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Abstract

Melt inclusions hosted in peritectic minerals of migmatites represent a novel and
powerful small-scale tool to investigate the anatexis of the continental crust. In this
thesis, taking advantage of a new experimental approach developed during this work, a
combined study of classical petrology and melt inclusions in migmatites was performed
to characterize in detail the composition and the physical properties of anatectic melts,
the fluid regimes, and the melting mechanisms and conditions during the anatexis of the
metasedimentary crust located below the Ronda peridotite (Betic Cordillera, S Spain).
Here, the tectonic emplacement of mantle rocks within the continental crust produced
high-temperature metamorphism and partial melting in the underlying metasedimentary
rocks. The investigated migmatites are quartzo-feldspathic metatexites located towards
the base of the crustal sequence and quartzo-feldspathic mylonitic migmatites found
close to the contact with the peridotite.

The petrologic study was made by petrographic observations, compositional
characterization of minerals and bulk rocks, conventional thermobarometry and
pseudosection calculations. The quartzo-feldspathic migmatites are mainly composed of
Qtz + P1 + Kfs + Bt + Sil + Grt and probably derived from a greywacke protolith.
Muscovite, very rare in the metatexites, is absent in the mylonites. Graphite is present in
all migmatites. The former presence of melt is recorded by melt inclusions and melt
pseudomorphs at the microscale, and by peraluminous leucogranitic leucosomes at the
mesoscale. The changes in phase compositions and modal contents from the metatexites
to the mylonites, along with thermobarometric calculations and pseudosection
modelling, are consistent with an increase of melting conditions and degree towards the
contact with the peridotite.

Melt inclusions have been found in peritectic garnets of the investigated quartzo-
feldspathic migmatites. A detailed study was carried out to characterize the
microstructural features of melt inclusions and their chemical composition by
microscope observation, FESEM imaging, piston cylinder experimental remelting,
Raman and EMP analyses. The inclusions are primary in origin and were trapped within

peritectic garnet during crystal growth. They are very small in size, mostly < 10 pm,



and typically show a well-developed negative crystal shape. Three types of inclusions
were identified: totally crystallized (nanogranites), partially crystallized and preserved
glassy inclusions. Crystallized melt inclusions contain a granitic phase assemblage with
quartz, feldspars and micas. In this study, a new approach for the experimental re-
homogenization of melt inclusions was developed, performing remelting experiments at
5 kbar pressure using a piston cylinder apparatus. At the minimum re-homogenization
temperature of 700 °C, most melt inclusions are completely re-homogenized.
Conversely, melt inclusions display decrepitation cracks and CO, bubbles when
remelted at higher experimental temperatures. For the first time, a pseudosection was
constructed using the bulk composition of the fully re-homogenized melt inclusions
from the metatexites. This approach constrained the melt entrapment at temperature
close to the minimum re-homogenization temperature (T ~700 °C). The composition of
those melt inclusions re-homogenized at 700 °C is comparable to that of preserved
glassy inclusions in the same rock. In general all the studied melt inclusions in the
migmatites and mylonites have peraluminous leucogranitic compositions. However,
inclusions in the mylonites (mostly glassy) display quite variable Na,O/K,O and have
lower primary H,O contents (1.0-2.6 wt%) than melt inclusions in the metatexites (3.1-
7.6 wt%).

Combining information from the melt inclusions and from the classical
petrology allowed a better understanding of the melting processes occurred in the
crustal sequence below the Ronda peridotite. The data collected in this study suggest
that the crustal melting at Ronda mainly occurred under H,O-undersaturated conditions
by the continuous Bt dehydration melting reaction and at temperatures that did not
exceed ~800 °C. In the metatexites, towards the base of the crustal sequence, crustal
anatexis likely started at the solidus (T ~700 °C) in presence of H,O-rich intergranular
fluids. The growing peritectic garnets entrapped melt droplets produced at slightly
different temperatures, whose composition was mainly diffusion-controlled. Melt
inclusions seem to record the evolution of melt composition during prograde anatexis.
Conversely, most of the peraluminous leucogranitic leucosomes are primary melts
produced at, or close to, the metamorphic peak. The anatectic melts at Ronda have

viscosity values greater than those commonly considered for granitic melts formed at



the same P-T conditions, implying much longer timescales for melt extraction and
ascent through the metasedimentary crust at Ronda, as well as much greater strength of

the migmatites.

The consistency of the collected compositional data along with the careful
multidisciplinary approach adopted in this research, indicate that melt inclusions in
peritectic minerals from migmatites represent a unique microstructure where anatexis is

recorded and can be characterized in sifu, in its earliest stage.



Riassunto

Le inclusioni di fuso silicatico in minerali peritettici di migamtiti rappresentano
un nuovo strumento a disposizione dei petrologi per studiare il processo di anatessi della
crosta continentale. Nel presente lavoro di tesi, grazie ad un nuovo approccio
sperimentale sviluppato durante questa ricerca, ¢ stato condotto uno studio combinato di
petrologia classica ed inclusioni di fuso silicatico in migmatiti, per caratterizzare in
dettaglio la composizione e le proprieta fisiche dei fusi anatettici, 1 regimi fluidi e le
condizioni € 1 meccanismi di fusione durante 1’anatessi della crosta meta sedimentaria,
che si trova al di sotto delle peridotiti di Ronda (Cordigliera Betica, Spagna
meridionale). In questa zona, I’impilamento tettonico di porzioni di mantello litosferico
al di sopra di successioni di crosta continentale ha prodotto un metamorfismo di alta
temperatura e innescato processi di fusione parziale nelle sottostanti rocce
metasedimentarie. Le migmatiti studiate sono costituite da metatessiti quarzo
feldspatiche, che affiorano verso la base delle sequenza crostale e da migmatiti
milonitiche quarzo feldspatiche presenti in prossimita del contatto con le peridotiti.

Lo studio petrologico ¢ stato condotto attraverso osservazioni petrografiche,
caratterizzazione composizionale dei minerali e delle rocce, termobarometria
convenzionale e pseudosezioni. Le migmatiti sono principalmente composte da Qtz + PI
+ Kfs + Bt + Sil + Grt e probabilmente derivano da grovacche. La muscovite ¢ rara
nelle metatessiti e scompare nelle miloniti. La grafite ¢ presente in tutte le rocce. La
presenza di fuso anatettico nelle rocce studiate ¢ testimoniata alla microscala da
inclusioni di fuso silicatico e dalle pseudomorfosi di minerali su originari film di fuso e
alla mesoscala da leucosomi leucogranitici peralluminosi. Le variazioni delle
composizioni dei minerali e dei contenuti modali, i risultati dei calcoli termobarometrici
e delle pseudosezioni indicano un aumento delle condizioni e del gradi di fusione dalla
base della sequenza crostale verso il contatto con le peridotiti.

Le inclusioni di fuso silicatico sono state rinvenute nei granati peritettici delle
migmatiti. La petrografia, le microstrutture e la composizione chimica delle inclusioni
sono state caratterizzate attraverso 1’uso del microscopio ottico e del microscopio

elettronico a scansione con sorgente ad emissione di campo (FESEM), la rifusione



sperimentale con piston cylinder e le analisi alla microsonda elettronica (EMP) e in
spettroscopia Raman. Le inclusioni di fuso silicatico hanno un’origine primaria e sono
state intrappolate durante la crescita del granato. Esse hanno dimensioni < 10 pm e
spesso mostrano un’evidente forma a cristallo negativo. All’interno dello stesso granato,
sono state individuate tre tipologie di inclusioni: completamente cristallizzate
(nanograniti), parzialmente cristallizzate ed inclusioni vetrose preservate. Le inclusioni
cristallizzate contengono una paragenesi mineralogica granitica caratterizzata da quarzo,
feldspati e miche. In questo lavoro di tesi ¢ stato sviluppato un nuovo approccio per la
riomogeneizzazione sperimentale delle inclusioni di fuso silicatico, effettuando
esperimenti di rifusione a 5 kbar di pressione con il piston cylinder. Alla temperatura
minima di rifusione di 700 °C, molte delle inclusioni nei granati sono completamente
riomogeneizzate. Le inclusioni invece sono decrepitate e contengono bolle di CO,
quando vengono rifuse a piu alta temperatura. Per la prima volta ¢ stata costruita una
pseudosezione utilizzando la composizione delle inclusioni completamente
riomogeneizzate presenti nella metatessite. La pseudosezione indica temperature di
intrappolamento del fuso silicatico molto vicine a quella minima di rifusione delle
inclusioni (T ~700 °C). La composizione delle inclusioni riomogeneizzate a 700 °C ¢
simile a quella delle inclusioni vetrose preservate nella stessa roccia. In generale, tutte le
inclusioni di fuso silicatico nelle metatessiti e nelle miloniti hanno composizioni
leucogranitche peralluminose. Tuttavia, molte delle inclusioni vetrose nella milonite
mostrano un rapporto Na,O/K,O variabile e hanno contenuti primari di H,O (1.0-2.6 wt
%) piu bassi delle inclusioni nella metatessite (3.1-7.6 wt%).

Una miglior comprensione dei processi di fusione si pud avere combinando le
informazioni ottenute dalle inclusioni di fuso silicatico e quelle dallo studio petrologico.
I dati ottenuti in questo studio indicano che la fusione crostale a Ronda ¢ avvenuta
principalmente attraverso le reazione di fusione continua di deidratazione della biotite in
condizioni di sottosaturazione di H,O, a temperature piu basse di 800 °C. Nelle
metatessiti, verso la base della successione crostale, la fusione probabilmente ¢ iniziata
al solidus (T ~700 °C) in presenza di una fase intergranulare ricca in H,O. Il granato
peritettico che stava crescendo ha intrappolato delle piccole porzioni di fuso anatettico

prodotto a temperature leggermente diverse, le cui composizioni erano controllate



principalmente dalla diffusione. Le inclusioni sembrano registrare 1’evoluzione della
composizione del fuso durante la storia prograda. Molti leucosomi leucogranitici
peralluminosi, invece, rappresentano dei fusi primari prodotti in condizioni prossime a
quelle del picco metamorfico. I fusi anatettici a Ronda hanno una viscosita piu alta di
quella comunemente considerata per fusi granitici prodotti alle stesse condizioni di
pressione e temperatura. Questa caratteristica implica tempi molto piu lunghi per
I’estrazione di questi fusi anatettici e la loro ascesa attraverso la crosta

metasedimentaria.

