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1 Introduction

The continental crust has been extracted from the mantle throughout Earth history,. In contrast with
the mafic oceanic crust, the continental crust is largely made up of low-density, buoyant quartzo-
feldspathic material, in particular granitoid rocks, which enable its long-term stability and preservation
at the surface of our planet (Rudnick and Gao, 2003; Hawkesworth et al., 2010; Dhuime et al., 2011).
However, granitoid rocks cannot be directly derived from mantle melting (Rudnick, 1995): as such,
felsic melts are not in equilibrium with an ultramafic mantle assemblage. Hence, two main
mechanisms allow the formation of granitoid magmas: (i) differentiation, through crystallization or
melting, of mantle-derived basaltic material; or (ii) partial melting of felsic, meta-igneous or meta-
sedimentary rocks, either containing free water or hydrous minerals making them prone to melting.
Whereas the first mechanism allows the formation of new continental crust, since it is ultimately a
high-degree fractionation process of mantle material, the second mechanism reworks pre-existing

continental rocks and therefore does not represent any addition to the crustal volume. Thus,



unravelling the respective contribution of these two different mechanisms in the genesis of granitoid
suites is necessary to understand the mechanisms of continental crust growth and differentiation
through time.

In the modern Earth, granites are primarily formed along convergent plate boundaries (Barbarin,
1999). During lithospheric convergence, the lithospheric mantle is (mostly) recycled through
foundering in deeper mantle domains, whereas the crust (either continental, or oceanic) can have two
distinct fates: (1) subduction along with the lithospheric mantle and recycling; or (2) accretion against
the overriding plate followed by a potential reworking (Vanderhaeghe 2012). Each segment of a
convergent plate boundary has its own balance between the two processes, depending on the degree of
coupling (allowing recycling) or decoupling (promoting tectonic accretion) between the lower plate
crust and its underlying lithospheric mantle. This results in a range of situations with extreme end-
members corresponding to the classical “subduction” (pure recycling of the crust of the lower plate),
and “continental collision” (pure tectonic accretion of the lower plate crust). In fact, the two different
mechanisms of granite formation described above can be correlated at the first order to these two
distinct geodynamic scenarios. Above subduction zones, fluxed-melting of the mantle (promoted by
the addition of water and fertile material from the subducted crust) results in the formation of basalts
and andesites. These mafic melts may differentiate and produce large granitoid batholiths (Annen et
al., 2006; Ulmer et al., 2008; Jagoutz, 2010; Jagoutz et al., 2011; Nandedkar et al., 2014). In contrast,
large volumes of granitic magmas derived essentially from melting of pre-existing crustal lithologies
(Chappell et al., 2000; Collins, 2002; Clemens, 2003; Miller et al., 2003; Chelle-Michou et al., 2015;
Laurent et al., 2015), in particular meta-sedimentary rocks that are the most fertile ones, are produced
in continental collision settings, owing to crustal thickening and heating after accumulation of heat-
producing elements (England and Thompson, 1984; Bea, 2012) and/or high heat flux through the
Moho (Depine et al., 2008). Therefore, in a crustal growth perspective, subduction settings (i.e., sites
with mostly recycling of the lower plate crust) are apparently favorable settings for the formation of
new continental crust, whereas collisional orogens (i.e. sites dominated by tectonic accretion of the
lower plate crust) would be preferential sites for its reworking (Cawood et al., 2009; 2013). Again, in

each individual convergent segment both processes occur, in variable proportions.

This view, however, only holds when considering short term evolution (i.e. at a time scale similar to
the duration of magmatic systems). Recent studies demonstrated that “pure” subduction (following the
previous terminology) environments are not efficient sites of long-term crustal growth, because the
material extracted from the mantle to build up magmatic arcs is readily recycled in the mantle through
subduction of sediments derived from it and/or subduction erosion (Clift and VVannucchi, 2004; Scholl
and von Huene, 2007; Scholl and von Huene, 2009; Replumaz et al., 2010; Stern, 2011; Vanderhaeghe
and Grabkowiak, 2014). In fact, quantitative estimates demonstrated that the rates of crustal

destruction at convergent plate margins is effectively identical to that of new magmatic additions to



the crust, such that the crustal growth is apparently nil (Scholl and von Huene, 2009; Stern, 2011).
Furthermore, in the absence of any new magmatic ingrowth of the crust, the whole volume of
continents would be recycled back into the mantle within 1.8 Ga (Clift et al., 2009). This is
problematic because models of crustal growth through time, especially those based on Hf and O
isotope data from the global zircon record, indicate that continental formation occurred continuously
(albeit at different rates) since the Hadean (Belousova et al., 2010; Dhuime et al., 2011; Roberts and
Spencer, 2014).

Several authors recently proposed that, because of subduction recycling, arc magmatic rocks have a
poor preservation potential in the geological record, in contrast with those formed during continental
collision that are “shielded” in the core of newly formed (super)continental masses and thus preserved
from recycling in the mantle at its leading edges (Hawkesworth et al., 2009; Santosh et al., 2009;
Hawkesworth et al., 2010). Moreover, several studies highlighted that formation of new continental
crust could also take place in collision settings through fractionation of magmas derived from the
mantle (Laurent et al., 2013; Couzinié et al., 20153, b). As a result, the high preservation potential of
small volumes of mantle-derived rocks (and their fractionated daughters) formed during collisional
orogens could be an alternative, in terms of crustal growth, to the very poor preservation potential of
voluminous arc magmas. This leads to a more general discussion on the time-scale of crustal growth.
A package of arc rocks corresponds to purely mantle-derived material. Should it be mostly subducted
however, it does not contribute to long term formation of continental crust. Conversely, hybrid rocks
partly mantle-derived may represent minor short-term additions to the crust, but be nevertheless much
more important long term contributors. As a result, long-term crustal growth does not necessarily

superpose with the dominant source (mantle or crust) of an igneous rock.

Moreover, classical tools used as key evidence to address granite petrogenesis, such as trace element
patterns and radiogenic isotopes of lithophile elements (Rb-Sr, Sm-Nd, Pb-Pb, Lu-Hf...) provide, in
fact, ambiguous information. In the case of mixed sources (involving, for instance, mantle
contaminated by crustal material), the incompatible elements signature of such hybrid melts will be
controlled to a large extent by the minor crustal component, thus obscuring the volumetrically
dominant contribution of the mantle (Laurent and Zeh, 2015; Couzinié et al., 2015a, 2015b). As a
result, any attempt, based on isotopes or trace elements, to quantify the balance between crust
formation and reworking for a given magmatic rock is vain unless its petrogenesis has been carefully
addressed (e.g. Roberts and Spencer, 2014; Laurent and Zeh 2015). Therefore, a complementary
approach is required to identify the nature of the source and petrogenetic mechanisms of magmatic

suites, prior to any consideration about whether they contribute to crustal growth or not.

Finally, the problem is even more complex when ancient, rather than modern rocks are considered.

The tectonic environment in the early Earth (Hadean, Archaean, early Proterozoic) is still poorly



understood — plate tectonics probably operated differently (van Hunen and Moyen, 2012), if at all
(Hamilton, 1998; Stern, 2008; Bédard et al., 2012). In any case, subduction was probably not stable at
that time (Sizova et al., 2010; Moyen and van Hunen, 2012; Sizova et al., 2014). Therefore, although
the Archaean would represent a period of important crustal growth (e.g. Dhuime et al., 2011),
translating models developed for the modern Earth to this period is not straightforward.

In this paper, we explore the role of collision-related magmatism in crustal growth. Orogenic belts
contain a great diversity of magmatic rocks: linking this diversity to different processes and,
importantly, sources — and therefore to crustal growth or recycling — is a challenge. For each type of
rock, it is important to assess its source and mode of formation; the meaning of its isotopic signature
can only be understood in this light. We firstly describe the petrology and petrogenesis of a granitic
province dominated by late-collision granites and thus reflecting the process that occurs when the
lower plate crust is fully decoupled from its lithospheric mantle, the eastern part of the Variscan
French Massif Central (FMC). There, we decipher the relative contribution of the mantle and the crust
based on a composite approach, using not only new isotopic data, but the whole range of available
major and trace elements results, used to constrain petrogenetic mechanisms.. This paper is part of a
series of contributions with the aim of describing the geochronology (Couzinié et al., 2014, 2015a,
2015b; Chelle-Michou et al., 2015; Mintrone, 2015; Laurent et al., 2015), geodynamic setting
(Vanderhaeghe et al., 2014) and isotopic signatures (Couzinié et al., in 2015a, 2015b) of anatexis and
granitic magmatism in the FMC, and we refer the reader to these publications for details on these
topics. Subsequently, we compare this system to the other end-member system, an oceanic arc with no
tectonic accretion, using the well-understood Kohistan paleo-arc as an example. Finally, we explore
the implications of this comparison for crustal growth processes and the tectonic setting in which they

took place — modern and ancient.

2 Granitic magmatism in a (late) orogenic province: the French Massif

Central

2.1 Geological setting

2.1.1 The Variscan belt

The Variscan belt (Fig. 1a) is a late-Palaeozoic orogenic belt, extending from the Appalachians to the
West, to Central Europe to the East. It forms most of the basement of Western Europe, covered by
Mesozoic basins and affected by structures related to the Alpine cycle (Matte, 1986). The Variscan
belt results from the collision between Gondwana and/or Gondwana-derived microcontinents to the
South, and Laurussia—Auvalonia to the North (Stampfli et al., 2002; Stampfli et al., 2013). Several

intervening (oceanic) basins along the northern margin of Gondwana opened mostly during the



Ordovician (ca. 500—450 Ma) and were subducted in the Silurian to Devonian (420 — 360 Ma)(Bosse
et al., 2000; Matte et al., 2001).. The subduction provides the first record of convergence between
Gondwana and Laurussia. Collision proper occurred during the Carboniferous (350—320 Ma) and
was followed during the Upper Carboniferous (320 — 300 Ma) by a phase of exhumation of the lower
crust and extensional, late orogenic collapse (Gardien et al 1997). Between 360 and 300 Ma,
volumetric granites were emplaced throughout the belt and represent crustal produced during the
tectono-metamorphic evolution of the Variscan belt (Ribeiro et al., 1990; JanouSek et al., 1997,
Eguiluz et al., 2000; Ledru et al., 2001; Faure et al., 2009a; Ballévre et al., 2014; Lardeaux et al.,
2014; Zak et al., 2014); etc.).

The core of the orogenic system, the “Moldanubian zone (Ballévre et al., 2014), extends from the
Bohemian Massif in the East, to the Black Forest and Vosges, to fragments in the Alpine belt, the
French Massif Central, southern Armorica and North-Western Spain (the Galicia—Tres Montes
Zone). In France and Spain, this zone corresponds to a complex of mostly south-verging allochtonous
nappes that include ophiolitic remains (Lasnier, 1971; Burg et al., 1984; Arenas et al., 2007
Schulmann et al., 2014), high-pressure to ultra-high pressure relicts (Gardien et al., 1990; Lardeaux et
al., 2001; Berger et al., 2010; Kotkova et al., 2011), and overall high grade (upper amphibolite to
granulite facies) rocks (Lardeaux et al., 2014). To the south, metamorphic nappes of the Moldanubian
zone are thrusted over the para-autochtonous to autochtonous terranes representing the northern
passive margin of Gondwana. Its northern contact with a variety of terrains along strike is generally

obscured or reworked by late transcurrent shear zones.

