcic suites as well as in aluminous subsolvus
granites of alkaline suites, fluorite is a frequent
accessory mineral. Mg-bearing biotite contains F in
relatively low abundance, while late Fe-rich sodic

Žamphiboles in peralkaline granites are F-rich Bonin,
.1988 . As F is strongly correlated with Mg due to the

ŽFe–F avoidance effect Icenhower and London,
.1997 , the dissolved fluids related to biotite crystalli-

sation in aluminous granites would be less F-rich
than those necessitated by sodic amphibole in peral-

kaline granites. It is suggested that alkaline suites
evolve at low pressures under the influence of F-rich
fluids while alkali-calcic ones evolve at slightly
higher but still shallow pressures with F-bearing
more aqueous fluids. F-rich brines carrying large

Ž .amounts up to 34 wt.% of dissolved solids are well
known in present geothermal systems in identical

Žgeodynamic settings, e.g., Salton Sea, CA Elders,
.1989 .

5. The sources problem

In PO alkali-calcic and alkaline suites, mafic and
intermediate rocks can differ from granitoids in terms
of their Sr–Nd–Pb isotope systematics. This is usu-
ally interpreted in terms of mixtures of depleted
mantle with low Sr isotope ratios and positive ´ Nd

and old crust with high Sr isotope ratios and negative
´ . Quantitative modelling of the respective rolesNd

played by mantle and crustal sources needs to be
constrained by known end-member compositions. In
post-collision as well as in PO magmatic suites
almost no mafic rocks display the expected low Sr
isotope ratio and highly positive ´ compositionsNd
Ž .Stille and Buletti, 1987; Rottura et al., 1997 , sug-
gesting that either mafic magmas are heavily con-
taminated by crust, or the mantle sources have more
radiogenic compositions. Crustal contamination can
affect mafic intermediate and granitic magmas as

Ž .well. DePaolo et al. 1992 conclude that crustal
contamination plays a prominent role in mafic inter-
mediate magmas because they have enough thermal
energy and display chemical gradients high enough
to assimilate crustal rocks. Isenthalpic AFC models
show that during early stages felsic crust can be
assimilated at a rate of up to 20% of the initial
basaltic magma mass with only 3–7% crystallisation,
resulting in large shifts in isotopic and trace element

Žcontents with little major element variations Reiners
.et al., 1995 .

5.1. Crustal signatures

In most provinces a close correlation exists be-
tween isotope characteristics and granite types. Iso-
topic variability does not lead straightforward inter-
pretations and the same isotopic data can be used as
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evidence for various models, each apparently equally
Ž .valid. We examine briefly two models, i the en-

Ž .tirely crustal origin model and ii the mantle-derived
crustal-contaminated evolving magma model.

Ž .i The entirely crustal origin model is based on
the assumption that, if it is safe to consider mafic
magmas as mantle-derived, coeval acidic magmas
are crustal and not cogenetic. In this scheme, Nd
isotopic variability can be used as evidence for lower

Ž .crustal signatures Poitrasson et al., 1994 . The ma-
jor difficulty raised by the entirely crustal origin
model is the ability of thin continental crust to
produce monzonitic liquids at around 10008C
ŽThompson, personal communication, 1990; for a

.review of melting evidence, see Bonin, 1996 .
Ž . Ž .Baker 1989 and Lesher 1994 show that ele-

ments and isotopes do not move at the same velocity
and that kinetic disequilibria during mixing pro-
cesses result in fast and complete Sr isotope equili-
bration and variable ´ levels. Kinetic disequilibriaNd

are expected within short-lived magmatic episodes.
Another potentially active factor is REE mobility in

ŽF-rich complexing fluids Bau, 1996, and references
.therein which can be recognised not by present

whole-rock F-contents but by F-rich minerals, e.g.,
topaz and fluorite, as late minerals or veins. F-rich
fluid metasomatism associated with alkaline granites

Žhas been documented e.g., Abdel-Rahman and Mar-
.tin, 1990 .

Ž .ii The mantle-derived crustal-contaminated
evolving magma model is popular since its first

Ž .mathematical formulation by DePaolo 1981 .
Ž .Poitrasson et al. 1995 suggest two distinct sources,

Ž .1 a primitive mantle source with Sr and Nd values
Ž .close to Bulk Earth for peralkaline granites and 2

lower crustal reservoirs for subsolvus biotite granites
while hypersolvus biotite granites would come from
mantle magmas that have interacted with lower crust.