La consistenza dei dati composizionali ottenuti e I’accurato approccio multidisciplinare
adottato in questa ricerca indicano che le inclusioni di fuso silicatico in minerali
peritettici da migmatiti rappresentano I’unico strumento con cui studiare e caratterizzare

le fasi piu precoci dell’anatessi crostale.
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Chapter 1

Partial melting (anatexis) of the continental crust

1.1 Introduction

Crustal anatexis, melt extraction and ascent to upper crustal levels promote the
chemical differentiation (Hawkesworth and Kemp, 2006; Sawyer et al., 2011; Brown et
al., 2011) and the weakening (Rosenberg and Handy, 2005; Jamieson et al., 2011) of
the Earth’s continental crust (Fig. 1.1), with dramatic effects on tectonic processes,
mountain building and geodynamics (Vanderhaeghe, 2001; Rosenberg and Handy,
2005; Jamieson et al., 2011).

Crustal anatexis produces granitoid melts (Clemens, 2006) that can segregate
from their source regions and migrate up to the Earth’s surface (Fig. 1.1), with the
formation of 1) deeper-level residual granulitic terrains (Clemens, 1990; Vielzeuf ef al.,
1990), ii) crustal S-type granites emplaced in the middle-to-upper continental crust
(Clemens, 2003) and iii) felsic lavas (Clemens et al., 2011; Di Martino et al., 2011).
Migmatites, which constitute former partially melted rocks where melt extraction was
incomplete, dominate in the middle crust (Sawyer, 2008) and represent the zones of
both melt generation and melt transfer (Brown, 2004).

Common crustal metasedimentary rocks (metapelites and metagreywackes) may
start to melt when the temperature exceeds 650 °C. Water plays a significant role during
anatexis, constraining melting conditions and reactions, and the production,
composition and migration of granitic magma (Scaillet et al, 1996; Clemens and
Watkins, 2001; Holtz et al., 2001; Sawyer et al., 2011). If H,O is present as a free fluid
in the pores and grain boundaries of the rock, the process of melting is called fluid-
present and takes place at lower temperatures. Melting can also occur without the
presence of H,O, when hydrous minerals (such as muscovite and biotite) break down at
temperatures above 700-750°C (e.g., Clemens 2006, and references therein). This has
been referred as to fluid-absent melting, hydrate-breakdown melting or dehydration

melting (Thompson, 1982). The production of large volumes of granitic melt in the



continental crust is thought to occur mainly by fluid-absent melting, owing to the low
porosity of the crystalline rocks at depth and thus the very little amount of fluid H,O
that they can contain (Clemens and Vielzeuf, 1987).
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Figure 1.1: Schematic representation of reworking of continental crust by partial melting (modified after
Sawyer et al., 2011). See text for explanation.

1.2 Classical approaches to the study of crustal anatexis

The study of migmatites, granulites, S-type granites and rhyolitic lavas provides
information on the partial melting of the continental crust. However, studies of natural
anatectic rocks are limited by the fact that they constitute the end product of a range of
metamorphic, magmatic and deformation processes that operate during their long-lived
residence in the deep continental crust. For instance, migmatites and granulites undergo
modifications of microstructures (Waters, 2001; Holness et al., 2011) and phase
assemblages (e.g., Kiihn et al., 2004) below their solidus. Leucosomes in migmatites,
besides crystallizing upon cooling, do not commonly represent primary melts owing to
reaction between melt and residual solids, entrainment of residual material, and

fractional crystallization and cumulus phenomena (Sawyer, 2008 and references



therein). Moreover, compositional variations within, and between S-type granites and
rhyolitic lavas have been adequately modelled by magma mixing (Di Vincenzo et al.,
1996; Collins and Hobbs, 2001) or entrainment of peritectic phases (Stevens et al.,
2007; Villaros et al., 2009; Clemens et al., 2011).

Due to the exposed limitations, the experimental petrology and thermodynamic
modelling are used to obtain a snapshot of anatectic processes, advancing our
understanding of partial melting of the continental crust. In the last 25 years numerous
melting experiments have been performed, using natural and synthetic metasedimentary
compositions and different P-T-ayo conditions (Le Breton and Thompson, 1988;
Vielzeuf and Holloway, 1988; Holtz and Johannes, 1991; Patifio Douce and Johnston,
1991; Vielzeuf and Montel, 1994; Gardien et al., 1995; Patifio Douce and Beard, 1995,
1996; Montel and Vielzeuf, 1997; Stevens et al., 1997; Pickering and Johnston 1998;
Patifio Douce and Harris, 1998). These studies provided constraints on P-T-apo melting
conditions, melting reactions, and melt production and composition. Most of the
experimental melts have peraluminous, granitoid compositions that varies from granites
to trondhjemites. They show low concentrations and rather limited variations in TiO»,
FeO and MgO, as well as high and variable Na,O and K,O concentations controlled by
the composition of the source, P-T of melting and occurrence or absence of H,O fluid.
The melt compositions obtained in these experimental studies have been used in the
geochemical modelling of migmatites and, more importantly, of the generation and
differentiation of the continental crust (Solar and Brown, 2001; Guernina and Sawyer,
2003; Hacher et al., 2011). However, experiments cannot reproduce Nature accurately,
because there are many pitfalls and sources of uncertainty (summarized in White et al.,
2011). For instance, and regarding the composition of the melt, the low Fe contents
found in the quenched glasses of most experiments might be due to Fe loss from the
capsules (Lavaure and Sawyer, 2011).

An alternative to the experimental investigation of anatexis is to use quantitative
thermodynamic calculations based on large, internally consistent datasets and complex
activity models (Holland and Powell, 1998, 2003; White ef al., 2007). Thermodynamic
modelling of melt-bearing equilibria can be applied to specific rock compositions via

pseudosections (phase diagrams drawn for a fixed rock composition) and in increasingly



complex chemical systems (e.g., Na,O-CaO-K,0-FeO-MgO-Al,05-S10,-H,O-TiO, or
NCKFMASHTO), providing a more comprehensive view of the phase relationships in
rocks than the experiments (see White ef al,, 2011). Pseudosection modelling is also
recognized as a powerful tool to gain thermobarometric information on partially melted
rocks because it provides a framework to interpret both textural information and mineral
compositions in terms of P-T evolution (Tajcmanova et al., 2006; Indares et al., 2008;
Groppo et al., 2009). It is also possible to model the composition of the equilibrium
melt produced at the onset of melting for the investigated chemical system and
composition; this melt composition is calculated at the intersection of the solidus with a
presumed prograde P-T path (Indares et al, 2008; Groppo et al., 2010), and can be
added back to the bulk rock composition if the studied rock underwent loss of melt
during its prograde evolution. With this re-integrated melt composition, a new
pseudosection can be calculated allowing the investigation of the pre-peak history
(White et al, 2004; Indares et al, 2008). Melt compositions obtained by
thermodynamic calculations have also been used in the geochemical modelling of the
migmatitic crust (White et al, 2004). However, the comparison of experiments with
thermodynamic calculations on the same compositions and chemical systems shows
some differences regarding primarily the composition of the melt (White et al., 2011).
Indeed, the end-member thermodynamic properties of many minerals are relatively well
constrained (Holland and Powell, 1998), but the activity-composition relationships (a-x)
of solutions have significantly higher uncertainties, especially for the case of silicate
melts (Holland and Powell, 2001; White ef al.,, 2007). In addition, these techniques have
calculated melt compositions at equilibrium with the solid residual assemblage.
However, kinetics may play an important role during crustal anatexis (Brearley and
Rubie, 1990; Devineau et al., 2005; Acosta-Vigil et al., 2006a, 2006b)

Hence, the studies on crustal melting have currently a major unknown: the

composition of anatectic melts in Nature.



1.3 A new approach: the study of melt inclusions in migmatites

Melt inclusions (MI) are small droplets of silicate liquid trapped in crystals that
grow in a magma. They represent a powerful tool to gain information on several aspects
of igneous processes operating in our tectonically active planet (Webster, 2006; Métrich
and Wallace, 2008; Sobolev et al., 2011).

The use of MI to provide a better understanding of crustal melting began with
the pioneer studies on metasedimentary anatectic enclaves hosted in peraluminous
dacites from the Neogene Volcanic Province (NVP) of S Spain (Cesare ef al., 1997,
Cesare, 2008 and references therein). In this region, fragments of a partially melted
mid-to-lower crust were rapidly brought to the Earth’s surface and quenched during the
ascent and submarine eruption of the host lavas. This case of “frozen migmatites”
shows that droplets of granitic melt can be trapped by minerals growing during
incongruent melting reactions (Cesare et al., 2003, 2007; Acosta-Vigil et al., 2007).
Owing to the very fast cooling during the eruption, the trapped melt solidified to glass.
The microstructural and geochemical characterization of these inclusions (Cesare et al.,
2003, 2007; Acosta-Vigil et al., 2007, 2010; Ferrero et al., 2011) support the hypothesis
that the glass found within MI represents the anatectic melt produced in the rock during
incongruent melting reactions at T > 700°C, and that the composition of such trapped
melts can be representative of that of the bulk melt in the system during the anatexis of
the rock.

Recently, Cesare et al. (2009) have showed that inclusions of anatectic melt can
also occur in classic granulitic migmatites, as they have found crystallized MI in
khondalites from the Kerala Khondalite Belt (KKB, India). These MI occur in peritectic
garnets and show a granitic bulk composition rich in K, consistent with that expected
from the partial melting of these rocks at the P-T conditions estimated by previous
geothermobarometric studies (T~900°C and P~6-8 kbar; Cenki et al.,, 2002; Shabeer et
al., 2005). The continuously-growing list of MI findings in migmatites from different
geological settings (Cesare et al., 2011; Ferrero et al., 2012) includes the Ivrea-Verbano
Zone, Ulten Zone and Argentera Massif (Italy), Adirondacks and Massachussetes
(USA), Himalaya (Nepal) and Ronda (Spain), and suggests that anatectic MI are much

less rare than expected and that they have been overlooked until now.