2.1.2 The Eastern French Massif Central

The French Massif Central (FMC) is a large (ca. 100,000 km?; Fig. 1b) inlier of the Moldanubian zone
in Central France. It has been rifted, uplifted and partially covered by lavas during the Cenozoic era
(as part of the West European Rift system; Merle and Michon, 2001). The eastern part of the FMC (E-
FMC) refers to the terrains located east of the “Sillon Houiller” (“coal line”), a lithospheric-scale
strike-slip fault flanked by several pull-apart, coal-bearing Carboniferous basins (Burg et al., 1990;
Thery et al., 2009). The Limousin domain occurs West of the Sillon Houiller, and although its
geological history is similar until ca. 320 Ma, it does not expose large migmatite domes such as the
ones that are a defining feature of the E-FMC (Vanderhaeghe et al., 2014).

Four main tectono-metamorphic units are commonly identified in the FMC (Burg and Matte, 1978;
Burg et al., 1984; Ledru et al., 1989; Faure et al., 2009a; Lardeaux et al., 2014), from the bottom to the
top (and South to North): (1) A para-autochtonous unit made of low grade schists and paragneisses
(“Schistes des Cévennes” and equivalent units); (2) An amphibolite facies unit of interleaved ortho-
and para-gneisses, the “lower gneiss unit” (LGU). In the E-FMC the LGU pervasively melted during

the late Carboniferous, resulting in the development of a large, granite-cored anatectic complex, the



Velay Dome (Lagarde et al., 1994; Ledru et al., 2001). The development of the Velay Dome was
accompanied by extensional tectonics (Malavieille et al., 1990), detachments driving the exhumation
of the dome and, at the upper crustal levels, development of grabens and half-grabens filled by Upper
Carboniferous (Stephanian) clastic and coal-bearing sediments in intramontane basins (Becg-Giraudon
et al., 1996); (3) An amphibolite facies unit of mostly orthogneisses, the “upper gneiss unit” (UGU)
with characteristic relicts of high pressure conditions (granulitic, eclogitic). The base of the UGU is
marked by a bimodal magmatic association (amphibolites and meta-rhyolites or granites), locally
known as the “leptyno-amphibolic complex™ (LAC), that likely represents remnants of an Ordovician
oceanic basin or a hyper-extended continental margin (Forestier, 1963; Dubuisson et al., 1989; Pin,
1990). Within and immediately below the LAC, remnants of high pressure metamorphic rocks
(eclogites) as well as boudins of mantle peridotite are found (Bernard-Griffiths and Jahn, 1981;
Gardien et al., 1990). (4) Epizonal units such as the Brévenne unit, interpreted as a Devonian back-arc
association (Bébien, 1971; Sider and Ohnenstetter, 1986). The nappe stack has been intruded by
numerous granitic plutons which emplaced mostly from the Lower to the Upper Carboniferous
(Laurent et al., 2015) (Fig. 1b).

In a companion paper (Laurent et al., 2015), we present the results of U—Pb dating of 33 samples of
granites and associated mafic rocks (vaugnerites) from the Massif Central. We show that (i) granite
magmatism in the E-FMC occurred from ca. 340 to 300 Ma with a clear age progression from the
North (ca. 340 Ma) to the south (ca. 300 Ma). At ca. 305 Ma, the fast exhumation of the partially
molten lower crust resulted in the formation of the Velay dome that locally cuts or includes enclaves
of the previously formed granites. (ii) the granitic magmatism is accompanied by minor volumes of

mafic magmas (diorites) showing the same spatio-temporal southward migration.

2.2 Petrology and geochemistry of FMC granitoids

A large amount of whole rock geochemical analyses were performed in the Massif Central during the
1970’s to 1990’s in association with the publication of the 1/50 000 geological maps of France
(http://editions.brgm.fr/preCarte50.do), as well as exploration for Uranium in several portions of the
massif. However, this information is disseminated in a large number of reports, articles and
fragmentary databases. For this study, we compiled a comprehensive database of published Sr—Nd
isotopes (> 450 analyses, including > 220 for granites, but only a fraction including both Sr and Nd
isotopic compositions); and whole rock analyses, including major elements (> 2000 samples) and, for
part of the dataset, trace elements (> 400 analyses). Finally, U—Pb zircon geochronology, generated
by our group, is available for ca. 50 samples of granites, associated mafic rocks and migmatites
(Couzinié et al., 2014, 2015a, 2015b; Chelle-Michou et al., 2015; Laurent et al., 2015; Mintrone,
2015).



In this work, we complemented this database with new zircon Hf isotope data from 12 samples of
granite from the E-FMC (2 of which —TNO1 and TN09— were already reported in Chelle-Michou et

al., 2015).

In the following, we use this large database in combination with experimental,

geochronological, petrological and field arguments to unravel the source of these granitoids.

2.2.1  Main types of granitoids
The 1/1 000 000 geological map of France (Chantraine et al., 1996) classifies the FMC granites into 4

groups (only three of which occur during the late-collision period in the FMC), essentially similar to
those defined by Barbarin (1999):

@)

2

®)

Peraluminous leucogranites, equivalent to the Muscovite-bearing Peraluminous Granitoids
(MPG) of Barbarin (1999). They are muscovite, or muscovite+biotite bearing; and they
are (leuco)granites s.s. in IUGS classification (Streckeisen, 1976). In the FMC, they range
from sizeable plutons [uncommonly in the E-FMC, but there are some large bodies in
Limousin such as the Millevaches (Faure et al., 2009b; Gébelin et al., 2009) or the Saint-
Sylvestre (Holliger et al., 1986) plutons], to small intrusions, dykes or sills concordant
with the foliation of surrounding migmatites, and in petrographic continuity with
leucosomes in stromatic migmatites (Burg and Vanderhaeghe, 1993). They occur both as
“pre-Velay” granites, and as “late migmatitic” bodies cutting across the Velay core
complex (Montel and Abdelghaffar, 1993).

Peraluminous granites to granodiorites, corresponding to the Cordierite-bearing
Peraluminous Granitoids (CPG), cordierite ranging from abundant, to rare (Barbey et al.,
1999). Texturally they include equigranular (Livradois), to strongly porphyritic
(Margeride, Guéret) facies. They are common both in the Limousin and in the E-FMC. In
the East, they outcrop both as well defined pre-Velay intrusions cutting across the nappe
pile and as enclaves within the Velay complex, or as the heterogeneous granitic phase at
the core of the Velay complex, grading into migmatites. Because of its size, specific mode
of outcrop and relationship with migmatites, the VVelay complex will be treated separately
from the other CPG in the rest of this text.

High-K sub-alkaline granitoids, i.e. K-feldspar porphyritic Calc-alkaline Granitoids
(KCG). KCG are, as the name implies, porphyritic granites to granodiorites. They are
commonly (but not always) amphibole-bearing, and typically contain abundant accessory
minerals such as titanite. They contain micro-granular mafic enclaves (MME: Didier and
Barbarin, 1991), and are associated with intermediate to mafic plutonic rocks (diorites,
tonalites, monzodiorites) locally called “vaugnerites” (see below). They are scarce in the
Limousin, but relatively common in the E-FMC where they form large plutons both North
(Saint-Julien la Vétre, Morvan) and South (Aigoual, Pont de Montvert) of the Velay

complex.



2.2.2 Associated intermediate to mafic magmas

The E-FMC includes ubiquitous, yet small volumes of intermediate, potassic plutonic rocks locally
known as “vaugnerites” (Michon, 1987; Sabatier, 1991). Similar rocks are known elsewhere in the
Variscan orogen as “durbachites” (Holub, 1997), “redwitzites” (Siebel and Chen, 2009). Elsewhere in
other orogenic systems worldwide, they are called “appinites” (Fowler, 1988), “high Sr-Ba granitoids”
(Fowler et al., 2008) or “sanukitoids” (Heilimo et al., 2010; Martin et al., 2010; Laurent et al., 2014a),
the latter most often in the late-Archaean context. Vaugnerites range from diorite to syenite and
consist of amphibole, biotite, clinopyroxene, plagioclase, with variable and subordinate amounts of
orthopyroxene, K-feldspar and quartz (Sabatier, 1991). Accessory minerals comprise apatite, allanite,
titanite and zircon. Such rocks crop out as meter to decameter-sized rounded to elongated enclaves in
granites and migmatites but can also form hectometric sills and dykes of lamprophyric affinity where
the magmas are emplaced at higher structural levels (Couzinié et al., 2014). Vaugnerites have a low-
silica content (44 < SiO, < 63 wt.%), high FeOt+MgO (10-24 wt.%), Cr (200 — 600 ppm) and Ni (100
— 220 ppm) contents, mg# (molecular Mg/Mg+Fe) higher than 0.65; they also have high K,O contents
(1.6 — 6.7 wt.% corresponding to high-K to shoshonitic affinities), Ba and Sr (1000—2000 ppm
typically; Couzinié et al., 2015a, 2015b). Vaugnerites (or equivalent rocks) are found throughout the
Variscan belt (Raumer et al., 2013), but they tend to be ca. 335 Ma old. In contrast, in the E-FMC they
occur from ca. 335 to 305 Ma (Laurent et al., 2015). They belong to the larger group of post-
collisional mafic magmas, a group of rock that is notoriously difficult to identify based on common
“fingerprinting”(Pearce et al. 1984), partly because it was not recognized as a distinct group in
classical discriminant diagrams (llbeyli et al. 2004). Their petrogenesis is addressed in details in
Couzinié et al. (2015a, 2015b).

2.2.3 Whole rock geochemistry and relationships between the different types

Regardless of their origin, all granitic suites tend to converge towards the eutectic composition
(granitic minimum), either because they already result from a minimum melt, or because they evolve
(by fractional crystallization) towards the same composition. Therefore, there are many geochemical
similarities between all the rocks studied. In the following description, we focus on the main
differences between each rock types, as well as on the geochemical link between granites and
vaugnerites (the complete whole rock geochemical dataset is provided as Supplementary Electronic
item SE1; additional figures can be found in SE2). For granitoids, one of the most critical geochemical
indicators is aluminosity, as expressed by indexes such as A/ICNK=Al/(2Ca+Na+K) (Shand, 1943) or
A=Al — (K+Na+2Ca) (Debon and Lefort, 1983), both describing the same property. We will show that
this feature is the most useful to identify granites having different sources. Other commonly used
indicators such as Fe/Mg ratios (Frost et al., 2001) (or Mg#, or similar), K/Na (or equivalently
O’Connor (1965) normative feldspar diagram) are not in themselves able to distinguish between

granite types. They are however more useful when focusing on differences between otherwise similar



rocks, and to identify smaller differences in sources or processes: for instance the K—Na—Ca
systematics is of great use in the Archaean, where a key difference is between sodic and potassic
granitoids; and the Fe/Mg ratios have been successfully used to distinguish between different series of
arc (Frost et al., 2001), collisional (Debon and Lemmet, 1999; Laurent et al., 2014b) or intra-plate
(Dall'Agnol and de Oliveira, 2007) granitoids.

All of the main types of E-FMC granitoids (MPG, CPG, Velay and KCG) are peraluminous (Fig. 2).
The vaugnerites, in contrast, are metaluminous. MPG on one hand; KCG and CPG on the other hand
plot along parallel arrays in the Shand diagram (A/CNK vs. A/NK), the MPG having lower A/NK, for
a given A/CNK, than the CPG and KCG. The Velay granites plot along an oblique array in-between
the two trends. In details, the situation varies not only between, but also within each petrographic type
and it is possible to identify geochemical sub-types. In the B—A diagram (Debon and Lefort, 1983),
using the description of Villaseca et al. (1998), the MPG are “felsic peraluminous”, they are
leucocratic and do not define any clear trend. CPG and Velay granitoids are highly to moderately
peraluminous (h-P to m-P), with, however, differences between sub-types: the Velay granites show a
clear positive trend, the “common” CPG have an ill-defined positive trend and the Margeride CPG
(that also have mg# of ca. 60 at SiO, = 70 %, compared to 40—45 for the other CPG, see Fig. SE2.1)
plots along a flat to weakly negative trend. KCG are moderately peraluminous to metaluminous.
Again, there is a difference between magnesian KCG that have a negative trend pointing towards the
field of vaugnerites, whereas the more ferroan type shows no clear trend (but extends to higher values
of A or A/CNK, overlapping with the field of enclaves and possibly reflecting various degree of

hybridization with purely crustal melts).