Ž .Bonin 1986, 1988 concludes that all granite
types, the relatively primitive metaluminous as well
as the more evolved peraluminous and peralkaline
granites, are genetically related through two evolu-
tionary trends. In low-Ca rocks, slight variations of

Ž .the NaqK rAl agpaitic index result easily in a
shift from metaluminous to peraluminous and peral-
kaline compositions. Water favours amphibole stabil-
ity at low pressures and controls indirectly alumina
saturation of late stage liquids. Predominant amphi-

bole, an Al-poor mineral, fractionation leads to pera-
Žluminous CIPW normative corundum, modal biotite

.and other Al-rich minerals end products, while pre-
dominant feldspar fractionation promotes peralkaline
ŽCIPW normative aegirine, modal sodic mafic and

.accessory minerals end products.
Water-undersaturated magmas generated by a

primitive mantle source interact with crustal materi-
als. As chemical diffusion at the walls is too sluggish
a process to be significant, contamination occurs
mainly through discrete vapour phases. Water comes
mainly from crust and F from mantle. If little or no
aqueous fluids are available, F-rich peralkaline gran-
ite magmas suffer little contamination and F-rich
fluids are extracted late during emplacement and

Žcooling Abdel-Rahman and Martin, 1990; Egeberg
.et al., 1993 . In the case of early water saturation

peraluminous granite magmas are modified by water
percolating within convective geothermal cells
Ž .Martin and Bonin, 1976 . In this scheme, major and
trace element and Sr–Nd–Pb isotope compositions
of PO granites are acquired at various periods of
magma history and PO granites cannot, therefore,
provide clean images of their sources.

5.2. Shifts in the cooling lithosphere

Because they can move upwards at velocities up
to more than 1 m sy1, the minimum speed necessary

Žfor entrainment of xenoliths Emerman and Marrett,
.1990 , primitive Cr–Ni-rich high-Mg mafic dykes

constitute more reliable probes of mantle chemistry.
Late Palaeozoic high to very high-K calc-alkaline
lamprophyres yield high LILE abundances and vari-
able radiogenic isotope ratios, suggesting that mantle
sources were affected by different degrees of K-
metasomatism through fluids related to the ending
stages of subduction. In the Southern Alps appinitic
dykes have variable Sr and Pb isotope ratios suggest-
ing two mantle radiogenic sources and contamination

Žby lower crust formations Pinarelli et al., 1988,
. Ž .1993 . In the Bohemian Massif Holub et al., 1997 ,

Sr isotope ratios and ´ shift, respectively, fromNd

0.705rq0.1 in the 349 Ma medium-K calc-alkaline
gabbro to extreme values of 0.713r-8.6 in the 343
Ma primitive Cr–Ni-rich very high-K durbachite,

Žillustrating large mantle variability Janousek et al.,
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.1995 . Then, isotope compositions of very high-K
calc-alkaline granitoids do not reflect high degrees of
crustal assimilation during magma ascent through the
continental crust, but more likely the amount of
crustal products afforded to the metasomatised man-
tle source itself.

In the Late Palaeozoic PO magmatic suites, do-
lerite dykes and lava flows indicate derivation from
an OIB source. The least contaminated mafic and
intermediate rocks and peralkaline granites suggest a
source close to Bulk Earth, substantiating a very fast
shift from depleted mantle sources flushed by sub-
ducted crustal materials to a more primitive LILE
and HFSE-rich source. A similar shift is documented
in the late to post-Pan-African Adrar des Iforas
Ž .Liegeois, 1988; Liegeois et al., 1998 .´ ´

Localisation of the different mantle source regions
Žis a matter of debate see Arndt et al., 1993;

Hawkesworth and Gallagher, 1993; Smith, 1993;
.Anderson, 1994 . The depleted source region is as-

cribed to convecting MORB asthenosphere, but the
variously enriched source regions have been sug-
gested to lie within subcontinental lithosphere as
well as deeply rooted plume heads. The concept of
enriched source itself needs further refinement.

Ž .McKenzie and O’Nions 1995 define two types of
Ž .enriched source regions, i in western Turkey and

the Aegean Sea they must have been previously
depleted and later enriched by addition of metaso-

Ž .matic liquids and fluids and ii non-orogenic oceanic
islands do not require their source regions to have
been depleted before being enriched. The thermo-
mechanical model derived from this observation
Ž .McKenzie and O’Nions, 1995, Fig. 17, p. 155 may
help to explain the succession of the last stages of an

Žorogenic event Black and Liegeois, 1993, Fig. 4, p.´
. Ž92 . The depletedrenriched in the sense of McKen-

.zie and O’Nions source regions are less dense than
the MORB source and constitute the lithospheric
mechanical boundary layer. The undepletedren-
riched heavier source regions correspond to lower
parts of the lithospheric thermal boundary layer and
can be easily entrained into thermal convection and
removed by sinking thermal plumes causing litho-
sphere delamination. Later, they can be advected
upwards by plumes beneath continents andror

Žoceans. Magmas can be generated by wet dehydra-
.tion melting below the dry solidus and produced

either within the mechanical boundary layer by heat
conducted from plumes, or within the ascending
plume metasomatised regions.