1.4 Aim of the study

Despite the long history of research on crustal anatexis (summarized in Brown,
2007 Sawyer, 2008), the retrieval of the chemical information on natural primary
anatectic melts remains a challenging task, particularly at the onset of melting (see
above). This is a major weakness of the current studies of crustal petrology, and may
constitute as well a drawback of the modelling of the composition and evolution of the
continental crust. The present work aims at providing important advances in this
direction, performing an unprecedented combined study of MI and classical petrology
on migmatites. This study shows how melt inclusions in migmatites have a great
potential to obtain information on melt compositions and physical properties, fluid
regime and melting mechanisms, compared with the conventional tools of crustal

petrology.

This research was carried out as a multidisciplinary study, including field work
in an anatectic terrain, petrographic observations, microstructural investigations at um-
and sub pm-scale, experimental petrology, and thermodynamic and geochemical
modelling. This novel study allows to compare the information obtained from MI and
that from the classical petrology, and shows an improved route to investigate the

anatexis of the continental crust.



Chapter 2
A case study: Ronda migmatites (S Spain)

2.1 Geological setting

The Betic Cordillera (S Spain) represents the westernmost part of the peri-
Mediterranean Alpine orogen, formed during the convergence of Africa and Eurasia
from Late Cretaceous to Tertiary times (Dewey et al., 1989). During this orogenic
process, large bodies of subcontinental lithospheric mantle (Ronda Peridotites; Obata,
1980) have been exhumed and emplaced within the continental crust, in the Internal
Zone of Betic Cordillera. The Internal Zone, also known as the Betic Zone, shows
mainly metamorphic rocks of Paleozoic and Triassic age distributed in three main
tectonic complexes that are, from the bottom to the top, the Nevado-Fildbride,
Alpujarride and Malaguide. This study focuses on anatectic rocks pertaining to the
Alpujarride Complex of the western part of the orogen, and structurally located below
the Ronda peridotites.

The Ronda peridotites, the largest worldwide exposure of subcontinental
lithospheric mantle, belong to the Los Reales nappe, the highest structural unit of the
Alpujarride Complex in the eastern Betic Cordillera. The peridotites constitute a slab up
to 4 km thick that outcrops primarily in two massifs, Sierra Bermeja and Sierra
Alpujata. The ultramafic slab was tectonically emplaced over two units, the Guadaiza
and Ojen nappes, formed by metasedimentary sequences, in a syn-collisional tectonic
setting (Tubia et al., 1997). These two nappes have a typical Alpujarride lithological
sequence with metapelites at the bottom and Triassic marbles at the top (Navarro-Vila
and Tubia, 1983). The metasedimentary sequence of the Ojen nappe seems to be
inverted owing to the presence of overturned folds and the location of the metapelites
structural above the marbles and in contact with the overlying peridotite slab (Tubia,
1988). The emplacement of mantle rocks produced high-temperature metamorphism
and partial melting in the underlying crustal metasedimentary rocks, and the continued

movement of the peridotites on top of the migmatites after they crossed the solidus



during the retrograde path produced the mylonites at the contact (Tubia and Cuevas,
1986; Tubia ef al., 1997; Acosta-Vigil et al., 2001). Hence from top to bottom, the Ojen
nappe is composed of mylonites, migmatites, schists and marbles. This thesis provides
observations about the petrology and geochemistry of migmatites and mylonites. The
lithological association (including migmatites) and metamorphic features of the
Alpujarride Complex resemble those of metamorphic basement found beneath the
Alboran Sea (Soto and Platt, 1999).

In the dynamothermal aureole located below the Ronda peridotites, the intensity
of metamorphism, deformation and the extent of melting increase towards the contact
with the overlying mantle rocks. Thus, the migmatites (hereafter Ronda migmatites)
range from metatexites, through diatexites, to mylonitic migmatites (Tubia et al., 1997,
Acosta-Vigil et al., 2001). Based on mineral proportions and whole-rock geochemistry,
the Ronda migmatites have been grouped into pelitic and quartzo-feldspathic (Acosta,
1998; Acosta-Vigil et al., 2001). Undeformed and deformed leucogranite dykes, liekly
related to the partial melting of the metasedimentary rocks, crosscut the peridotites
(Tubia and Cuevas, 1986; Acosta-Vigil et al, 2001; Cuevas et al., 2006) and are
particularly abundant in the Sierra Alpujata massif. There seems to be a general
agreement about an Early Miocene age for the tectonic emplacement of the peridotites
into the crust (Loomis, 1975; Priem et al. 1979; Zindler et al, 1983; Platt and
Whitehouse, 1999). However, the latest evaporation and SHRIMP studies on zircons
(Acosta, 1998; Sanchez-Rodriguez, 1998; Acosta-Vigil et al., 2011) have yielded both
Hercynian (~300 Ma) and Alpine (~20 Ma) magmatic ages, suggesting the existence of
two different anatectic events separated in time in the rocks underlying the Ronda

peridotites.

2.2 Sampling and petrologic outline

The studied samples come from the Ojen nappe, in the Sierra Alpujata massif
(Fig. 2.1). Here, the Ronda migmatites are exposed along the northern and western side
of Sierra Alpujata, and are bounded by schist and marbles to the north and west (located
structurally below the migmatites), and by the peridotites to the south and east (above

the migmatites). The thickness of the migmatitic and metasedimentary sequence change



along different traverses (up to ~700m; Tubia et al, 1997). Migmatites were collected
in the northwestern side of the Sierra Alpujata massif (Fig. 2.1), roughly along the Los
Villares transect of Tubia et al. (1997). In this sector the dynamothermal aureole
consists, from the top to the bottom, of i) mylonitic garnet-cordierite granulites
(kinzigites) in contact with the peridotites, ii) quartzo-feldspathic mylonites and 1iii)
quartzo-feldspathic and pelitic diatexites, and 1iv) quartzo-feldspathic and pelitic

metatexites (Fig. 2.2).
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Figure 2.1: Geological map of the Sierra Alpujata massif, showing the location of the studied samples
(redrawn after Esteban ef al, 2011). ALP1, ALP2, ALP3 and ALPA35.2: metatexites. ALPS and ALP9:
diatexites. ALP13 and ALP14: mylonites.



This study is primarily focalized on the quartzo-feldspathic mylonites and metatexites
(labeled in bold in Fig. 2.1). Tubia et al. (1997) reported also the presence of
amphibolites and some marbles and quartzites in the lowermost part of the aureole and
of garnet-biotite-sillimanite schists in the metasedimentary sequence just below the
migmatites. This lower contact is characterized by a band (up to 5 m thick) with
intensely retrograded migmatites and chlorite-rich schists (Tubia et al, 1997).
Amphibolite bands preserve some eclogite-facies assemblages related to an earlier stage
of subduction (Tubia and Ibarguchi, 1991). Most of the ductile deformational structures
in the crustal sequence indicate a ENE-ward shearing and the orientation of planar and
linear structures in quartzo-feldspathic mylonites is concordant with that observed in the

overlying peridotitic mylonites (Tubia ef al., 1997).

5

Figure 2.2: Field photographs. (A) Tectonic contact (red line) between the mantle rocks (mP: mylonitic
peridotite; P: peridotite) and the mylonitic kinzigite (mK) of the crustal sequence. White box: close-up of
the mylonitic kinzigite ALP14. (B) Quartzo-feldspathic mylonitic migmatite ALP13. I: leucosome; n:
neosome. (C) Pelitic diatexite ALP9. sD: schlieren diatexite; nD: nebulitic diatexite. (D) Quartzo-
feldspathic stromatic metatexite ALP1.
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At Sierra Alpujata, the anatectic rocks below the Ronda peridotites show an
evolution from HP-HT to LP-HT conditions (Tubia and Cuevas, 1986; Tubia et al.,
1997). Tubia et al. (1997) suggest a metamorphic peak conditions of 795+£25 °C and
8.3+0.7 kbar for the quartzo-fedspathic mylonites at the contact, with a second
metamorphic stage at 685+15 °C and 5.5f1.1 kbar. The same authors obtained
conditions around 680+ 30°C and 4.2+0.2 kbar for the formation of cordierite after
garnet in deformed granitic dykes. Mylonitization in peridotites began at HP-HT
conditions (800-1000 °C and 11 kbar; Tubia and Cuevas, 1986; Tubia et al., 1997).
Tubia and Cuevas (1986) suggest the presence of two partial melting events in the Ojen
crustal sequence. A first event at ~725 °C and ~7 kbar produced the biotite-sillimanite-
garnet association in migmatites and the Grt-, Crd-bearing leucogranitic dykes cross-
cutting the peridotites, later deformed. A late melting event developed at ~750 °C and
~3.5 kbar leading to formation of undeformed tourmaline-bearing leucogranitic dykes.

Despite the studies performed by Tubia and Cuevas (1986) and Tubia et al
(1997), crustal anatexis at Sierra Alpujata is still poorly constrained, especially the
characterization of melting reactions and conditions, fluid regimes and melt

compositions through the migmatitic sequence.
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Chapter 3
Analytical methods

The petrographic analysis was made with opticakosimopes both in transmitted
and reflected light.

Back scattering electron (BSE) imaging and semntjtagive energy dispersive
spectroscopy (EDS) were carried out with severahsing electron microscopes: 1)
CAM SCAN MX2500, equipped with LaB6 cathode, at ti@partimento di
Geoscienze, Universita di Padova (Italy); 2) J&WMIE500F thermal FESEM, at INGV
(Istituto Nazionale di Geofisica e VulcanologiaprRe, Italy; 3) FEI Quanta 600 FEG,
equipped with a Bruker EDX-Silicon Drifted Detectoat the Nanoscale
Characterization and Fabrication Laboratory, ICT@Stitute for Critical Technology
and Applied Science), Virginia Tech, USA; 4) Sigrdaiss Field Emission SEM
equipped with Oxford XMax EDS-Silicon Drifted deteic at CNR—IENI, Padova
(Italy). Backscattered electron images were acduat variable magnifications and
variable accelerating voltage, commonly from 8 %okY/. Elemental X—-ray maps were
acquired at 20 and 15kV accelerating voltage andaagble magnifications, in the
range 5000—-6000X, depending on the MI size, udieg—El Quanta 600 FEG available
at ICTAS (Virginia Tech, USA).