In terms of trace elements, Rb correlates positively, Sr and Ba negatively with SiO, for all granitoid
types (Figs. SE2.2 and SE2.3). For a given SiO, content, the KCG have higher Sr and Ba values
(mirroring the characteristics of the vaugnerites); the Velay granite has lower Rb contents. The MPG
show very diverse REE patterns, with LREE ranging from c. 10 times chondritic to c. 100 times
chondritic; HREE are slightly less variable. All MPG have a pronounced negative Eu anomaly. The
Velay granites also show a large range of LREE and HREE contents, and have a very variable Eu
anomaly from markedly negative, to no or even slightly positive anomalies. In contrast, the KCG
(although we have less data, and unfortunately only for the magnesian variety) depict much more
consistent patterns, with a moderately negative Eu anomaly. The CPG (including the one sample
available for the Margeride) are more diverse, but broadly similar to KCG. Finally, the vaugnerites
show very diverse, but always high REE values, such that the granites (of all types) are positioned on

the low end of the vaugnerites range.



2.3 Hfisotopes

2.3.1 Methods

Samples were crushed using standard techniques (jaw crusher, disc mill) and sieved to <500 pum.
Zircons were concentrated using conventional methods (Wilfley table, heavy liquids). After being
hand-picked under a binocular microscope, 30 to 100 zircons were mounted on epoxy and
subsequently ground and polished to expose their center parts. The internal structures of these grains
were characterized by cathodoluminescence (CL) and back-scattered electron (BSE) images prior to
analysis using a Jeol JSM-6490 scanning electron microscope (SEM) equipped with a Gatan MiniCL
at Goethe University Frankfurt (GUF), Germany.

The results of U—Pb isotopic analyses and corresponding ages for the investigated samples are
reported in Laurent et al. (2015). Some of the dated grains were also analysed for Hf isotopes. Hf laser
spots were located on top of, or in the same zircon domain (defined on CL/BSE images) as the U—Pb

spots.

Hf isotope measurements were performed both on magmatic zircons and on inherited cores at Goethe
University of Frankfurt am Main (Germany), using a Thermo-Finnigan Neptune multicollector
inductively coupled plasma — mass spectrometer (MC-ICP-MS) attached to a Resolution M-50 193 nm
Ar—F excimer laser ablation system, equipped with a two-volume Laurin Technic ablation cell. The
latter is fluxed by high-purity, He carrier gas (~0.6 L-min-1) and is characterized by rapid response
time (< 3s to get maximum signal strength) and wash-out delay (<5s to get <1% of maximum signal
strength). Laser spots with diameters of 40 um were drilled with repetition rates of 5.5 Hz and an
energy density of ~6 J.cm . Make-up gas consisting of high-purity Ar (~0.75 L-min™") and N, (~0.07
L-min") was admixed to the carrier gas to improve sensitivity. Post-ablation homogenization is
performed by fluxing the gases through a RESOlution Instruments Squid® tubing. Data were acquired
using multi-collector static mode, during a 58 s measurement characterized by 1.052 s integration time
(55 baseline-corrected ratios). *2Yb, *Yb and *"°Lu masses were monitored to allow the correction of
isobaric interferences (*"°Yb and *"®Lu on Y"°Hf). Instrumental mass bias for Yb isotopes (calculation
of Byp) was monitored for each measurement using an exponential law, and corrected to the natural
ratio >Yb/**Yb = 1.35351. Mass fractionation of Lu isotopes was assumed identical to that of Yb
isotopes (BLu = Pvv), and the average Bue/Py, Offset factor estimated during the analytical sessions was
about 1.06. The isobaric interferences were subsequently corrected to mass bias-corrected ®Yb/**Yb
= 0.79502 and *"°Lu/*"*Lu = 0.02656 (see Gerdes and Zeh, 2006). Mass bias for Hf isotopes (Byf) was
determined using an exponential law and normalized to *°Hf/*""Hf = 0.7325. Accuracy and external
reproducibility of the method were controlled by repeated analyses of reference zircon standards GJ-1
(Jackson et al., 2004; Morel et al., 2008), Plesovice (Slama et al., 2008), BB (Santos et al., in press)
and 91500 (Wiedenbeck et al., 2004) (see data table SE2 for results). The quoted uncertainties on



YOHf/YTHS ratios and eyy(t) are quadratic additions of within-run precision of each measurement with
the external reproducibility (2 S.D.) of the reference zircon standard GJ-1 (~70 ppm, see data table).
Data reduction was carried out using an in-house MS Excel© spreadsheet (Gerdes and Zeh, 2006;
Gerdes and Zeh, 2009).

Calculation of initial *"°Hf/*""Hf ratios were performed using the individual *"°Lu/*""Hf ratio of each
measurement, a decay constant of A'"°Lu = 1.867 x 10! (Scherer et al., 2001; Séderlund et al., 2004)
and the U-Pb age obtained in the same domain of each grain. For the calculation of the ep(t),
parameters of the chondritic uniform reservoir (CHUR) recommended by Bouvier et al. (2008) were
used (®Lu/*"HF = 0.0336; "°Hf/*""Hf = 0.282785). Two-step depleted mantle (DM) Hf model ages
(TDM2) were calculated using a DM model considering linear regression from present-day depleted
mantle as suggested by Griffin et al. (2002), i.e. *"®Lu/*"’Hf = 0.0384 and *"°Hf/*"Hf = 0.28325, and an
average ""®Lu/*""Hf of 0.0113 for the crustal reservoir (Taylor and McLennan, 1995; Wedepohl, 1995).

2.3.2 Results

All the analytical results are reported in Supplementary Electronic item SE3. Figure 4 shows the gu(t)
— time relationships for all analyses. Combining the Hf data in this work with the published U—Pb
data (Couzinié et al., 2014; Laurent et al., 2015), the analyzed samples define two distinct patterns, for
CPG, Velay and MPG on one hand, KCG on the other hand.

CPG, Velay and MPG zircon populations are characterized by large proportions of inherited grains
(also see Fig. 12a, as well as Laurent et al. 2015). In some samples, most or even all grains are
inherited, with only thin (a few pm) neo-formed magmatic rims (Couzinié et al., 2014; Laurent et al.,
2015). Apart from a few outliers, the magmatic zircons are characterized by *"°Hf/*""Hf; ratios in the
range 0.28260-0.28235 corresponding to subchondritic ent(tempiacement) (from 0 to ca. —7, with average
values for all magmatic zircons in a given sample comprised between —4.5 and -2.0 at the
emplacement ages of ca. 300 Ma). The inherited zircons show more scattered Hf isotope
compositions, but the main population is characterized by U-Pb ages of 550-530 Ma and *"°Hf/*""Hf;
ratios in the range 0.28250-0.28230 clustered around the chondritic value (e4(550 Ma)= ca. —3 to +3).
Those two dominant populations of inherited and magmatic zircons are linked by an g¢(t)—time array
requiring an average “"°Lu/*""Hf ratio of ca. 0.01, i.e. close to the average crustal value (ca. 0.0113;
Taylor and McLennan, 1985; Wedepohl, 1995). Zircon grains along this trend yield similar model
ages of ca. 1.2 Ga. It is worth noting that similar model ages were obtained from bulk rock Sr—Nd
isotopes on several FMC granites (Duthou et al., 1984; Pin and Duthou, 1990; Turpin et al., 1990; also
see Fig. 7). Some inherited grains show strongly negative epg(t)values (ca. —7 down to —27) at any age.

Very few analyses, apart from a few inherited zircons, show positive ex¢(t)values (up to +9).

KCG granites mostly lack the inherited zircon component observed in the other granites (see

discussion in Laurent et al., 2015). However, their magmatic zircons overlap in Hf isotopic



composition (*®Hf/""Hf, = 0.28253-0.28243; £.+(305 Ma)= —2 to —6) with those of the more crustal,
MPG and CPG types. Previously published Nd isotopic data does, in fact show the same pattern: there
is no difference in Nd-Hf isotopic data between KCG and CPG-MPG. Furthermore, mafic melts
accompanying the KCG (vaugnerites etc.) show the same isotopic signature, both in Hf (Couzinié et
al., 2015a, 2015b) and in Sr—Nd systematics (Turpin et al., 1988).

2.4 The source of FMC granitoids

Petrogenesis of granitoids results from the superposition of diverse processes such as melting,
fractionation, mixing or crystal separation. However, for the purpose of discussing crustal growth, we
are chiefly interested in the source of the granitic melts, and less so on the subsequent processes. In
this context, the “source” end-members can be either the solid that melts and yields magmas of
granitic composition; or the primitive, mafic liquid that fractionates into a granitic liquid. This
discussion uses two complementary lines of arguments: first, major elements geochemistry (compared

with experimental data); and second, radiogenic isotopes.

2.4.1 Major elements: linking granites to their source

Regardless of the process at their origin (melting, fractional crystallization, or even mixing), granitic
melts retain some geochemical link with their source (i.e. the rock(s) that melt(s), or the primary
liquid(s) that differentiate(s)). From a geochemical point of view, major elements follow mass-balance
laws, in all cases, such that they will record the very same chemical relationships during melting,
mixing or fractional crystallization. Trace elements do, in theory, follow contrasting laws. However,
unless one is looking at very small melt fractions, and/or at elements with very strongly contrasted
behaviors, the differences between different processes are relatively minor and not necessarily
straightforward to identify (Janousek et al., 2015). At the scale of a statistically representative dataset

(such as we use here), such differences will be definitely drowned in the natural scatter of the data.

This idea may be tested using experimental data. Figure 5 shows the composition of > 800
experimental granitic melts (SiO, > 62 wt. %), generated from sources from basalts to pelites; they are
plotted in a (Ca+Al) — Na+K+Al — 3 Al + 2 (Na+K) diagram, projected from biotite + quartz + H,O
(See Supplementary Electronic item SE4 for details on the construction of this projection). In this
diagram, it is obvious that the nature of the source exerts the main control on the composition of the
melt: all liquids from a same source plot along a tight array, pointing to the Na + K + Al apex (the
granite minimum, in this projection) and with a slope that solely depends on the nature of the source.
Again, in this context, the nature of the process connecting the source and the granite (melting or
crystallization) is irrelevant: equilibrium processes (batch melting or in-situ crystallization) are
geochemically identical (this is obvious in an experimental context, and illustrates that there is no way

to distinguish crystallization from melting relying on major elements), and fractional crystallization,



although conceptually different, gives actually similar results in this projection as they are both

governed by pure mass balance (e.g. Janousek et al. 2015).

Two lines are important in the diagram of Figure 5: (i) the line connecting the feldspars (horizontal in
the figure), corresponding to A/CNK = 1; most experimental liquids plot above this line, meaning that
all are peraluminous; (ii) the line corresponding to a ratio of 2:1 between the 3 Al + 2 (Na+K) and the
(CatAl) apices [i.e. Al =3 Ca + (Na+K)]. This line separates liquids connected to a mafic source
(basalt or andesite) to liquids connected to felsic sources (meta-granitoids or meta-sediments). As we
are projecting from biotite, this line corresponds to no specific A/ICNK value, but steeper lines tend to
correspond to higher A/CNK values. In Shand (1943) diagram, this line separates series plotting with a
negative trend, to series plotting with a positive correlation between A/NK and A/CNK (cf. Appendix
3). More than any specific numeric threshold (values of 1.1 or 1.2 are commonly proposed: Chappell
and White, 1974), the key parameter is the slope a magmatic series defines in Shand diagram (more on
that in SE4).