5.3. Implications for post-collision magmatic suites

This thermo-mechanical model can explain why,
in some orogenic areas, the latest high to very high-K
calc-alkaline post-collision suites with an
enrichedrdepleted signature were emplaced at nearly
the same time as the earliest PO suites with an

Ženriched but not depleted signature e.g., the 560–
540 Ma period in the Adrar des Iforas, Mali, and the

.270"10 Ma period in the Western Mediterranean .
In this case replacement of ‘old’ lithospheric mantle
by a new source coming from below is a very fast
process. By contrast in other orogenic areas, such as
the Upper Precambrian Hoggar and Sul-rio-gran-
dense shields and the Variscan European foreland of
the Alpine belt, high to very high-K calc-alkaline
post-collision suites were generated by melting of
phlogopite-bearing metasomatised parts of mechani-

Žcal boundary layer well before up to 100–200 Ma
.and 40 Ma, respectively any intervention by ascend-

ing thermal plumes and the generation of PO suites.
The evolution towards very high-K compositions
could be related to progressive fading of thermal
anomalies inducing lower degrees of wet melting of
the cooling metasomatised parts of the mechanical
boundary layer.

In all cases PO suites were synchronous through-
out the orogen, whether they were immediately pre-
ceded by high- to very high-K calc-alkaline suites, or
not. This observation supports the idea that PO
magmatic episodes could be more closely related to
subsequent break up of Pangaea than to waning
orogenic episodes developing within the cooling sub-
continental lithosphere. It also explains why they
make way so rapidly to anorogenic magmatic

Ž .episodes Bonin, 1990 . Later on, reactivating of
lithospheric fault zones and initiation of continental
rifts result in lithospheric thinning. Related magmatic
suites tend to be sodic and derived from convecting
mantle sources at the rift axis and potassic and
derived from subcontinental lithospheric mantle at

Žthe margins of the thinned zone Thompson and
.Gibson, 1994 .
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6. Summary and conclusions: the very end of the
orogenic Wilson cycle

The orogenic Wilson cycle ends with a domi-
nantly ensialic episode consisting of accretion of
continental blocks or terranes. In the internal parts of
the orogenic belts, numerous magmatic episodes cor-
respond to various sources and differentiation pro-
cesses within geodynamic settings evolving from
subduction-related to anorogenic.

The post-collision event starts with processes still
influenced by crustal materials subducted below the
orogenic subcontinental lithospheric mantle. The
dominantly calc-alkaline suites document a shift from
normal to high to very high-K associations. Differen-
tiation is governed by nearly water-saturated envi-
ronments, inducing crystallisation of Mg-rich amphi-
bole and biotite as early as within primitive Cr–Ni-
rich mafic magmas with lamprophyric affinities
Ž .vaugnerite–durbachite association , accompanied by
magma minglingrmixing processes. Source regions
are composed of depleted and later enriched oro-
genic subcontinental lithospheric mantle, affected by
dehydration melting under a cooling regime and
generating decreasing volumes of more and more K-
and LILE-rich magmas. In the vicinity of intra-crustal
magma chambers, anatexis may occur by incongru-
ent melting of hydrous minerals, such as biotite,
generating peraluminous granitoids bearing mafic
micro-granular enclaves.

The end of the post-collision event is marked by
the onset of emplacement of PO suites. They are
exposed as volcanic plateaux, dyke swarms, caldera
volcanoes and subvolcanic ring complexes, aligned
along large transcurrent fault zones created during
collision and reactivated later. Bimodal suites con-
tain scarce basic rocks, almost no intermediate rocks
and predominant granitoids. Two types of suites are

Ž .defined, i the alkali-calcic monzonite–monzo-
granite–syenogranite–alkali feldspar granite associa-

w xtion characterised by biotiteqplagioclase fraction-
w xation and moderate LILEqHFSE enrichments,

with the exception of late-stage alkali feldspar gran-
Ž .ites and ii the alkaline monzonite–syenite–alkali

feldspar granite association with two evolutionary
w xtrends characterised by amphiboleqalkali feldspar

fractionation, the peralkaline trend yielding sodic
mafic mineralogy and higher enrichments in HFSE

than in LILE and the aluminous biotite-bearing trend
marked by HFSE depletion relatively to LILE due to
accessory mineral precipitation. Alkali-calcic and al-
kaline evolutionary trends differ essentially by the
amounts of water present within intra-crustal magma
chambers. In presence of abundant water biotite is
the chief mafic mineral in plagioclase-rich cumulus
assemblages and the resulting trend is alkali-calcic.
In water-poor environments, amphibole precipitates
and the resulting trend is silica-saturated to oversatu-
rated alkaline.

PO suites originate in identical enriched and not
depleted mantle source, whatever the precipitating
assemblages within magma chambers. The more
primitive LILE and HFSE-rich source rapidly re-
places the older orogenic subcontinental lithospheric
mantle source during lithosphere delamination and
becomes progressively the new thermal boundary
layer part of the subcontinental lithosphere mantle.
During the ascent, storage and differentiation at dif-
ferent levels of the continental crust, mantle-derived
magmas experience crustal assimilation and contami-
nation. Present rock compositions are composed of a
mixture of the major mantle contribution and of
various crustal components. No induced anatexis of
wall rocks has been observed, suggesting that crustal
contamination could occur predominantly through
F-rich aqueous fluids circulating within convective
geothermal cells created around magma chambers.

PO suites correspond to the last magmatic episodes
in an orogenic belt which becomes progressively a
craton by cooling and thickening of lithosphere. In
favourable areas these magmatic suites herald initia-
tion of Pangaea break up and pre-date a new oro-
genic Wilson cycle.
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