The chemical composition of glass in MI was obtdinsing a Jeol JXA 8200
Superprobe equipped with 5 spectrometers at thariipento di Scienze della Terra,
Universita di Milano (Italy). Analytical parametengere: 15 kV accelerating voltage, 2
nA current, 1 um beam diameter, counting time of I peak and 2 s on background.
Na, K, Al and Si were analyzed first. Natural antbetic silicates and oxides were
used as standards. Owing to the loss of Na duhiagetectron microprobe analysis of
rhyolitic glasses with consequences also on thesured contents of K, Al and Si
(Morgan and London, 1996 and 2005), concentratiavere corrected using
conservative factors obtained by the analysis aiigic glass standards of known

composition with variable $#D content at the same working conditions.

12



The compositions of muscovite, biotite and feldspaere obtained using a Jeol
JXA 8200 Superprobe at the Dipartimento di Scieteléa Terra, Universita di Milano
(Italy). Analytical parameters were: 15 kV accelerg voltage, 5 nA current, counting
time of 30 s on peak and 10 s on background. Gammipositions were determined
using the Cameca SX50 microprobe of the C.N.RG.GConsiglio Nazionale delle
Ricerche-Istituto di Geoscienze e Georisorse), temtaat the Dipartimento di
Geoscienze, Universita di Padova, Italy. Measurésnarere performed using 20 kV
accelerating voltage, 20 nA beam current, countimg of 10 s on peak and 5 s on
background. Natural and synthetic silicates andexiwere used as standards.

Whole rock analyses of major elements and some &aments were performed
by X-ray fluorescence (XRF), employing a Pan-Alyali XRF Spectrometer PW2400 at
the Dipartimento di Geoscienze, Universita di Pad@taly).

Raman spectroscopy was performed to determut@ ¢bntents of the glassy M
exposed on the garnet surface, following the finsthod proposed by Thomas (2000),
which is based on the linear relationship betwéenHO content of rhyolitic glass and
the intensity of the asymmetric OH stretching ban®550 crit. H,O content of melt
inclusions was determined using a Jobin Yvon HoHBa800 Labram confocal Raman
microprobe equipped with an Olympus BX 41 petrograpmicroscope, at the Fluids
Research Laboratory, Department of Geosciencegjrvar Tech (USA). The excitation
source was a 514.57 nm (green) Laser Physics 108SA5 laser. The analytical
settings were a 150 um slit width, 400 um confeqedrture, 600 grooves/mm gratings,
100x objective, 3x accumulations, 100 s acquisitiome for re-homogenized MI in
metatexites and 200 s acquisition time for the gmaxd glassy MI in mylonite. Spectra
were collected between 2600 ¢rand 4000 cit. The area under the 3550 ¢mpeak
was determined after baseline correction. The ldn procedures were performed
using a natural (LGB; Behrens and Jantos, 2001) sandsynthetic (Ab1-0, Abl-5,
Ab1196A, 0402811, 032481VII and 022881XIl; Seversl., 2007) glasses with known
H.O contents, ranging between 0.98 and 10.11 wt%.dBte fit on straight lines (Fig.
3.1) indicating the linear relationship between H® content in glass and the area
under the asymmetric OH stretch band at 3550.defore and after each MI analysis

the Raman calibration was verified using one otlsstic glasses described above.
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Bubbles in MI remelted at 750 and 800 °C were aredyusing the same Raman
instrument described above and available at FIRelsearch Laboratory, Department of

Geosciences, Virginia Tech (USA). The analyticatisgs for these analyses were a
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Figure 3.1: Raman calibration curves for the® quantification in re-homogenized Ml of metateXitg
and in glassy MI of mylonite (B), showing the ling&lationship between the,@8 content of hydrous
glasses and the area under the 3550 peak. Horizontal bars indicate the standard diewigtlo) after 3
replicated analyses. Vertical bars represent thayfcal errors on kLD quantification in the glass
standards from literature (Behrens and Jantos, ;28&derset al., 2007).




150 um slit width, 400 um confocal aperture, 608oges/mm gratings, 100x objective,
3x accumulations and 30 s acquisition time. Speweee collected between 100 ¢m
and 4000 cril. CO, density was determined from the Raman spectrardicgpto the
method based on the dependence of the E#mi diad splitting from density (Fadt
al., 2011). The position of Raman lines was determafegt baseline correction.

Raman hyperspectral images of liquigeHdistribution in crystallized MI were
obtained with a Labram Raman instrument (Horib&yinkYvon), equipped with a
Peltier-cooled CCD detector and a polarized 51405A1" laser at the Dipartimento di
Scienze della Terra, Universita di Siena (ItalyheTaser power was 300 mW at the
source, and the slit width was 200 um, with a spécesolution of 1.5 cil. Raman
spectra were collected through an excitation sgotl>xdx5 pm in volume (100x
objective, n.a.=0.9). Acquisition time was 40 s.pdsspectral images were collected
following a regular grid of points equidistant 1 pumboth directions, using a computer-
controlled, automated X-Y mapping stage (Horibdid&von).
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Chapter 4
Experimental approach for the remelting of melt
inclusions

4.1 Classical techniques

In igneous petrology, various techniques have hessd to homogenize the MI,
including heating in one-atmosphere furnaces (S$tuded Bodnar, 1999; Fededeal.,
2003), homogenization using low-pressure (cold)seaksels (Skiriust al., 1990;
Andersonet al., 2000; Thomast al., 2003; Student and Bodnar, 2004) and heating in a
microscope-mounted high temperature stage (Frezd®92; Salvioli-Marianiet al.,
2002). Each of these techniques has advantagesliaadvantages, as described by
Bodnar and Student (2006).

4.2 Heating stage

The first re-homogenization experiments of Ml ie thetatexites were performed
at the Laboratorio di Inclusioni Fluide (Dipartimiendi Scienze della Terra
dell’'Universita di Parma, Italy) using a LINKAM TS00 high temperature and room
pressure stage, in an inert atmosphere of He teeptesample oxidation. A temperature
correction factor was applied, after having detesdia calibration curve with different
standards: KCr,O;, Ag and Au with a melting temperature of 398°C2%9% and
1064°C, respectively. The accuracy of measuremenis15°C. A few tens of chips
containing Ml-bearing garnets were separated frambte-polished thick (=200 pm)
sections. The samples were heated up to 500°Cawi#tte of 50°C/min, followed by 2
hours stop. Then the MI were heated at 40°C/mitoupe beginning of melting and the
samples were held at the maximum temperature iy Brinutes before quenching with
liquid nitrogen. The remelting temperature obtairtecbugh this approach is about
860°C. A different heating ramp was then selectetiyt to avoid the MI decrepitation
and to reduce the remelting temperature. Usingtea o8 30°C/min the samples were
heated up to 500°C with stop of 30 min. Then, Mieveeated at 20°C/min up to 650°C
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with stops of 10 min every 50°C, and finally witliade of 10°C/min up to the observed
melting temperature with stops of 5 min every 25T0e samples were held at the
maximum temperature for 5-10 minutes before quemchlhe remelting temperature

obtained through this approach is about 780°C.

4.3 Piston cylinder

To avoid inclusion decrepitation, melt-host intéi@c and volatile loss, a new
approach for the MI experimental re-homogenizatizas subsequently adopted. M
remelting experiments were performed using a siagfige piston cylinder apparatus
(Fig. 4.1A) at the Laboratorio di Petrologia Spezittale, Dipartimento di Scienze della
Terra, Universita di Milano, Italy.

Single garnet crystals were obtained by initialsbing of the rock followed by
steps through an agate mortar mill. The powder siaged and the crystals with grain-
size between 50 and 200 pm were passed througlfrrdrdz isodynamic magnetic
separator at Dipartimento di Scienze della Termaiyérsita di Parma (Italy). A 100%
pure garnet concentrate was obtained by hand-gakidler a binocular microscope.

After garnet separation, single garnet crystalseweaded into Au capsules (3=3
mm) alternating them with powdered silica (Fig.Btdnd C). Bi-distilled water (~10 wt
%) was added in some capsules to evaluate thetmdteffiects of HO diffusion in and
out of the MI during experiments. The capsules vegiraped and sealed by arc welding
using a wet tissue around the capsule to prevedt Ibiss. No weight loss of capsules
with added HO was observed after repeated heating at ~100°Ce&ch run, three
capsules (two dry and one wet) were embedded in SJO(Fig. 4.1D), and a low
friction assembly consisting of NaCl sleeve andppie heater was used. The
experiments were run at 5 kbar, 700, 750 and 8G06fQ4 h. The temperature was
controlled by K-type thermocouples and is consideaecurate to +5°C. Pressure was
measured by a load cell into the frame (Johannas{byston cylinder) and is accurate to
+0.4 kbar. At the end of the experiments, the ckgsswere quenched and mounted in
epoxy and the inclusions in the garnet were expdsegbolishing (Fig. 4.1C). An
aqueous fluid bubbling out of the capsules witheatlebO was observed during capsule

opening.
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Figure 4.1: (A) Piston cylinder apparatus used for remeltingeziments of partially crystallized and
nanogranite inclusions. (B) Gold capsule containjjagnet crystals (yellow arrow) and re-crystallized
Si0,. (C) Garnet surrounded by SHERAuU matrix after remelting experiment. (D) Prepamatof a MgO-
salt (red arrow). Three holes have been done toracmdate three garnet-bearing capsules.
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Chapter 5
Petrology and geochemistry of quartzo-feldspathic
metatexites and mylonitic migmatites

5.1 Petrography

Quartzo-feldspathic metatexites and mylonitic migtea are composed of
varying modal amounts of quartz, plagioclase, Kidplr, biotite, sillimanite and
garnet, with minor amounts of graphite, ilmenitqyatte and muscovite. Here,
according to Sawyer (2008), the terms used to teféne domains of a migmatite have
the following meaning: “leucosome” will refer toeHighter-colored part derived from
the crystallization of the segregated partial mehereas “melanosome” will refer to
the darker-colored part that represents the sobdjdual fraction left after melt
segregation. Sawyer (2008) suggested to abandaertine*mesosome”, because it has
no unique genetic significance. Hence, the mesiegoattions in the studied migmatites
are named “neosome”, as they constitute domairtheoipre-anatectic rock that have
partially melted and where the melt fraction hasbre®n completely removed.