In this light, it is clear that the FMC granites relate to different sources (Fig. 6). MPG tightly plot
along the top side of the diagram. CPG (including Velay and Margeride granites) plot immediately
above the Al = 3 Ca + (Na+K) line. KCG fall on or immediately below this line.

Comparing the actual granites with the melts derived from known compositions (Fig. 5) allows
interpreting these trends in terms of likely sources. The trend for actual MPG compositions overlaps
with the composition of experimental melts derived from very aluminous sources, such as mature
(pelitic) (meta)sedimentary rocks. The CPG trend corresponds to a somewhat less aluminous source
richer in feldspar (immature sediment and/or felsic igneous rock). The KCG evolution mimics the

trends of experimental melts derived from alkali-rich or calc-alkaline basalts.

2.4.2  The source and petrogenesis of MPG and CPG granites

Major elements chemistry of these granites is consistent with a derivation from an aluminous source
(either metasediments or meta-igneous). The country rocks of the FMC granites are interlayered
orthogneisses and paragneisses (both of Ediacaran to Ordovician age; Duthou et al., 1984; Pin and
Duthou, 1990; Melleton et al., 2010; Lardeaux et al., 2014; Chelle-Michou et al., 2015), both being

possible sources from a regional as well as petrological point of view.

The model ages of CPG and MPG are ca. 1.2—1.1 Ga for all isotopic systems (Hf: this study; Sr:
Duthou et al., 1984; Nd: Turpin et al., 1990). In this case, it is clear that these ages have no geological
significance: the records of crustal growth in Northern Gondwana (from which the pre-Variscan
basement of the FMC is derived; Nance et al., 1991; Nance and Murphy, 1994; Zeh et al., 2001; Zeh
and Gerdes, 2010; Fernandez-Suérez et al., 2011; Linnemann et al., 2013) show that new crust was

formed principally during the Archaean (3.3 Ga), Paleoproterozoic (1.9-2.1 Ga) and



Neoproterozoic/early Paleozoic (0.5-0.6 Ga) (Block et al., 2016; Kemp et al., 2006; Morag et al.,
2011; Zeh and Gerdes, 2010), but not in Mesoproterozoic (Grenville) times. Turpin et al. (1990)
proposed that the ca. 1.1 Ga model ages do actually reflect mixing between an old (Archaean or
Paleoproterozoic) component, and a Neoproterozoic/Panafrican (ca. 0.5-0.6 Ga) juvenile component.
The physical mechanism of this mixing would be related to the Cadomian orogenic event, with the
formation of plutonic rocks incorporating both old crust, and juvenile magmas. This is consistent with
the data from inherited zircons in both granitoids (Laurent et al, 2015) and gneisses (Chelle-Michou et
al., 2015) of the FMC, dominated by a Panafrican peak and a “tail” towards older ages; as well as
scattered and dominantly negative gug(t) prior to 550 Ma (from -5 down to -27) and more
homogeneous and chondritic g(t) at 550-530 Ma (Fig. 4), suggesting that this ‘mixing’ (deduced
from Variscan granites) took place during the Cadomian orogeny. The slightly subchondritic Hf
isotope composition of magmatic zircons in the CPG and MPG indicate that the amount of
Paleoproterozoic-Archaean crust was minor compared to juvenile Neoproterozoic crust during the
Cadomian mixing process. Both the orthogneisses and the paragneisses of the eastern FMC have
Ediacarian to Ordovician protoliths, respectively granites and metasedimentary rocks (Duthou et al.,
1984; R'Kha Chaham et al., 1990; Chelle-Michou et al., 2015; Mintrone, 2015) related to the
Cadomian orogeny, and are therefore isotopically possible sources, as proposed by Laurent et al.
(2015) on the basis of inherited zircon age spectra. The large overlap between the isotopic signatures

of paragneisses and orthogneisses does not allow a clear discrimination between these rocks (Fig. 7).

To some degree, the major elements chemistry of the granites provides independent answers. The
MPG and CPG are chemically distinct (Fig. 6), and probably reflect the involvement of respectively a
mature sedimentary, and a quartzo-feldspathic source. In Figure 8, we compare the composition of
experimental sources (known to generate liquids of the appropriate compositions) with the
composition of FMC basement rocks. Paragneisses and orthogneisses of the LGU feature contrasting
compositions (Fig. 8), partly because the orthogneisses happen to be leucocratic and therefore
distinctive from the detrital sediments protolith of the paragneisses. Consequently, the paragneisses
have compositions similar to the compositions that form MPG-like melts, whereas the orthogneisses

are more similar to the potential sources of CPG.

Melting of continental (biotite and/or muscovite bearing) sources has been extensively studied (e.g.
Gardien et al., 1995; Stevens et al., 1997; Clemens and Watkins, 2001; Clemens, 2003), and the nature

of the resulting melts is also well known (cf. Figure 5, SE4, and references therein).

The MPG granites are “felsic peraluminous” in the terminology of Villaseca et al. (1998) (Fig. 2), and
their composition is close to the composition of liquids formed by either water-present or muscovite
dehydration melting (similar conclusions were reached for two-mica leucogranites in the Himalayas:

Inger and Harris, 1993; Searle et al., 1997; Patifio-Douce and Harris, 1998). At such low melting



temperatures (700 °C), monazite (and zircon) xenocrysts are likely to be preserved through melting
reactions (Watson and Harrison, 1984; Montel, 1993), and be physically entrained into the melts. This
is confirmed by the abundant zircon xenocryst in these rocks (Laurent et al. 2015). The lack of
inherited monazite (Laurent et al. 2015) suggests on the other hand that monazite was subsequently
dissolved or re-equilibrated. This results in very variable monazite (and consequently LREE) contents
in the granites, and provides an explanation for the huge range in LREE (correlated with Th/U ratios)

observed in MPG (more than one order of magnitude: Fig. 3).

The CPG granites extend from the field of experimental melts into the “medium” to “highly
peraluminous” fields (Fig. 2), with a weak correlation between A and B parameters. The composition
of the mafic components of the suite does not match the composition of experimental melts from
crustal sources, unless very high temperatures are considered (> 900 °C: Stevens et al., 2007). Thus,
the addition of a mafic component is required. Mixing with a coeval mafic melt is a commonly
advocated possibility (Ploguin et al., 1994; Skjerlie and Patifio-Douce, 1995; Patifio-Douce, 1999), but
would require a very unusual (high-Al) mafic composition. An elegant solution proposed by (Stevens
et al., 2007; Villaros et al., 2009a; Villaros et al., 2009b) is that peritectic cordierite and/or garnet
resulting from biotite breakdown reactions would be entrained with the melt into pluton emplacement
sites. The resulting magma, a mixture of cordierite (or garnet) and liquid, would have the required
mafic and aluminous composition. Biotite breakdown reactions occur at ca. 800—850 °C, and at such
temperatures monazite is unlikely to be stable, while zircon can still survive. Thus, LREE behavior is

purely controlled by the melt, and therefore more homogeneous (L)REE patterns are observed (Fig. 3).

In summary, we argue that MPG and CPG do result from partial melting of crustal sources. MPG are
likely to derive from metasedimentary components (in agreement with zircon xenocrysts showing a
wide range age and gp¢(t)) and CPG from Ediacaran orthogneisses (in agreement with the very limited
age-Hf isotope range of inherited zircons). Their isotopic similarity is a result of their derivation from
the same crustal segment, and ultimately from a similar material (the Ediacaran sediments deposited
on the North Gondwana margin, some of which being reworked in Cambrian to Ordovician to form
orthogneisses). Melting occurred at lower temperatures for MPG than for CPG, resulting in more
leucocratic magmas carrying variable amounts of inherited monazite in the first case. The fact that the
MPG source melted at lower temperatures could either correspond to slightly different compositions
(muscovite bearing metasediments, for the MPG, melt at lower temperatures than quartzo-feldspathic
gneisses for CPQ); or to different fluid regimes (“wet” portions of the crust for MPG allowing lower

temperature melting, whereas the source of CPG was dry and could not melt until biotite breakdown).



2.4.3 The source(s) and origin of the Velay heterogeneous granite

The range of Sr—Nd isotopic compositions for the Velay heterogeneous granite (Williamson et al.,
1992; Fig. 7) covers the whole range of compositions observed for all the FMC granitoids. This is also
observed (somewhat less clearly) in Mg# values and Sr or Rb contents (Appendices SE1, SE2).

The zircon inheritance pattern in the Velay heterogeneous granite is equally complex. In the eastern
and central portions of the dome, Chelle-Michou et al. (2015) and Laurent et al. (2015), respectively
showed that the inherited population is dominated by a narrow Ediacaran peak, of the same age as the
LGU orthogneisses. In contrast, some of the Velay samples studied by Couzinié et al. (2014) in the
South of the dome show a complex population lacking well-defined peaks, more reminiscent of a
metasedimentary source akin to LGU paragneisses.

The Velay is a migmatitic dome (Dupraz and Didier, 1988; Burg and Vanderhaeghe, 1993; Ledru et
al., 2001); granites proper are poorly separated from their sources, and most of the core of the dome
exposes diatexites, equivalent to heterogeneous granites, including large enclaves of metatexites and
resisters (Ledru et al., 2001). This enables an investigation of both the actual nature of the source, and
the melting reactions involved: a range of lithologies are interleaved and melt at the same time (Weber
and Barbey, 1986; Montel et al., 1992; Barbey et al., 2015), under biotite breakdown conditions (ca.
820 °C in this case). In these source zones, liquid-source separation is not fully achieved and this is
reflected in the chemistry of the granites. In B—A diagram, Velay granites display positive
correlations (i.e. more mafic compositions are also more aluminous) and reach the “highly
peraluminous” field of Villaseca et al. (1998): this can be interpreted as poor separation from the
restite (or unmolten portions of the source; Chappell et al., 1987; Clarke et al., 2007). Likewise, REE
patterns are rather variable (Fig. 3). In particular, Eu anomalies range from slightly positive to strongly
negative, again consistent with the entrainment of variable amounts of plagioclase-rich restites
(Williamson et al., 1992).

Therefore, the Velay complex is interpreted to represent the root zone of CPG: melt (plus or minus
entrained peritectic minerals) extracted from such source zones resulted in CPG plutons, whereas in
the Velay complex the whole of the source zone itself (migmatitic para- and orthogneisses) was

exhumed during late Carboniferous orogenic collapse.

2.4.4  The source of KCG granites and associated mafic melts

The nearly total lack of zircon inheritance for high Zr contents in KCG granites suggests
crystallization from hot magmas, with minimum temperatures of 850 to 900 °C (Laurent et al., 2015);
this contrasts with CPG and MPG having maximum temperatures of ca. 800 °C (and slightly hotter,
ca. 820 °C, for the Velay). This makes a purely crustal origin unlikely for the KCG. In addition, they
contain ubiquitous comagmatic enclaves (MME) and small bodies of potassic, mafic magmas

(“vaugnerites”) (ca. 55 % SiO,), for which an origin by crustal melting is impossible (Solgadi et al.,



2007; Couzinié et al., 2014; Couzinié et al., 2015a, 2015b). In isotopic terms, KCG and vaugnerites
have the same “crustal” signature, with Hf—Nd model ages of ca. 1.2 Ga, as the CPG and MPG (Fig.
4; Fig. 7). Crust-like isotopic signatures are actually a common feature of all the potassic, mafic late
orogenic magmas from Archaean to present (Bonin, 1990; Janousek et al., 1997; Moyen et al., 2001;
Bonin, 2004; Fowler et al., 2008; Heilimo et al., 2010; Janousek et al., 2010; Martin et al., 2010;
Laurent et al., 2014b; Laurent and Zeh, 2015; Couzinié et al., 2015a, 2015b).