The metatexites have a stromatic appearance &ig\) with thin (< 1 cm)
discontinuous leucosomes surrounded by a fine-gdamesocratic matrix (neosome)
with the assemblage biotite, fibrolitic sillimanitgarnet, graphite, quartz, plagioclase,
K-feldspar, apatite and ilmenite (Fig. 5.1B). Somets melanosomes, formed mostly
by biotite and fibrolitic sillimanite, appear atethinterface between leucosome and
neosome. Leucosomes, occuring sub-parallel to ehiatibn defined by biotite and
fibrolite (Fig. 5.1A), are fine- to medium-graineshd contain quartz, plagioclase, K-
feldspar, biotite and rare garnet (Fig. 5.1C). Bp#ds in the leucosomes are often
antiperthitic or perthitic; they may include quarénd garnet and generally have
anhedral to subhedral habit (Fig. 5.1C), althougimes euhedral crystals are present
(Fig. 5.1D). Biotite lamellae are abundant, gengr@lustered with fibrolite, and show a
preferred orientation that defines the foliatioig(F.1B).
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Figure 5.1: Microstructures in the quartzo-feldspathic metaesxi A) Discontinuous leucosomes (red
arrow) surrounded by a fine-grained neosome. Saaldbcm. B) PPL photomicrograph of the mesocratic
portion. Scalebar: 300 um C) SEM-BSE image of adsome, containing mainly antiperthitic and
perthitic feldspars. Red arrow: Ml-bearing garng}.Grains of euhedral feldpsars (yellow arrowsgin
leucosome, XPL. Scalebar: 100 um. E) Muscoviteuithet! in K-feldspar porphyroblast; XPL. Scalebar:
100 um. Muscovite crystal with irregular boundariesd arrow), suggesting that it was resorbed durin
K-feldspar growth. F) Muscovite associated withrdilite and biotite in the neosome matrix; XPL.
Scalebar: 100 pm. G) XPL Photomicrograph showiriggry muscovite partially replaced by fibrolite in
the neosome; scalebar: 50 um. H) Fibrolite and Idsfear grown on primary fabric-forming muscovite;
XPL. Scalebar: 150 um. I) Melt pseudomorph: K-felaswith cuspidate outlines (white arrows) that has
probably crystallized from a film of melt. The réaat minerals, quartz and plagioclase, are rourzhed
resorbed (i.e., consumed). XPL with 530 mnrplate; scalebar: 150 um. J and K) Subhedral garnet
containing a cluster of Ml at the core (red boxJjrand surrounded by plagioclase that crystallaea
melt pseudomorph (red arrow in K). J PPL and K XMcalebar: 75 um for both. L) Plagioclase
crystallized as a melt pseudomorph in the neosoragipm between biotite, quartz and garnet. White
arrow: Ml in garnet. XPL with 530 nrh plate; scalebar: 30 um. M) MI-bearing garnet pdlstireplaced

by biotite; PPL. Scalebar: 30 um. Fib: fibroliteth@r mineral abbreviations are after Kretz (1983).

In the leucosome, biotite is interstitial betweetd$pars and quartz. Muscovite is very
rare, and appears included in K-feldspar porphwtsb(Fig. 5.1E) or associated with
biotite and fibrolite in the neosome (Fig. 5.1FjbrBlite apparently grew on primary
muscovite (Figs. 5.1G and H). Graphite is scattenethe neosome matrix, whereas
iimenite and apatite are generally surrounded hytitbi and fibrolite aggregates.
Plagioclase in the neosome is typically finer-gedirthan in the leucosomes. Alkali
feldspar in the neosome is often poikiloblastic andy contain solid inclusions of
quartz, plagioclase, biotite, garnet, fibrolite antuscovite. However, garnet and
muscovite have never been found included in thees&nrfeldspar porphyroblast.
Myrmekites are commonly present along the K-feldspaundaries. The neosome
contains irregularly shaped domains of feldsparth wuspate outlines (Fig. 5.11); the
adjacent minerals (quartz and plagioclase) arededinprobably owing to dissolution.
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Garnet occurs mostly in the neosome as small sudheg euhedral crystals (80-200
pm in diameter). It occurs in very low modal amo@i%) and contains clusters of
several melt inclusions (Figs. 5.1J and K). In ptagarnet may be i) surrounded by thin
film of plagioclase or quartz (Figs. 5.1J-L); or partially replaced by biotite or biotite

and fibrolite (Fig. 5.1M).

Microstructures indicate that this mylonite regms a partially melted quartzo-
feldspathic rock which was affected by deformatlwosth during migmatization and
after the rock crossed the solidus during the getrde path. Nevertheless, the main
parts of the original migmatite (leucosome, neosoamel melanosome) are still
recognizable, and | will refer to them during thescription of this sample. This rock
consists of alternating bands of well-discernildecosome and neososome, often with
discontinuous thin melanosomes located in betweewosomes and neosome (Fig.
5.2A). Based on the volume of leucosomes and thie fielationships, the original
migmatite was a diatexite. The finer-grained neasoim composed of quartz,
plagioclase, K-feldspar, biotite, sillimanite, gatnilmenite, graphite and apatite. The
foliation is generally defined by sillimanite andnor biotite and ilmenite (Fig. 5.2B),
but locally it is possible to observe a foliatiomngposed of only biotite. Garnet and K-
feldspar porhyroblasts are sometimes mantled liynaihite in the neosome, and may
contain inclusions of biotite, quartz, plagioclasdljmanite and graphite. Layers of the
coarser-grained leucosomes (Figs. 5.2C and D) aleparallel to the mylonitic
foliation (Fig. 5.2A) and mainly contain quartz,agloclase, K-feldspar and minor
sillimanite, garnet and biotite. A discontinuoudidbon, marked by sillimanite and
concordant with that in the adjacent neosome, n&yifesent in some leucosomes.
Locally, some igneous microstructures are stilibles such as feldspars displaying
euhedral shapes with straight boundaries (Fig. 6.Mbre often, crystals in the
leucosome have been affected by subsolidus defanmahd are rounded or elongated
(Fig. 5.2D). The presence of finer-grained traiteumd some of these crystals (Fig.
5.2D) suggests the occurrence of high strain ancdamyc recrystallization in the
subsolidus state. This is suggested also by theostractures of quartz such as
undulose extinction, subgrains and irregular gbaandaries.
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Some coarse-grained (up to 2 cm) K-feldspars inrtbesome have an augen-like
appearance and may show simple twinning and iraohgsof euhedral feldspars (Fig.
5.2E), in agreement with the crystallization frormalt. Myrmekites are present along
the boundaries of some K-feldspar porphyroblastarn€& occurs as subhedral to
anhedral crystals (0.1-3 mm in diameter) both m l[ducosome (Fig. 5.2A) and in the
neosome (Fig. 5.2F). It has a modal amount of % &0d may contain clusters of melt
inclusions (Figs. 5.2F and G). Some garnet crystedspartially replaced by biotite or
biotite and sillimanite, which often grew in theash shadows (Figs. 5.2F and G).
Compared with metatexites, the major variationmotial proportions in mylonites
regard mainly biotite and garnet, whose contergdrarersely correlated, i.e. mylonites
are much richer in Grt and poorer in Bt than medgts. Plagioclase is less abundant in
the mylonite neosomes than in metatexite neosomescovite, very rare in the
metatexite, is absent in the mylonite. Sillimangefibrolitic in the metatexite and
prismatic in the mylonite. The highly deformed rdskalso characterized by a greater

abundance and greater thickness of leucosomes.

5.2 Mineral chemistry

The composition of muscovite, biotite, garnet, platase and K-feldspar from
the metatexite and mylonite has been measured bf?.ENMe complete dataset is
presented in the Supplementary Material (Tabs. B3-S

5.2.1 Muscovite
Muscovite from the different microstructural sitgflsthe metatexite (included in
K-feldspar porphyroblasts or associated with beotind sillimanite) does not show

systematic differences in composition, which idmeted to a narrow range (Tab. S1).

Figure 5.2 (previous page): Microstructures in the quartzo-feldspathic mylositd) Field aspect of the
investigated mylonitic migmatite. |: Grt-bearingut®some. n: neosome. m: melanosome. B) PPL
photomicrograph of the neosome, showing fabric-fogrsillimanite, biotite and ilmenite. Scalebar:035
um. C and D) XPL photomicrographs of two leucosanseslebar: 300 um. In C, feldspars display
euhedral shape with planar faces (red arrows), easethey are deformed and elongated in D (yellow
arrows). E) K-feldspar porphyroblast showing simpiénning; XPL. Scalebar: 300 um. F) Image of
garnet crystals in the neosome; red box: clustéviofPPL. Scalebar: 200 um. G and H) Garnet crgstal
partially replaced by biotite or biotite and silmite; PPL. Scalebar: 150 pm. Red box in G: cluster
MI.
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Si content ranges between 6.13 and 6.27 apfu @mdbkis of 22 oxygens). Muscovite
always contains little Na (0.10-0.17 apfu) and M¢06-0.16 apfu). Fe is in the range
0.08-0.21 apfu (0.74-1.84 wt%); F and Cl are betl@tection limits.

5.2.2 Biotite

Biotites in the metatexites show remarkably cortskg, values (0.33-0.35; Fig.
5.3), whereas their Ti contents are variable dejpgndn the microstructural location,
ranging from 0.24 to 0.32 apfu (based on 22 oxypéos crystals in contact with
garnet, 0.39 to 0.43 apfu for biotite in the lewmoe, and 0.42 to 0.49 apfu for crystals
in the neosome, either in the matrix or enclosel{-fieldspar porphyroblasts (Tab. S2
and Fig. 5.3). F and ClI contents are low (0.2-0d @.0-0.1 wt% respectively).
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Figure5.3: Xyg vs. Ti diagram for biotite in the investigated meiatie and mylonite.