Major elements show that the KCG could have an alkali-rich mafic source (Fig. 6), similar to
vaugnerites. Figure 8 confirms the similarity between these rocks, and the experimental sources
required to explain KCG compositions. The actual differentiation processes could be classical
fractional crystallization, or remelting of early underplated mafic magmatic rocks (Laurent et al.,
2013) or a combination thereof (MASH processes in deep hot zones: Hildreth and Moorbath, 1988;
Annen et al., 2006).

The petrogenesis of vaugnerites is described in details in Couzinié et al. (2015a, 2015b). These authors
emphasize that the peculiar geochemical (richness in both compatible and incompatible elements) and
isotopic (“crust-like”) signatures can be reconciled by melting of mantle domains contaminated by
crustal materials (fluids, melts, or even mechanically admixed felsic rocks mélange), as concluded by
most studies over the past 20 years (e.g. Bonin, 2004; Conceicao and Green, 2004; Condamine and
Médard, 2014; Fowler et al., 1997; Heilimo et al., 2010; Holub, 1997; Janousek et al., 2000, 2010;
Laurent et al. 2012, 2014b; Martin et al., 2010; Moyen et al. 2001; Rapp et al., 1999, 2010; Scarrow et
al., 2009, 2011; etc.). The nature of this crustal contaminant(s) and the way it was incorporated in the
mantle are less constrained. In any case, melting of the resulting modified mantle generates magnesian
and potassic melts at ¢. 50-60 % SiO,, very similar to vaugnerites, as demonstrated by experimental
studies (Rapp et al., 1999; Conceicao and Green, 2004; Rapp et al., 2010; Condamine and Médard,
2014).

The Sr-Nd-Hf isotopic data does not provide any insight on Rb/Sr, Sm/Nd or Lu/Hf ratios in the
source. Indeed, several lines of evidence suggest that incorporation of crustal materials in the mantle
via subduction and subsequent melting of the mixed domains likely take place during the same
orogenic event (within 50 Myr). Therefore, the isotopic signatures result from mixing between
materials with contrasted isotopic compositions and does not originate from long-term changes in

Rb/Sr or Sm/Nd ratios in the mantle source (see details in Couzinié et al., 2015a, 2015b).

In that respect the isotopic similarity between KCG and CPG (and indeed all other granites) is not
coincidental. Rather, it reflects the fact that the bulk of the Nd or Hf budget (both incompatible
elements) in vaugnerites (or similar mafic melts) is controlled by the limited amount of crustal rocks
that were admixed in the mantle prior to melting and generation of vaugnerite magmas (Couzinié et

al., 20153, 2015b). The isotopic signature of these mafic magmas and their derivatives (KCG) suggest



that this crustal material comes, ultimately, from the same crustal component that also generated the
CPG and MPG granites. The same holds, to a lesser degree, for trace elements signatures (Rapp et al.,
2010; Marschall and Schumacher, 2012), that are also largely carried over from the contaminant, to
the mafic melts, to the granitoids.

In summary, our preferred model for KCG is by differentiation of a mafic (vaugneritic) melt, itself the
product of melting of a mantle enriched by a component ultimately derived from an ancient crust. This
crust was very similar to the crustal source of CPG and MPG, i.e. isotopically homogenized Cadomian
granitoids.

3 Granitic magmatism in a supra-subduction arc: the Kohistan batholith

Melting of supra-subduction mantle wedge (and the formation of magmatic arcs) is the other important
mechanism of granite genesis on Earth, and supposedly one of the main contributors to crustal growth.
In this section we compare the main features of granitic magmatism in both major granite-forming
systems on Earth: magmatic arcs, and post-collision zones. In simple terms, the opposition between
arc and post-collisional zones also overlaps with the age-old debate on the origin of granitic rocks, by
(i) partial melting of older crust or (ii) differentiation of (arc) basaltic melts. In light of the
considerations presented above (section 2.4.1), the chief difference is one of source (felsic vs. basaltic

lithologies).

As an example of magmatic-arc related granitoids, we will focus on the Kohistan island arc in
Pakistan, that has been extensively studied in the recent years, and for which a dataset consistent in
scope and details with the one presented here for the FMC is available (Dhuime et al., 2009; Jagoutz et
al., 2009; Jagoutz, 2010; Bouilhol et al., 2011; Bouilhol et al., 2013). The Kohistan arc represents an
end-member situation with no crustal reworking, corresponding to a system where the lower plate
crust is fully coupled with the lithosphere and totally recycled into the mantle. It does therefore
strongly contrast with the FMC, and both case together define the extreme situations between which a

range of possible cases may occur.

3.1 Geological setting and petrology

The Kohistan arc (Fig. 9; Jagoutz et al., 2011) is a fossil Jurassic to Cretaceous oceanic arc that is now
part of the Himalayan belt. The Southern portion represents a mafic lower (to middle) arc crust, with
rare occurrence of mantle rocks (Jijal and Sapat complexes). The Northern portion is occupied by the
Kohistan batholith. The batholith has not been mapped in details but is composed of multiple

intrusions (Debon et al., 1987; Crawford and Searle, 1992) that range from gabbro, to diorites,



tonalites, granodiorites and leucogranites, defining a complete differentiation series (Jagoutz et al.,
2009; Jagoutz, 2010).

3.2 Major and trace elements

In terms of major elements (as captured by the projection from biotite described in this paper), the
Kohistan arc granitoids do strongly differ from all the FMC granitoids (Fig. 10). In the triangular
projection, they define a nearly horizontal trend along the A/CNK = 1 line (Fig. 10c), which
corresponds to the compositional evolution of liquids derived from experimental differentiation of
tholeiitic or mildly calc-alkaline basalts and intermediate rocks (Fig. 5). As such, they differ from
KCG by the nature of the fractionating mafic material, which is much richer in alkalis and poorer in
CaO in the case of KCG (Fig. 8)

Importantly, the real discriminant factor is not so much the composition of one individual sample, but
the shape of the whole trend defined by each suite. Owing to the existence of a granitic minimum
(eutectic), that will correspond either to the composition of the first minimum liquid during partial
melting, or to the last drop of residual liquid at the ultimate stage of differentiation, every suite will
feature samples with similar compositions — leucocratic, and mildly peraluminous. In itself, the
presence of peraluminous samples in a suite is therefore no proof for crust involvement. However, the
different types of granitoid suites reach this composition via different pathways: in Shand (1943)
diagram (Fig. 10), the minimum at A/NK ~ 1 and A/CNK > 1 is reached in the Kohistan arc through
an array with a steep negative slope, extending from high A/NK and low A/CNK values, whereas the
low-Ca S-type plutons rather show an array with a positive slope and A/NK = A/CNK. Similar

features are observed in the B—A diagram, and in the triangular projection from biotite defined above.

On the scale of a whole crustal segment, this approach therefore appears to best capture the differences
between regions where the main source of granitoids is a mafic arc-like magma (arc situations s.l.,
defining trends with mildly positive slopes in the triangular projection), and regions where the source
is the pre-existing crust (collisions, defining trends with clear negative slopes). This confirms the

importance, on a planetary scale, of two main granite-forming systems with contrasting behaviors.

Trace elements are of marginal use in this context. The REE patterns for both FMC granitoids (Fig. 3),
and Kohistan rocks (Fig. 11) are very similar (apart from some Kohistan rocks having steeper REE

patterns). Several factors contribute to this result:

Firstly, from simple geochemical laws such as batch melting or fractional crystallization equations
(Shaw, 2006; Janousek et al., 2015), it follows that the composition of a melt depends both on the
source and the mineral phases involved during melting and/or fractionation. Amongst the major
minerals in equilibrium with a felsic melt, very few have high partition coefficients and thus the

potential to shape the trace elements patterns: garnet (perhaps amphibole) and plagioclase are the most



influential players. Plagioclase is present at some point during the history of all granites; the presence
or absence of garnet probably accounts for the steeper Kohistan REE patterns (Jagoutz, 2010).

The trace elements compositions of the sources involved are not massively different: in the case of an
arc system, the source was an arc basalt. In the case of a post-collision environment, the dominant
contribution to the (incompatible) trace elements budget is the pre-existing continental crust, whose
bulk composition is similar to arc rocks (Rudnick and Gao, 2003).

Secondly, many trace elements (REE in particular) are controlled primarily by accessory minerals in
felsic melts (Bea et al., 1996). Although the nature of the minerals may differ (monazite in
peraluminous magmas vs. allanite in metaluminous ones), the net result is that the REE budget reflects
primarily equilibrium with accessory minerals, and preserves little information on the source or the

major minerals.

Therefore, within the natural scatter of statistically representative datasets, there are no reasons for arc

magmas to be strikingly distinct from late-collision rocks in terms of their trace elements composition.

3.3 U—Pb and Hf isotopes in zircons

The Hf isotope-age patterns in zircons are in sharp contrast between convergent plate margins and
sites of continental collision. Crust-derived granites of the FMC show a sizeable proportion of
inherited zircons (ca. 35% in average, but up to 50-75% for the MPG and Velay heterogeneous
granites). In some samples, no magmatic grains were found, and only small rims may be interpreted as
magmatic (Couzinié et al., 2014; Laurent et al. 2015). On the other hand, KCG (and vaugnerites:
Couzinié et al., 2014, 2015a, 2015b) contain mostly magmatic grains, with no, or very rare,
inheritance. A similar pattern is found in all Kohistan granitoids (Bouilhol et al., 2013), and associated
mafic rocks (Bosch et al., 2011). However, whereas all Kohistan granitoids feature a juvenile (ex(t) =
+10) isotopic signature, all granitoids of the FMC, comprising crust-derived granitoids (MPG, CPG,
Velay) as well as mantle-derived KCG and vaugnerites reveal exclusively chondritic to subchondritic

Hf isotopic compositions (Fig. 12).

Therefore, the combination of the age (inheritance) and isotopic (DM vs. crust like) patterns, taken
together, offer a very potent means to discriminate between the two kinds of environments, and
confirm the petrological and geochemical observations. Specifically, the age (inheritance) patterns
allow to distinguish between dominant sources (crust vs. mantle), whereas the Hf isotopic patterns

discriminate between the type of mantle involved, and thus to some degree between geodynamic sites.

In terms of crustal petrogenetic processes, we demonstrated that both Kohistan granitoids and KCG
correspond to similar petrogenetic process, namely differentiation of mantle-derived material,

although the latter has different characteristics in the two settings. The contrasting eng(t) patterns



indicate that in the case of the Kohistan, new (mantle-sourced) Hf was added to the crust; whereas in
the FMC, new material was added, but no (or very little) new Hf. This mainly reflects the fact that the
Kohistan granitoids were generated in an oceanic island arc, away from any pre-existing continent,
whereas the KCG of the eastern FMC formed within an already mature continental environment, such
that the whole Hf budget is controlled by non-radiogenic Hf, due to subduction of materials derived
from the existing crust (Laurent and Zeh, 2015; Couzinié et al., 2015a, 2015b). Furthermore, the

generation of KCG, as proposed above, might also involve mixing with MPG and CPG.

4 Discussion

4.1 Bimodal magmatism: a hallmark of delamination in late-collisional environments
Granites in the FMC are mostly post collisional tectonic, cutting across previous structures, and have a
dual origin. On one hand, the majority of granites (MPG and CPG, including Velay) correspond to
partial melting of preexisting crust. On the other hand, KCG are ultimately formed by differentiation
of mantle-derived melts (vaugnerites). Like in other collisional settings of different age worldwide
(Bonin 2004; Corfu 2004; Clemens et al. 2009; Frost et al. 2001; Laurent et al. 2014b; Liégeois et al.
1998, etc.), this points to a late-collisional magmatic activity dominated by concurrent melting of both
the crust and the mantle (though this mantle has peculiar properties).

This association is distinctive from pre-collision (or subduction) related magmatism, on one hand,
which is dominated by mantle-derived magmatism (cf. part 3 above); and from early or peak collision
magmatism (Debon et al.1987; Inger and Harris, 1993; Searle et al., 2010) that is the result of (nearly)

pure crustal melting.

Correct interpretation of this environment is critical to tectonic reconstructions. The KCG in particular
(or comparable granites in the Variscan belt or worldwide) can easily be misinterpreted: they may be
regarded as late-subduction magmas, perhaps contaminated by the crust, or as purely crustal, syn-
collision melts (both models accounting for their isotopic signatures, but failing to reproduce their
whole-rock geochemistry). Rather, we demonstrate that the key feature is the whole association,
including the crustal melts together with the very specific Mg-K magmatism (Scarrow et al., 2009;
Scarrow et al., 2011).

Coeval melting of the crust and the mantle is favored in a convergence context with concomitant
crustal thickening by tectonic accretion and thinning of the lithospheric mantle owing to slab retreat
(Vanderhaeghe and Duchéne, 2010). In the case of the FMC, the evidence is summarized in
Vanderhaeghe et al. (2014), including geochronological (Laurent et al., 2015), geophysical (Averbuch
and Piromallo, 2012) and paleo-ecological (Becg-Giraudon et al., 1996) arguments. The increase in

temperature affecting the orogenic crust leads to partial melting triggering the development of an



orogenic plateau and eventually controlling gravitational collapse of the Variscan belt. Importantly,
there is a notable difference between the Eastern part of the FMC, which has been affected by slab
removal, and the Western part, that was not. (Averbuch and Piromallo, 2012). The late, bimodal
association we describe here occurs in the E-FMC but not in the West (Limousin), where vaugnerites,
KCG granites and large, late migmatitic core complexes are missing (Vanderhaeghe et al., 2014).
Likewise, the Eastern part of the FMC is marked by quick uplift and exhumation of deep rocks (e.g.
clasts of Velay granite in nearly co-eval sedimentary basins; hypovolcanic granites cutting across

migmatites of same U—Pb age [Didier et al. 2013]) that is not documented in the Limousin.

The pervasive melting associated with delamination promotes the transfer of incompatible heat
producing elements towards the surface, and helps in creating a thermally stable crust. Melting of the
underlying orogenic mantle (forming vaugnerites) does at the same time strip the mantle from its
incompatible elements, helping in the formation of a depleted, refractory mantle root. Collectively,
delamination and its associated magmatic processes therefore appear as a key element in the

termination of orogenic systems and the generation of a stable lithosphere.

4.2 Earth’s main granite forming systems — a tectono-thermal point of view
The two systems described in this contribution represent end-members of a range of possible tectonic
environments. They provide therefore valuable insights on the way granites are formed along

convergent plate boundaries, and allow to speculate on possible intermediate scenarios.

A useful framework to that effect is discussed in Vanderhaeghe and Duchéne (2010). Plate
convergence is accommodated by subduction of part of the lithosphere. Two key parameters control
end-member scenarios for the structures developed in these environments: (i) coupling vs. decoupling
of the crust from the downgoing plate. If the crust is fully coupled to the lithospheric mantle, the
system is a subduction zone (oceanic or continental); if the crust and the mantle are decoupled,
tectonic accretion of the crust leads to the development of an orogenic wedge. (ii) advance or retreat of
the slab. Slab advance promotes thickening of the upper plate (crust and lithospheric mantle) whereas

slab retreat results in thinning of the lithospheric mantle of the upper plate.

Situations of crust-mantle coupling result in burial of hydrated rocks from the surface, and thus
promote partial fluxed melting of the mantle wedge. On the other hand, slab retreat (and associated
lithosphere thinning) will cause asthenospheric upwelling beneath the overriding plate. Combined
crust-mantle decoupling and slab retreat results in thickening of the crust and thinning of the
lithospheric mantle. Therefore, the 4 scenarios identified by Vanderhaeghe and Duchéne (2010) will

result in contrasting granitic systems (Fig. 13a):



e Case A (crust-mantle coupling and slab advance; Al with oceanic crust, A2 with continental
crust) will generate relatively cold environment in the upper plate owing to thickening of the
lithospheric mantle, and strong influx of water into the mantle caused by subduction. This will
result in the generation of large volumes of melts in the mantle (that may then differentiate
into granites), but no or limited crustal melting as the only heat in the system is brought in by
the magmas from the subduction (Annen et al., 2006). The Kohistan is a good example of
such scenarios.

e Case B (decoupling and slab advance) is less favorable to water addition to the mantle, neither
does it allow large-scale melting of the crust. The resulting margin will have very little
magmatic activity associated with it. This scenario is usually designated as indentation, with
classical examples associated with the India—Eurasia collision.

e Case C (coupling and slab retreat; C1 and C2) generates high geothermal gradients in the
upper plate, as well as important water flux into the mantle. As a result, large amounts of both
crust and mantle melts can be generated. This scenario might apply to zones of continental
subduction such as invoked for the Pyrenees (Vanderhaeghe and Grabkowiak, 2014) or for the
Western Gneiss region in the Caledonides in Norway (Labrousse et al., 2011).

e Case D (decoupling and slab retreat) is the scenario the most favorable to crustal melting, as it
generates thick, hot crustal environments in the overriding plate. Mantle melting is however
less likely, at least in this steady-state situation. In absence of enrichment of the overriding
plate by the subducted slab, the lithospheric mantle in the upper plate is less prone to melt,
although decompression melting of the (less fertile) asthenosphere remains possible. The
Aegean, with migmatites and a variety of magmatic rocks encompassing tholeiitic basalts,
calc-alkaline granites and peraluminous leucogranites emplaced in the upper plate of the
southward retreating Hellenic slab, is probably the best example of such a scenario
(Vanderhaeghe, 2004; PePiper and PePiper, 2006; Kruckenberg et al., 2011; Menant et al.,
2016). Another example is the Songpan Ganze terrane in the central part of Tibet, which
corresponds to a huge accretionary wedge made of turbidites intruded by a alkaline, calc-

alkaline and peraluminous granitoids (de Sigoyer et al., 2014).

None of these situations is, however, steady-state, and the influence of the pre-existing situation is
critical. Old subduction zones (coupling of the crust to the down-going mantle slab) allow the
introduction of crustal material in the mantle, and make it more prone to subsequent melting.
Thickening of the heat-producing crust (slab advance or crust-mantle decoupling) allows heat
accumulation (England and Thompson, 1984). Fig. 13(b and c) outline two possible evolving
situations. (b) features a classical subduction—collision cycle, with an initially advancing and coupled
plate boundary with a subduction and the development of a magmatic arc; followed by collision

(decoupling of the crust) and little magmatic activity; and eventually slab retreat (similar to the FMC



described here). During the first stage, subduction promotes mantle enrichment; during the second
stage, crustal thickening favors crustal heating, such that the final stage results in abundant
magmatism, derived both from the crust and the mantle. (c) is an example of an active continental
margin with alternating phases of slab advance and slab retreat (Collins, 2002; DeCelles et al., 2009),
over a well-coupled (oceanic) crust. In this scenario, the mantle flux is important throughout. Crustal
thickening during the advancing stages favors melting during the retreating periods.

Obviously, many other scenarios are possible. However, the end-members described here provide a

conceptual framework to discuss their evolution.
4.3 Contributions to crustal growth

4.3.1 Crustal growth in late orogenic sites

The Variscan FMC is a crustal segment dominated by granitic magmatism. A large portion of those
granites (MPG and CPG, Velay included) is however purely, or mostly of crustal origin and
correspond to crustal recycling, but not to crustal growth. On the other hand, the KCG granites reflect
addition of new material to the crust since they derive from fractionation of mantle-derived material.
Hereafter, we consider that this process is the hallmark of new crust formation, because it results in net
growth of the crustal volume from input of mantle-derived material, regardless of the isotopic
signature of the latter (Couzinié et al., 2015a, 2015b). This is a key point, since as we discussed here,
the isotopic signature of the KCG is similar to the regional crust. As a result, a purely isotopic
approach would regard these rocks are plain reworking, and totally ignore their contribution to crustal
growth.

In the case of the KCG magmatism, it is clear that most of the Hf (or the Nd, and probably part of the
Sr) ultimately comes from the crust — it has been carried into the mantle, and from there to vaugneritic
melts and to granites and eventually back to the crust (Couzinié et al. 2015a, 2015b). There is,
therefore, no significant addition of new Hf (and other incompatible elements) to the crust through this
process, and most of the Hf in the KCG is old, crustal Hf. On the other hand, all or most of the
compatible elements (Mg, Fe, Ni, Cr, etc.) in the vaugnerites, and hence in the KCG, are of mantle
origin: they have never been involved in a crust extraction-reworking cycle, in contrary to the
incompatible elements. There is, as a result, addition of large amounts of these elements to the crust.
Mass balance calculations (Couzinié et al., 2015a, 2015b) demonstrate that 70 to 80 % of the bulk
mass of the FMC vaugnerites ultimately comes from the mantle, the old crust component accounting
for no more than 20—30 % of the mass. Considering that the KCG result from fractionation of
vaugnerites with only limited crustal contamination or mixing with crustal felsic melts, which is
besides supported by geochemical modelling on Archaean or Paleozoic analogues; (Fowler and
Henney, 1996; Laurent et al. 2013) and the major-element approach presented earlier on (section

2.4.1, Figs. 6 and 8), the KCGs (and vaugnerites) contribute significantly to crustal growth. This



crustal addition is actually totally invisible from an isotopic point of view, since the commonly used
isotopic tracers (Sr, Nd, Pb, Hf) are all incompatible elements and therefore fully controlled by the
relatively small proportion (<20%) of crustal component recycled into the mantle source (Couzinié et
al., 20153, 2015b).

This emphasizes the point that new additions to the crust cannot be defined from a sole isotopic
perspective. Here we have material that is not “juvenile”, from a pure isotopic point of view (i.e. its
signature is nowhere near the depleted mantle), but does nevertheless correspond to new crust
formation. We suggest that the opposite situation may occur, with purely crustal rocks having an
isotopic signal suggesting the involvement of an isotopically juvenile component. For instance,
peraluminous, two-mica or cordierite bearing S-type granites may contain zircons with a range of
isotopic compositions (Kemp et al. 2009), because they derive from an heterogeneous, and purely
crustal, meta-sedimentary source (Villaros et al. 2011).

At the scale of the FMC, KCG are by no means the dominant component but they represent a sizeable
amount nonetheless (Fig. 9): in terms of outcrop area, the KCG in the FMC represent ca. 3,500 km?
(out of a total outcrop surface of 14,000 km? of granites), i.e. about 25%. Granites, of course, make up
only one third to one half of the total Variscan outcrop. Combining these figures leads to an estimate
of ca. 75% (mass fraction of KCG having a mantle origin) x 25 % (proportion of KCG) x 30—50 %
(granite outcrop) = 5 to 10 % of juvenile material in the Variscan crust of the FMC. Applying similar
figures to the whole of the Variscan belt, where comparable distribution of granitic types are observed
(Finger et al., 1997; Janousek et al., 2000; Scarrow et al., 2009; Raumer et al., 2013), corresponds to

large volumes of crustal addition,.