In the mylonite, biotite composition is more vat@lparticularly for Ti and Xgq
that range from 0.21 to 0.69 apfu and 0.43 to 0x&§pectively (Tab. S3 and Fig. 5.3);
these chemical variations display some systemaditeqms as a function of the
microstructural position (Fig. 5.3). Biotite in dawt with garnet has higheng (0.47-
0.53) and lower Ti content (0.21-0.55 apfu) thaotite in the neosome =0.43-0.50;
Ti=0.51-0.69 apfu). In the leucosome, biotite hasdntents in the range of 0.48-0.53

apfu, whereas biotite included in K-feldspar oveslahe chemical composition of
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biotite in the neosome. Biotite enclosed in gaiet the highest Na contents angyX

values (0.08 apfu and 0.52, respectively). On ttieerohand, biotite in contact with
garnet shows higher F contents (up to 1.5 wt%) thiatite in the neosome (up to 1.0
wt%). Cl is low in all biotites (0.2-0.6 wt%).

TiOy, F, Cl and Xyg of biotite are lower in the metatexite than in thglonite. In
both rocks there is a systematic variation of JJi&ntent with the microstrucural
position of biotite, and there is a negative figXcorrelation in the metatexite sample
(Fig. 5.3). These variations reflect a temperatarel reaction control on biotite
chemistry (Guidottet al., 1977; Patifio-Doucet al., 1993): biotites in the neosome and
included in garnet grew during the prograde HT mmetghism, but in response to
different reactions that imposed them differepyXbiotite replacing garnet represents
retrograde biotite grown at the lowest temperatlitee negative Ti-¥g correlation in
biotite from the mylonite (Fig. 5.3) is due to daischemical constraints (Hengy al.,
2005). Conversely, the fairly homogeneoug, Xf biotite in the metatexite could be due
to retrograde net-transfer reactions (ReNTRs ofrKahd Spear, 2000). Overall, the
higher Ti contents of biotite from the myloniteseats for a higher temperature reached
by this rock compared to the metatexites, in agesgnwith other petrographic

evidences.

5.2.3 Garnet

Garnet is an almandine-rich solid solution, with alimamounts of pyrope,
spessartine and grossular components (Tabs S4z8Bjmnical variations between M-
free and Ml-bearing domains in the garnet, or betwdll-absent and MI-bearing
garnets, are absent, both in the metatexites atiimylonites.

Garnet crystals in the metatexite have a core wipasition Almy7.7dPrPio-135P%7-
0sGrss-0aand are weakly zoned, showing a relatively homogesénterior domain and
an increase in s and decrease ina% and X, towards the rim (Fig. 5.4). The Ca
content is very low and g& is homogeneous from core to rim. The garnet rirs &a
composition AlMe7Prm-11SPSe-15r%2-03 Xmg Slightly decreases from 0.12-0.14 in the
core to 0.11-0.12 in the rim. Garnet rims in cohtaith biotite have X,;=0.09-0.11.
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Garnet cores in the neosomes and leucosomes omgfenite have a similar
composition of AlMy.78Prpo235PD2-0dGrS%2-03 With @ Xug=0.21-0.24. Most of the
garnets are not zoned, with Fe, Mg, Mn and Ca b&irty homogeneous throughout
the crystal (Fig. 5.5A). Garnet rims have a comgmsiof AlM7,7PrP2-2485p92-06rS2
(Xmg=0.23-0.25) in the leucosome and AlMPIo-2.5p9:Gre (Xmg=0.21-0.23) in
the neosome. Conversely, the garnets in contabtbidtite are zoned (Fig. 5.5B):a2%
and Xspsincrease from core to rim, whereagptiecreases. Thus, garnet rims in contact
with biotite display a composition of A7 rpis20SPD2-04GrS2, With Xug=0.17-0.20.
The Ca content is low and constant.
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Figure 5.4: Compositional profile of garnet from the metatexBéack line: trace of the chemical profile.
Dashed vertical lines show the location of the lutaup between Mi-rich core and MI-free rim.

The compositional patterns, flat through most aingacrystals in the mylonite
(Fig. 5.5A), are probably due to the high ratesnifacrystalline diffusion associated
with the high temperatures during melting (Spetael., 1999). The zoning patterns
characterized by homogeneous cores, increasgyeand Xum and decrease ofwg and

Xorp towards rims are typical of diffusional homogeti@a at high temperature
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followed by garnet dissolution during the retrogrgohth (Tracy, 1982; Speat al.,
1999; Garcia-Casad al., 2001). The increase ofygin the biotite and of ¥m and Xsps

in the garnet, observed in crystals that are intazinin the mylonite (Fig. 5.5B),
indicates the occurrence of garnet dissolutiorofdd by further retrograde exchange
reactions. Garnet in the metatexites does not ghevbell-shaped Mn zoning pattern
that often characterizes the prograde growth; austdIn increases from core to rim
(Fig. 5.4). However, the euhedral shape along witlecrease of x, towards the rim
(Fig. 5.4) is not consistent with dissolution okttlgarnet crystal (see above). These
observations may rather suggest the involvemeat Mh-bearing phase (ilmenite ?) as

reactant in the garnet-producing reaction.
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Figure 5.5: A) and B) Compositional profiles of garnets frone tmylonite. Black lines: traces of the
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free rim.
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5.2.4 Feldspars

Only feldspars without visible exsolutions have rbaselected for EMP analyses
(Tabs. S6-S7). Plagioclase composition varies @uegrto the microstructural position
in the studied rocks. The most anorthitic plagiseléwith compositions of Af.ssAN2g-
330r12 In metatexites and Ab73ANs.30r2 in mylonites) forms the matrix of the
neosome, whereas crystals slightly more albitic a@oker in Or are present in the
leucosome (Ak.77AN21-250r1.3 In metatexites and AR76AN21-2d0r3.5 in mylonites). The
latter probably represent the plagioclase compoasystallized from the anatectic melt
(Sawyer, 2001; Hasalow& al., 2008). Plagioclase grains included in the K-fedsp
porphyroblasts display compositions ¢AbyANn,g.320r1-2 in metatexites and Ah7AN,7.
3101, in mylonites) that overlap those of plagioclas¢éhe neosome. No compositional
differences have been observed between K-feldspgshgroblasts of the neosome
(Or7g.8Ab17-22ANg.1 I metatexites and @rgAbi7.26ANg.1 iN Mylonites) and crystals in

the leucosome (@4.82Ab15.22AN<; and Ofs.g2Ab1g.25ANg.1, respectively).

5.3 Geochemistry

The whole rock chemical data are presented in Bib.of the Supplementary
Material. The bulk analyses of metatexites shownitjracompositions, with Sie-71
wt%, Al,Os~14 wt%, FeOs; ~3 wt%, MgO<1 wt%, CaO~1 wt%, Ma~2 wt% and
KoO~5 wt%; #Mg varies from 0.49 to 0.52, and the &ASm 1.23 to 1.31. Given the
heterogeneous nature of the mylonitic migmatite,isit more difficult to obtain
representative bulk analyses of this rock. Nevég® it also seems to have a granitic
composition, comparable to (although slightly richen SiO, and lower in
FeOsw0ytMgO that) the metatexites. Given that the sevesatponents of metatexites
and mylonites (leucosomes and neosomes) have beehamically separated and
analyzed for the bulk composition, | have plotteese data on a series of major element
variation diagrams (Fig. 5.6), in order to inveatgthe chemical differentiation during
melting. The existing melanosomes are only a few thitk and | was not able to
separate them. Only in the case of the;(&CaO)vs. SiO, diagram, the neosomes are

very close to the whole migmatites (Fig. 5.6C). Tést of diagrams, however, shows
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clear and systematic differences between neosdmesysomes and the whole rock in
the two types of migmatites. (Figs. 5.6A, B and Dgusomes are slightly richer in
SiO,, clearly richer in KO and lower in Fs3itMgO compared to the bulk-rock

composition, whereas neosomes show opposite tréhisindicates that the neosomes
have lost melt to the leucosomes.
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Figure 5.6: Bivariant diagrams showing the compositional véoizd in the studied migmatites. A)
Fe,0s+MgO vs. SiO,. B) F&Os;+MgO vs. Al,03. C) NgO+CaOvs. Si0,. D) FeO;+MgO vs. K,0.

The leucosomes are peraluminous leucogranitic roekth NgO/K,0<0.5, and ASI
and #Mg in the range of 1.07-1.22 and 0.50-0.54yTdre enriched in SIOK0, Sr,
Ba and Pb and depleted in MgO,Bg TiO,, CaO, V, Cr, Ni, Y, Zr, Nb and the LREE

relative to whole migmatite compositions. Comparihg leucosomes in both types of
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rocks, Sr, Zr, Ba and Ce concentrations are higmenetatexites than in mylonites,
whereas La and Pb contents are higher in leucosaintbe mylonitic migmatites.
Among the leucosomes analyzed in metatexites, tieer@n outlier departing from
collinearity with leucosome and bulk rock, showiegtremely high concentrations in
SiO, and low concentrations in,R and AbOs (Fig. 5.6); this leucosome does not seem
to represent a primary anatectic melt. Neosomeseariehed in Fgs3;, MgO, TiO,,
P,Os, V, Cr, Y, Zr and LREE, and depleted in $i®,0, N&aO, Sr, Ba and Pb relative
to whole migmatite compositions, in accordance whith lost of a granitic melt to the

leucosomes.

5.4 Thermobarometry

The conventional thermobarometric approach has bpefied to constrain the
melting conditions in the studied migmatites. Terap#&res were calculated using the
Grt-Bt exchange thermometer (calibrations of Feangl Spear, 1978 and Perchuk &
Lavrent'eva, 1983; hereafter referred as FS78 ab83F Pressure estimates were
determined using the GASP barometer (calibratidnkaziol and Newton 1988 and
Koziol, 1989; hereafter KN88 and K89 respectivelp)addition, temperature has been
evaluated also using the Ti-in-biotite empiricarinometer of Henrgt al., (2005).

Considering the MiI-bearing garnet cores and biotite the matrix of the
neosome in both types of migmatites, the garnditbiothermometry vyields
temperatures of 670-700 °C (PL83) and 720-775 °€78j for metatexite (at 4 kbar),
and 660-760 °C (PL83) and 725-970 °C (FS78) foramy#s (at 6 kbar). The results for
mylonites indicating T >> 900 °C are clearly incistasnt with the phase assemblage
and with the temperatures obtained by the Ti-itH@dhermometer (see below). The
scattered Grt-Bt temperatures in the mylonite jikeldicate that garnet and biotite in
the neosome of this rock are not in equilibrium.dger, using the biotite crystals
included in the garnet, the calibration of Ferrg &pear (1978) yields reasonable peak
temperatures of 760-780 °C for the mylonite. Theeseilts are in broad agreement with
both Ti-in-biotite thermometry (see below) and réieire data about the metamorphic

peak conditions of quartzo-feldspathic mylonitescaapping at the contact with the
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peridotite (T~800 °C; Tubiat al., 1997). On the other hand, the temperature esteanate
obtained from the Grt-Bt thermometer in metatexiteay not represent peak-T
conditions, because \§ of biotite was likely affected by retrograde netrisfer
reactions. Using garnet rims and retrograde biatitemutual contact, the Grt-Bt
thermometer gives temperatures of 640-690 °C (Pb88)615-710 °C (FS78) for the
metatexite and 640-700 °C (PL83) and 660-780 °Z78y%or the mylonite. Application

of the Ti-in-biotite thermometer indicates temparatclose to 700 °C for the prograde
biotites in the metatexites, and temperatures icegx of 750 °C for most of the
prograde biotites in mylonites (Fig. 5.7). The Tantent of the retrograde biotite
replacing garnet indicates<650 °C in metatexites and<T50 °C in mylonites.

0.8

Figure5.7: Ti vs. Xyg diagram for the biotite, with the isotherms frorariyet al. (2005). Symbols as in
Fig. 5.3.

The GASP geobarometer yields pressures of 4.14a8 (K89) and 3.7-5.9 kbar
(KN88) for metatexites (at 700 °C), and 5.0-7.6rk&89) and 4.2-6.6 kbar (KN88) for
mylonites (at 800 °C), using the core compositiohminerals located in the matrix of
the neosomes. However, it should be taken intowadcat pressure estimates for the
mylonite may be (significantly ?) affected by dig@iprium among minerals (see

above) and by diffusional homogenization of thengarzoning at high temperature.
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Most of the pressure estimates for mylonites arensistent with the literature data that
indicate a P=8.310.7 kbar (Tubghal., 1997) for the metamorphic peak in these rocks.
However, in their calculations, Tubia and coworkeossidered the presence of rutile,
whereas its absence in the studied migmatites (ABRd ALP13) would indicate
melting at pressures lower than 8 kbar. On therotioatrary, the pelitic kinzigites
outcropping just 20 m above the studied Qtz-felttéipanylonites contain rutile inside
MI (see Chapter 7).

Overall, the thermobarometric data indicate a e in temperature (Fig. 5.7)

and pressure from the quartzo-feldspathic mylonddbe metatexites.

5.5 Pseudosection on the quartzo-feldspathic metatexite

The phase equilibria in migmatites are sensitiveheobulk composition (White
et al., 2001). Since the mineral phases in the metatexielikely to constitute an
equilibrium assemblage (see above), a P-T pseutimsg®owell and Holland, 2010)
was constructed using the measured bulk compoifitime metatexite ALP1 (Fig. 5.8)
to obtain a better understanding of the meltingddmms and reactions in this rock.
Some important aspects must be taken in accouthteithermodynamic modelling of
anatectic rocks: 1) the bulk composition effectyveh equilibrium (equilibration
volume); 2) the choice of a model system; 3) pdssthemical fractionation of the bulk
rock composition due to zoned porphyroblasts; 4)t ness during the prograde
evolution. A bulk-rock composition obtained by XRéomposition ALP1 in Tab. S8)
was chosen as representative of the equilibratadanve. The chosen chemical system
is MnO-NgO-CaO-KO-FeO-MgO-AbOs-SiO,-H,O-TiO,  (MNNCKFMASHT).
Calculation was performed using the@content derived from the LOI value. The
bulk-rock composition used (in mol%) is indicated the upper left inset of the
calculated P-T pseudosections. Because garnet yolghsts are rare and small, the
chemical fractionation owing to garnet growth isisidered negligible. Field (lack of
leucosome networks) and petrographic observatitisite + sillimanite replacing
garnet), along with chemical data (lack of depletbedk-rock compositions), suggest

minimal or no melt extraction and loss from the aetites (Speaat al., 1999; Sawyer,
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2008; Brown, 2002) and, thus, no re-integrationmat into the rock composition is
needed.

The pseudosection was calculated following ther@ggh of Connolly (1990,
revised 2009) based on the minimization of the Gibhergy, using the thermodynamic
software set Perple_X and the internally consistieatmodynamic data set of Holland
and Powell (1998, as revised in 2003). The effdcE@" was neglected, because,
although potentially important, no magnetite wasspnt in the studied samples and
thus the amount of Féin biotite and garnet was assumed to be insigmificAlong
with a melt phase, the minerals considered in thkeutation are garnet, biotite,
ilmenite, sillimanite, cordierite, muscovite, quarplagioclase and K-feldspar. The melt
solution model was taken from Whigeal., (2007), cordierite from Powell & Holland
(1999), garnet from Holland & Powell (2001), white@ca from Coggon & Holland
(2002), plagioclase from Newtost al., (1980), K-feldspar from Thompson & Hovis
(1979) and biotite from Ta&manovaet al., (2009). The Mn solution in garnet was
accounted for by the Mn end-member introduced ImkAamet al., (2001). The minor
Mn solution observed in the natural biotite wasleetgd. An ideal model was used to

account for the solution of Mn in ilmenite. Theifluwas considered as pure® (a4,0

=1). Although the presence of graphite suggestisth@afluid phase was a COH fluid,
probably buffered to a high activity of,8 (see below), to date it is not possible to

consider values of the,g different from 1 during the calculation of pseuelctsons

(i.e., there are still problems that affect theyokesection modelling).

Figure 5.8A shows the pseudosection constructett wWie measured bulk
composition for the P-T range 2-8 kbar and 600-9UD. The assemblage
garnet+biotite+plagioclase+K-feldspar+sillimanitesagtz+liquid, inferred to be stable
during the anatexis of the rock, is modelled byidyf large large penta-variant field at
670<T<800 °C and 3<P<8 kbar. This field is bordea¢dow T by the muscovite-out
curve and the pD-saturated solidus.

Figure 5.8 (next page): P-T pseudosections for the metatexite ALP1 catedl in the MNNCKFMASHT
system. Light, medium, dark and very dark greydBehre tri-, quadri-, penta and esa-variant fields
respectively. The red dashed area represents thénkerval inferred for the melting. A) Isopleth$ o
garnet and biotite are reported. Yellow, pink aheeHines refer to the melt-in (solidus), muscoaig
and biotite-out curves, respectively. B) Isomodaglrnet and melt are reported.
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Further constraints on the P-T conditions duringltimg may be obtained from
compositional isopleths of the MI-bearing garnaec@{ys=0.3-0.4 and ¥y=0.12-0.14)
and prograde biotite in the neosome (Ti=0.21-0j&4/a1 oxygens). Biotite py is not
considered as a valid constraint in the modelliagdoise it was the most likely mineral
that may have been affected by retrograde netfemmeactions. The corresponding
isopleths modelled in the pseudosection constt@nconditions of equilibration in the
studied metatexite at 670<T<750 °C and 3.5<P<5&s kbig. 5.8A). As (i) the garnet
in the metatexite shows a weak zoning pattern (ig) that is likely to represent a
prograde compositional zoning (see above), (ii) sabgring even a slight re-
homogenization at high temperatures, Ca diffusirogarnet is slower than most other
major cations (Speat al., 1999; Vielzeufet al., 2007), and (iii) Ti content of biotite is
not affected by retrograde net-transfer reactigtwh(l and Spear, 2000), | conclude that
the inferred conditions of equilibration (espegiaih terms of temperature) can be
interpreted as melting conditions. These P-T esémare consistent with the data
obtained by thermobarometry. The amounts of meltgarnet in this field (Fig. 5.8B)
reach maximum values of 7 vol% and 0.5 vol%, resypely, in agreement with the
field and petrographic observations. Calculatechgamode indicates that after the
beginning of melting, the amount of garnet slightigreases in the PT region of interest

(Fig. 5.9), explaining the possibility for this ectic garnet to entrap melt inclusions.
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At P>4 kbar, ilmenite disappears between the mmeland muscovite-out curves,
whereas at lower pressure it is completely consujustd (~5 °C) before the 40-
saturated solidus (Fig. 5.8A). Therefore, iimemitight have participated as reactant in
the garnet-forming reaction at low temperature/d0 °C).

Graphite reduces the.@ in the fluid, displacing fluid-present melting elgaria
to higher T, and fluid-absent melting reactiondawer T (e.g. Clemens, 1990). It is
possible to quantify the minimum shift of the,®isaturated solidus to higher
temperatures (Cesagt al., 2003) by intersecting the isopleths of the maximids®
content of graphite-saturated COH fluids (Connahd Cesare, 1993) and those of
Xh,0 Vvalues of fluids coexisting with haplogranitic tse{e.g., Ebadi and Johannes,

1991). The fluid-present solidus shift is ~35°C2dtbar, ~20°C at 4 kbar, ~10°C at 5
kbar and is negligible for P>6 kbar (Fig. 5.10).
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out curves (yellow and pink dashed curves respelglivcoexisting with graphite. Black circles:
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interval inferred for melting.
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The maximum @g,o of fluids internally generated in the studied raskbuffered by

graphite to values >0.8 at the inferred P-T coodgi (Connolly and Cesare 1993),
resulting in a lowering by ~10-15 °C of the posisoof the subsolidus dehydration
reactions (e.g., Pattison and Tinkham, 2009). Ehift for the muscovite-out curve at
melting temperatures is reported in Fig. 5.10. Kenwonsidering the presence of
graphite in the rock, the intersection of the flgaturated solidus and the muscovite-out

curves (black circle in Fig. 5.10) moves towardshler P (>4.5 kbar).