4.3.2  From juvenile rocks to long-term additions to the crust

The fact that new crust is extracted from the mantle at a given time does not necessarily mean that it
will become a long term addition to the continental crust (Hawkesworth et al. 2009; Cawood et al.
2013). For instance oceanic arcs (such as the Kohistan) are dominated by juvenile rocks, recently
extracted from the mantle. However, this does not necessarily translate in long-term crustal growth,
because they also are likely to be recycled into the mantle since those environments have poor
preservation potential in the geological record (Hawkesworth et al., 2010). This has been for instance
recently documented in the Grenville orogeny, where syn-orogenic zircon populations record Hf
isotope—age patterns corresponding to the activity of pre-collision arc complexes that are poorly
represented in the geological record (Spencer et al., 2015). Likewise, in recent arc settings such as
Japan (Isozaki et al., 2010), the study of sedimentary rocks with different deposition ages showed a
progressive consumption of successive arc sequences through time by subduction erosion (Stern,
2011). In this perspective, oceanic (or continental) arcs only become permanent additions to the crust

if they are accreted against continental masses, which happens in (accretionary) orogens, and



subsequently isolated from further recycling during a collisional orogeny (Condie et al., 2011). In
complete contrast, continental collision (and post-collision) sites may be sites of lesser voluminous
juvenile magmatism (<10% of the bulk continental mass, on the basis of the FMC example), but the
magmas formed in these sites have a very high preservation potential and therefore readily become
permanent additions to the continental crust.

A main consequence of this preservation problem is that at the scale of whole orogenic belts (e.g. the
Variscan and the Himalayan belts), both systems result in comparable volumes of new addition to the
crust. Indeed, whereas the bulk of the mass of Kohistan granitoids is mantle-derived, supra-subduction
complexes represent no more than ca. 10% the area of the Himalayan belt (Fig. 9), which is a
minimum since some subduction-related material may have been incorporated in pre-orogenic
sedimentary sequences subsequently trapped in the collisional belt. In contrast, the Variscan KCG are
not the most widespread rock type in the whole orogenic system and are not purely mantle-derived —
but they are found throughout the belt, from Spain to the Bohemian Massif (and also in Western Alps,
Corsica, Cornwall, etc.) and thus would roughly account for 5 to 10 % of juvenile material in the bulk
Variscan crust. This value is also a minimum, since small volumes of magmas related to the waning
stages of subduction prior to continental collision proper are present in the MCF, as late Devonian
gabbro-tonalite-granodiorite, amphibole-bearing calc-alkaline plutons (“ACG” in the classification of
Barbarin,1999) especially in the Limousin area (Bernard-Griffiths et al., 1985; Pin and Paquette,
2002). Those would also represent new additions to the crustal volume, yet their very subordinate
importance in terms of surface (< 2 % of the exposure in the FMC, nearly none in the Eastern FMC)
clearly shows that only the final stages of subduction-related magmatism is captured in collisional
belts.

In essence, in the Variscan belt, crustal growth is a result of relatively small volumes of mantle
derived rocks in a given area, but present throughout the belt and preserved as such. In the Himalayas,
the same result is achieved by addition of a handful of purely mantle-derived, small complexes that
happened to be preserved and accreted against Asia. The two models are, of course, to be considered
as end-member situations in a larger range of scenarios involving diverse proportions of tectonic
accretion (and subsequent reworking) vs. magmatic additions from the mantle. However, the key point

is that both appear to contribute to long-term crustal growth at the same order of magnitude.

Although this is beyond the scope of this paper, we note that all these issues are further exacerbated
when dealing with detrital zircons (for which the petrological context is lost). We demonstrated here
that there is no simple way to link an isotopic (Hf, or even O — Couzinié et al. 2015a, 2015b) signature
to reworking vs. crustal additions, and that the fact that a magma was extracted from the mantle (and
thus potentially sampled in the detrital record) is no proof that it became a long-term component of the

crust. This comes on top of the well-known issue of “zircon fertility” (different types of magma will



crystalize different amounts of zircons, such as the proportion of zircon crystalized does not correlate
to the volume of rock formed: Cawood et al. 2013). Collectively, all these issues cast serious doubt on
the validity of crustal growth models based on out-of-context zircons.

4.4  Archaean crustal growth

Depending on the preferred model, 50 to 100% of the volume of the continental crust was extracted
from the mantle during the Archaean (Belousova et al., 2010; Roberts and Spencer, 2014; Taylor and
McLennan, 1995; Hawkesworth et al., 2010; Dhuime et al., 2011). However, the (geodynamic)
processes operating on the Archaean Earth are not known, and may well have been largely different
from those operating today (Hamilton, 1998; Stern, 2008; Bédard et al., 2012). It is therefore difficult

or impossible to simply apply models derived on the modern Earth to the Archaean situation.

It has long been recognized that the dominant component of the Archaean crust is a suite of granitoids
(tonalite, trondhjemites and granodiorites), collectively referred to as the TTG suite (Martin, 1994;
Moyen and Martin, 2012). Therefore the debate on the genesis of the Archaean crust is largely
superposed to the discussion on the petrogenesis of TTGs.

Three main models (or families of models) are proposed for the origin of TTGs and Archaean crustal
growth:

0] Fractionation of arc basalt into tonalites. This model is mostly implicit, a result from
extending models for modern-day crustal growth in arcs into the Archaean (Hawkesworth
et al., 2010; Arndt, 2013). However, some petrological studies (Kamber et al., 2002;
Kleinhanns et al., 2003) apply this model to individual Archaean suites; or to comparable
modern rocks (Davidson et al., 2007; Jagoutz et al., 2011).

(i) Melting of metabasalts. This is probably the dominant petrogenetic model for the
formation of the TTG suite (see review in Moyen and Martin, 2012), and comes in two
geotectonic flavours:

a. Melting of a hot, subducted slab (i.e. the “adakitic model”), as described for instance
in Martin (1986) and many subsequent publications. In this model, the hotter
Archaean mantle is responsible for melting (rather than dehydration) of (meta)basalts
in subducted slabs; the Archaean arc magmatism is therefore TTG in nature.

b. Melting at the base of a thick oceanic crust (or basaltic plateau) (e.g. Van Kranendonk
et al., 2007), or delaminated portions below a plateau (Bédard, 2006). This model is
primarily supported by the lack of clear arc-related features (thrust and fold belts, HP-
LT metamorphism, tectonic mélange, etc.) in the Archaean geology (Hamilton, 1998;
Hamilton, 2003). Its main petrological shortcoming is the difficulty to supply enough

water to deep crustal zones without some kind of subduction.



To a point, the paradigm of subduction-related crustal growth did influence the models for the
petrogenesis of the Archaean juvenile crust and other alternatives have been less explored. In the light
of the discussion of this paper, we speculate on an alternative, and wish to explore the possibility that
TTGs (or at least some of them) formed in an environment dominated by partial melting of pre-
existing crustal lithologies.

We first apply the logic developed in this paper to discuss the source of TTGs. Their major elements
characteristics (Fig. 14) require a source (Na-rich basalts) distinct from arc basalts, as they plot with
positive slopes in Shand diagram and negative slopes in the triangular projection developed in this
work, unlike the Kohistan granitoids (see Fig. 10). The source of Archaean TTGs is increasingly
recognized as being an enriched basalt in elemental and isotopic terms (Adam et al., 2012; Nagel et
al., 2012; Martin et al., 2014): not MORBs, but more closely related to material sourced from a
deeper, primitive mantle (Guitreau et al., 2012). It is also well-known that O-isotopes in zircons show
a marked increase at ca. 2.5 Ga, interpreted as reflecting the increasing role of crustal recycling in the
genesis of granitoids (Valley et al., 2005). However, even much before 2.5 Ga, typical 80 values in
zircons (from TTGs) are between +6 and +7, clearly above the mantle value (+5.3) and in good
agreement with recycling of surface-weathered material (Zeh et al., 2014). This is in agreement with
experiments as the only experimental starting materials that does produce TTG-like melts (Fig. 5; Fig.

14) corresponds to alkali (sodium) rich basalts, similar to seafloor altered rocks (Zamora, 2000).

All these features do not resemble modern subduction-related environments. In addition, there is little
in the geological record that allows linking TTGs to fractionating mafic melts. Arc-like mafic rocks
are rare in the Archaean, and in any case mafic rocks are rarely coeval with TTGs. Full differentiation
series, Kohistan-style, are lacking from the Archaean record. Finally, geodynamic modelling shows
that subduction was probably not as stable in the Archaean as it presently is, owing to higher mantle

temperatures (Sizova et al., 2010; Moyen and van Hunen, 2012; van Hunen and Moyen, 2012).

Recent numerical modelling of Archaean geodynamics (Sizova et al., 2014) provides a valuable
tectonic framework, and alternative petrogenetic model. In this model, an early basaltic crust forms at
the top of the mantle, and stays at the surface, in contact with the hydrosphere, for long periods of
time. Periodically, this proto-crust is resurfaced by new mafic flows or intrusions. When the proto-
crust becomes too thick, its dense base can delaminate and sink into the mantle; as the system cools
down and becomes more rigid, the delamination systems evolve into increasingly stable zones of
crustal burial, similar to subduction zones, and with a limited, but increasing, potential to drive
horizontal mobility (Moyen and van Hunen, 2012) and promote collisions initially between thick

segments of the mafic crust, then felsic continental nuclei.

TTGs may form in different places in this system: (i) in the proto-collision zones, through the burial

and exhumation of hydrated mafic rocks; (ii) over delamination zones, via a heating mechanism not



unlike the one described in this paper for the FMC; (iii) in delaminated (or proto-subduction zone)
units themselves, as they are buried in the mantle (Bédard, 2006). An implication of this model is that
melting will occur at different depths, matching the observations of Moyen (2011) on the existence of
several distinct TTG suites formed by melting at different depths.

Consequently, we speculate that Archaean TTGs resulted from reworking of an earlier (altered)
basaltic protocrust, through a range of processes including delamination, proto-subductions (Martin,
1986) and proto-collisions (Chardon et al., 2009). In this view, they do not contribute to short-term
crustal growth (as they all derived from a long-lived mafic protocrust); but they permit the
stabilization of crustal nuclei and the long-term preservation, within the crust, of part of the material
originally extracted into the mafic protocrust (Laurent and Zeh, 2015). Arc-like granitoids do occur in
the Archaean record, but typically late in the evolution of a given crustal segment, when the cratonic
lithosphere was mature enough to allow stable subduction beneath it (Laurent et al., 2014a; Laurent
and Zeh, 2015).

5 Conclusions

Both supra-subduction arcs and late-orogenic domains are sites where large volumes of granitic
magmas are formed. These two environments correspond to fundamentally different situations; arc
crust forms by differentiation of mafic melts, and the heat available is restricted to what is advected by
the melts. The post-orogenic crust is a very hot system, permitting large-scale crustal melting, and
granite formation chiefly by melting of the preexisting crust. The hallmark of such late-orogenic sites
is a bimodal magmatic activity with the formation of (i) crust-derived granites, either at relatively low
temperatures (water present or muscovite breakdown) in lithologies that permit it; or at higher
temperatures (biotite breakdown) otherwise. These granites are extracted from a middle to lower
crustal partially molten zone (that is locally exposed, in core complex structures, via late-orogenic
extensional processes). (ii) mantle-derived Mg-K mafic melts, that evolve into granitoids either
through crystallization or melting of recently underplated bodies; the source of these melts is a mantle

contaminated by crustal material (introduced during preceding subduction?).

The petrological difference between both sites is a result of contrasting geodynamic environments.
Magmatic arcs correspond to strong coupling of the crust with the downgoing slab, favoring the
transport of water to mantle depth, and its release triggering mantle melting. In contrast late-orogenic
environments reflect retreating plates and lithosphere thinning. Such sites are particularly efficient at
forming granites if the slab retreat occurs after a full orogenic cycle involving crustal thickening and
mantle enrichment. In such situations however, the amount of melt introduced in the crust from the

mantle is significant, such that these sites are an important contributor to crustal growth.



In the Archaean, the difficulty to support long-lived, stable subduction would hinder the development
of mature advancing arc systems. The episodic subduction style, that is probably typical from the
Archaean Earth, would result in much more common slab retreat, and limited coupling between the
subducting slab(s) and the mantle. Consequently, we propose that large portions of the Archaean TTG

crust were derived by reworking of an altered mafic protocrust, in a range of tectonic environments.
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Figure captions

Figure 1. (a) location map and (b) simplified geological map of the Eastern French Massif Central
(FMC). Redrawn after 1/1 000 000 scale geological map of France (Chantraine et al., 1996), and
Laurent et al. (2015). Colored symbols (with sample references) show the location of samples for

which Hf isotopes in zircons were analyzed.

Figure 2. Major element properties (focussing on aluminosity) of E-FMC granitoids. (a—c) A/CNK
vs. A/NK diagram (Shand, 1943) [molar Al/Ca+Na+K vs. Al/Na+K]; (b) and (c) are close-ups on the
granite portion of (a). (b): MPG and CPG (including Velay and Margeride varieties); (c): KCG,
Vaugnerites and microgranular mafic enclaves. (d—f): B—A diagrams (Debon and Lefort, 1983;
Villaseca et al., 1998). A: molar Al-(K+Na+2Ca), B=molar Fe+Mg+Ti. (d): MPG; (e): CPG
(including Margeride and Velay); (f): KCG, vaugnerites and enclaves. Larger symbols correspond to

sample analyzed for Hf isotopes. The full dataset is available as Supplementary Electronic item SE1.

Figure 3. REE patterns (Nakamura, 1974) for the 4 type of granitoids described here, plus vaugnerites.

Larger symbols correspond to samples analyzed for Hf isotopes. Symbols as in Fig. 2.

Figure 4. g(t) vs. age for all analyzed zircons in the FMC (inherited and magmatic). Symbols as in
Fig. 2. Error bars on Y are 2c; errors on X are typically smaller than the symbols. An evolution line
for a reservoir having *"°Lu/*""Hf is indicated, as well as the field of vaugnerites zircons from Couzinié
et al. (2015a, 2015b) (C’16).

Figure 5. Compositions of experimental liquids (SiO, > 62%), projected from biotite onto the Ca+Al —
3Al + 2(Na+K) — Al+(Na+K) plane. This figure is similar to Figure A4.6 (SE4), except that the
compositions here are filtered for SiO,. Colors correspond to the composition of the source
(experimental starting material) of each glass, see SE4 for further details. This diagram is projected
from H,O (and quartz, biotite, and minor components), consequently the compositions are effectively

normalized to a common total.

Figure 6. Composition of FMC granites, projected from biotite onto the Ca+Al — 3Al + 2(Na+K) —
Al+(Na+K) plane. Colored arrows on each panel show the main trend defined by the other types of
FMC granites for reference (yellow: MPG, red: CPG, orange: Velay, Purple: KCG). The dashed
purple line in (c) (“Vgn.”) illustrates the evolution of vaugnerites, although this projection is not suited

for such mafic compositions.

Figure 7. Compilation of Sr-Nd isotopic data for various rocks of the FMC. All initial values are
recalculated at 315 Ma, corresponding to the average emplacement age of the granitoids. For many
samples, either Sr or Nd isotopes are available, but not both; therefore the data is plotted in gnq(t) vs.
87Sr/86Sr; diagram (a, middle) when data for both system are available; or in Sr vs. 87Sr/86Sr; (b) and



in enqg(t) vs. Nd (c) when only one isotopic system was analysed. The full dataset is available as
supplementary item SE5. Symbols for Eastern FMC granites (and vaugnerites) are same as Fig. 2; for
Limousin (Western FMC) they are smaller and duller. Brown and green field correspond to the range
of isotopic compositions (at 315 Ma) of ortho and paragneisses, including both Eastern and Western
FMC samples. Thick grey lines correspond to CHUR values. The whole database is available as

Supplementary Electronic item SE5.

Figure 8. Potential sources of FMC granitoids, compared to experimental sources yielding liquids of
contrasting compositions (cf. Fig. 5 and SE4). The light colored background fields show the range of
experimental starting materials; the “pink” experimental sources produce liquids similar to KCG, the
green sources yield liquids comparable to MPG and the orange sources form liquids close to CPG. The
dots correspond to actual FMC rocks that are potential sources for the granites. Blue triangles are
vaugnerites, associated with KCG and whose composition is similar to the material required as a
source for KCG. Brown circles and diamonds correspond to orthogneisses and leucogneisses
(“Leptynites”, locally; Barbey et al., 2015), similar to the required CPG source. Green crosses
correspond to paragneisses or their low-grade equivalents (Cévennes schists), that resemble the source
able to form MPG. (a) Total alkali vs. silica (TAS) diagram of Le Bas et al. (1986); (b) CaO vs. Al,Og;
(¢) MFW diagram of Ohta and Arai (2007). This diagram is designed to show the effects of
differentiation and alteration on mafic rocks, by combining several indicators. M corresponds to mafic

rocks, F to felsic rocks and W to weathered compositions:

M=-0.395x1In(Si0,)+0.206XIn(TiO,)—0.316xIn(Al,03)+0.160xIn(Fe,03)+0.246xIn(Mg0O)+0.368xIn(
Ca0")+0.073xIn(Na,;0)~0.342xIn(K,0)+2.266

F=0.191xIn(Si0,)~0.397xIn(Ti0,)+0.020xIn(Al,03)—0.375xIn(Fe,03)—0.243xIn(Mg0)+0.079xIn(Ca
0")+0.392xIn(Na,0)+0.333xIn(K,0)—0.892

W=0.203xIn(Si0,)+0.191xIn(TiO,)+0.296xIn(Al,05)+0.215xIn(Fe,05)—0.002xIn(MgO)—0.448xIn(C
a0")—0.464xIn(Na,0)+0.008xIn(K,0)—1.374

Where CaO” denotes CaO corrected for apatite and carbonates.

Figure 9. Location map (a, redrawn from Bouilhol et al., 2013) and geological map (b, redrawn from
Jagoutz et al., 2011) of the Kohistan arc. The FMC (c) and the whole Variscan belt (d) are shown at
the same scale for comparison purpose (for caption of panel c, see Figure 1, also note that this map

has been simplified).

Figure 10. Major elements geochemistry of the Kohistan batholith (Dhuime et al., 2009; Jagoutz et al.,
2009; Jagoutz, 2010; Bouilhol et al., 2011), compared to FMC granitoids (colored fields/arrows, same

color code as Fig. 2 and Fig. 6, except in panel (a) where the pink field encompasses all FMC



granites). (a) A/CNK vs. A/NK diagram (Shand, 1943) [molar Al/Ca+Na+K vs. Al/Na+K]; (b): B—A
diagrams (Debon and Lefort, 1983; Villaseca et al., 1998). A: molar Al-(K+Na+2Ca), B=molar
Fe+Mg+Ti; (c) projection from biotite onto the Ca+Al — 3Al + 2(Na+K) — Al+(Na+K) plane; (d) SiO2
vs. mg# [molar Mg/(Mg+Fe)x100].

Figure 11. Ree patterns (Nakamura, 1974) for the Kohistan batholith. Same dataset as fig. 10. Fields in
background correspond to FMC granitoids.

Figure 12. Zircon U—Pb (left, a—c), eus(t) (middle, d—f) and T vs. gx(t) (right, g—i) patterns for
FMC and Kobhistan granitoids. (a), (d) and (g): FMC “crustal” granitoids (CPG including Velay and
MPG) (Couzinié et al., 2014; Laurent et al. 2015); (b), (e) and (h): FMC KCG (Couzinié et al., 2014;
Laurent et al. 2015); (c), (f) and (i): Kohistan batholith (Bosch et al., 2011; Bouilhol et al., 2013). For
U—Pb age histograms, only spots > 90% concordant were considered. For Hf, only magmatic zircons
were kept. In diagrams a—f, both the histograms (bars) and the probability density function (pdf,
curves) are shown; pdf were calculated using a kernel density estimate as implemented in R (Venables
and Ripley, 2002), i.e. with a gaussian kernel and a bandwidth defined using the method in Silverman
(1986). Grey bars in (d—f) correspond to the CHUR and the depleted mantle (DM) at the relevant age
(Griffin et al., 2000). The same DM evolution model appears in (g—i). Note that the time scales in

(a—c) and (g—i) are offset so that the emplacement ages are aligned.

Figure 13. End-member scenarios for granite genesis at convergent plate boundaries. (a) Convergent
plate boundaries can be classified according to two criteria (Vanderhaeghe and Duchene, 2010), the
coupling (or decoupling) between the crust and the mantle and the advancing or retreating nature of
the system. Coupled systems (A and C) can include either oceanic (blue, A1 & C1) or continental
(pink, A2 & C2) crust. Decoupled systems (B and D) are depicted only with continental crust. (b)
Evolution of a subduction—collision—collapse orogeny in this system. Early subduction enriches the
mantle (blue star) and favors future mantle melting during late collapse/delamination. Early thickening
favors future melting during the collapse stage (yellow star). (c) Evolution of a continental arc with
alternating phases of slab advance and retreat. The mantle flux remains high, but slab advance periods
result in crustal thickening (yellow star) and mantle enrichment (blue), that will promote melting from

these two sources during retreat phases.

Figure 14. Major elements geochemistry of an example of TTG suite (the ca. 3.45 Ga Stolzburg
pluton, Barberton granite-greenstone terrain of South Africa: Moyen et al., 2007), using the same
diagrams as Fig. 10. The colored arrows/fields represent the composition of FMC (colors as in Fig. 2)

or Kohistan (blue) granitoids.
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Abstract

Earth’s continental crust is dominantly made of buoyant, felsic igneous material (granitoids), that
were ultimately extracted from the mantle as a result of Earth’s differentiation. Since felsic melts are
not in chemical equilibrium with the mantle, they can originate either from melting of older crustal
lithologies, or from differentiation of a primitive mantle melt; only the latter case will contribute to
crustal growth. To understand the mechanisms of continental crust growth and differentiation
through time, it is therefore necessary to unravel the respective contribution of these two different
mechanisms in the genesis of granitoid suites. In modern Earth, granitoids are chiefly generated in
convergent plate boundaries (subduction and collision). This paper examines the granitic suites in a
late-collision environment, the Variscan French Massif Central (FMC), and compares them with the
suites found in an oceanic arc. We therefore describe, and compare, two end-members sites of
granite generation.

In the FMC, several main types of granites are described. Muscovite and Cordierite bearing
Peraluminous Granites (resp. MPG and CPG) contain large amounts of inherited zircons, and their
chemistry demonstrates that their sources were older crustal material (resp. metasediments and
metaigneous). On the other hand, Potassic Calc-alkaline Granites (KCG), associated to potassic
diorites (vaugnerites) do not contain inherited zircons, and ultimately derive from the vaugnerites.
The vaugnerites in turns form by partial melting of a mantle contaminated by the regional crust.
Therefore, although they are isotopically similar to the crust, the KCG are net contributors to crustal
growth. Thus we conclude that although late-orogenic settings are dominated by crustal melting and
recycling, they may be sites of net crustal growth, even though this is not visible from isotopes only.
In contrast, arc granitoids are purely or almost purely mantle derived. However, the preservation
potential of arcs is much smaller than the preservation of late-orogenic domains, such that at the
scale of a whole orogenic belt, late-orogenic magmatism is probably as important as arc magmatism.

Finally, we speculate that the situation may have been similar in the Archaean, or even more skewed
towards late-orogenic sites (or similar environments, dominated by melting of a altered mafic
protocrust), owing to the hotter mantle and less stable subductions during that period.



Highlights :

- We describe the different granite types in a late collision environment, the Variscan French Massif
Central (FMC).

- Besides abundant crustal melts, some granites are ultimately mantle-derived. However their
isotopic properties are fully controlled by small amounts of crustal recycling to the mantle.

- This demonstrates that late-collision sites are a significant environment for crustal growth; although
less efficient than supra-subduction arcs, they tend to be better preserved.

- We speculate that sites similar to late collision environments may be a realistic alternative to supra-
subduction arcs for Archaean crustal growth.