5.6 M echanisms of anatexisin metatexites and mylonitic migmatites

The microstructural criteria for the recognition tbe former presence of melt
have been recently reviewed by Vernon (2011). I studied migmatites, the most
convincing microstructures of the evidence of meltare: i) plagioclase and quartz
films around quartz or garnet grains (Figs. 5.1J4lL) cuspate-shaped feldspars,
surrounded by corroded grains (Fig. 5.11); andaiihedral faces of some feldspars in
leucosomes (Fig. 5.1D and Fig. 5.2C). The first tw@rostructures are thought to
represent previous melt films and pools (pseudoimoif melt-filled pores; Holness
and Sawyer, 2008), whereas the latter testifiesdhestal grew in contact with a melt
(Marchildon and Brown, 2002). Melt pseudomorphseneot found in the mylonite,
owing to the intense deformation that continuedhim subsolidus state. However, it is
important to realize that the occurrence of metiusions (see Chapter 6) represents
another reliable microstructural criterion for fleemer presence of anatectic melt in the
studied rocks (Cesagtal., 2011).

Field, microstructural and chemical observationdicate that the quartzo-
feldspathic metatexites were not affected by medslor infiltration, and thus their
composition can be considered representative ofpttegolith. Their compositions
overlap those of typical metagreywackes (see Vidglamd Montel, 1994; Gardiegt
al., 1995; Corona-Chavea al., 2006). Conversely, the mylonite shows slightlyheig
SiO, and lower AJO3, FeOs, MgO, TiO, and CaO concentrations than metatexites.
These differences could be due to: i) slightlyelént metasedimentary protoliths; or ii)
difficulties associated with the bulk analyses oétenogeneous rocks such as
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migmatites. The occurrence of a highly heterogeseoetasedimentary crust in the
Alpujarride Complex (made by phyllites, mica schigisammitic schists, quartzite and
greywacke; Platet al., 2003) may support the first hypothesis. In anyecdise bulk
compositions of both rocks are very close, and i oeasonably assume that they
represent the same protolith affected by varialdgrele of melting and deformation.
Despite the higher melting degree and the highnsttaformation that characterizes the
quartzo-feldspathic mylonites, the melt segregatvass minimal, probably owing to the
high ductility of the mylonitic zone that hamperd@ development of fractures (Tubia
etal., 1997).

Most of the changes in phase composition and madakents from the
metatexite to the mylonite are consistent withdbecribed increase of temperature and
melting degree, even if these rocks do not demkaeity from the same protolith. Ti and
Xwmg In biotite increase from the metatexite to the anyte, in agreement with the
increase in temperature (Guidoti al., 1977; Patifio-Douce and Johnston, 1991;
Johnsoret al., 2001). On the other handgXof the peritectic garnet should increase
with increasing pressure (Montel and Vielzeuf, 19%hd, therefore, from the
metatexite to the mylonite. However, this variatiorthe garnet chemistry has not been
observed in the studied rocks (the mylonitic gaitmes X,sequal to, or slightly lower
than, the garnet in the metatexite).

The mechanisms of melting of crustal rocks havenbeklely investigated by
experimental petrology (recently reviewed in Whee al., 2011). Many of these
experimental studies have been performed to consthe melting reactions that
metapelites and metagreywackes may cross uponnpeatimedium pressures (Petd
1976; Vielzeuf and Holloway, 1988; Patifio-Douce ahnston 1991; Vielzeuf and
Montel, 1994; Patifio-Douce and Beard 1995; Stewtrad., 1997; Patifio-Douce and
Harris 1998). These moddiscontinuous melting reactions, in order of increasing T at

5-8 kbar, are the following:

the fluid-saturated solidus:
Ms + Bt + Pl + Qtz + Kfs + fb> melt (2)
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the fluid-saturated melting of muscovite:
Ms + Bt + Pl + Qtz + fb> Als + melt (2)

the fluid-absent melting of muscovite:
Ms + Pl + Qtz> Bt + Kfs + Als + melt 3)

the fluid-absent melting of biotite:

Bt + Pl + Als + Qtz> Grt/Crd + Kfs + melt 4)
or

Bt + Pl + Qtz> Opx + Grt + Kfs + melt (5)

Reactions (1) and (2) require anQirich fluid phase initially present in the protali
and in general produce small amounts eDksaturated melt (Vielzeuf and Holloway,
1988), unless “water-fluxed” melting occurs (Sawy2010). In addition, the eutectic
reaction (1) can only occur when K-feldspar is preéesat the solidus. Peritectic
orthopyroxene is produced by reaction (5) inS\NDs-free rocks (Vielzeuf and Montel,
1994; Patifio-Douce and Beard 1995).

The petrogenetic grids and liquidus diagrams (evielzeuf and Holloway,
1988; Spear and Kohn, 1996; Spetal., 1999; Vielzeuf and Schmidt, 2001) allow to
consider also theontinuous nature of the melting reactions. Thus, once museas
completely consumed by reaction (3), ab4RL.5 kbar and in peraluminous
metasedimentary rocks, melting proceeds throughctimtinuous fluid-absent melting

reaction

Bt + Pl + Als + Qtz> Grt + Kfs + melt (6)

resulting in garnet growth together with melt protion right after the complete
breakdown of muscovite (reaction 3). The continuthuis-absent melting reaction (6)
proceeds until the discontinuous reaction (4) &ched. Conversely, and if | consider
the previous discussion on the intersection of floél-saturated solidus and the

muscovite-out reaction in graphite-bearing metasediary rocks, at$4-4.5 kbar the
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rock dehydrates before melting, first by the musgeogtehydration reaction and then by
continuous biotite dehydration. Melting starts ke tfluid-saturated solidus (1) and
evolves by the continuous fluid-absent melting tieac (6) until the discontinuous

reaction (4). However, the direct experimental gomdtion of the continuous reaction
(6) at low temperature has not been possible owongluggish kinetics at T<750°C

(Spear and Kohn, 1996).

The petrographic features of the metatexite (eagyndant Bt and Fib, the
occurrence of very rare Ms with resorbed shapeddieh armoured by K-feldspar, Ml
in peritectic garnet) along with the inferred mmadticonditions (T=670-750 °C and
P=3.5-5.5 kbar) and the topology of the pseudosedtig. 5.10) indicate two feasible
scenarios about melt-producing reactions in theatagite: a) melting occurs first by the
discontinuous reaction (3) closely followed by toatinuous reaction (6); or b) the first
melting reaction encountered by the rock is thedfkaturated solidus (1) closely
followed by reaction (6). Biotite is involved asactant in melting reactions at 700-750
°C and might be expected to exhibit textures obmgson. However, it is well known
that at these near-solidus conditions minerals,particularly biotite, may recrystallize
as euhedral crystals (see Icenhower and London; 1@%enst al., 1997). Therefore,
the occurrence of biotite crystals with well-definboundaries in contact with melt
pseudomorphs (Fig. 5.1L) is not inconsistent witle involvement of biotite as a
reactant during melting.

Experimental evidence indicates that the discoptisuBt fluid-absent melting
reaction (4) should be reached at800-850 °C, for P=6-10 kbar (Vielzeuf and
Holloway, 1988; Patifio-Douce and Johnston 1991di@at al., 1995). The observed
mineral assemblage in the mylonitic migmatite (eapsence of muscovite, presence of
Ti-rich prograde biotite, abundant sillimanite aMl in peritectic garnet) and the
calculated melting temperature in excess of 750(Fi@. 5.7), all indicate that the
continuous Bt melting reaction (6) was involved thre generation of melt in the
mylonite, and that the terminal reaction (4) wasexcxeeded.

The inferred melting reactions produced leucosomath peraluminous
leucogranitic compositions in both metatexite angdomite. During cooling, KO that

exsolved from the crystallizing melts might havélirated the adjacent neosomes or be
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consumed by back reactions (Kriegsman 2001; Whte Rowell, 2010), producing
leucosomes with anhydrous or near-anhydrous chéooaposition (Tab. S8). Hence,
the composition of leucosomes can hardly providg meaningful information about
the fluid regime during the prograde melting. Theewrence of the melt-producing
reactions (3, 4 and 6) in the studied migmatitesildrlamply a HO-undersaturated
environment during melting. Conversely, the ocaweee of reaction (1) would imply
that the onset of melting took place under fluitiissed conditions for the metatexite.
Nevertheless, the presence of graphite in the metatindicates that such fluid cannot
have been pure J@, and that its mole fraction must have been >@8nfolly and
Cesare, 1993). The detailed study of the desciiblenh Grt will provide further clues

on the nature of melting reactions and fluid regirdaring the anatexis of these rocks.
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Chapter 6
Melt inclusionsin quartzo-feldspathic metatexites and
mylonitic migmatites

6.1 Microstructural characterization

This research is primarily focused on the charaagon of Ml in two different
types of migmatite from the same anatectic basem@ti-feldspathic metatexites
located towards the base of the Ojen unit, andf€ispathic mylonites found near the
top of the Ojen unit. These two rocks are chos@&alee they represent migmatites with
different melting conditions. The size of Ml in Heerocks represents an analytical
challenge as it is near the limits of spatial re8oh of the conventional microanalytical
techniques. Hence, the characterization of Ml nstrectures was performed by using
optical microscope along with the new generatiofrBf>-based electron microscopes
(see Chapter 3).

6.1.1 Occurrence and optical features

MI have been recognized within garnet in both ypEémigmatites. MI-bearing
garnets have different microstructures accordinthéotype of migmatite (see Chapter
5). In mylonitic migmatites, MI-bearing garnets dees abundant (~20% of the garnet
population) than in metatexites (~90%). In gendyHllare clustered, forming groups of
tens of inclusions which are often characterizedabgimilar size. Clusters, locally
displaying a spherical geometry, are preferentifdigated at the core of garnets in
metatexites (Figs. 6.1A-B), whereas they do noehapreferential arrangement within
anhedral garnets of the mylonite, where they otmih at the core and close to rim
(Figs. 6.1C-D). Ml may also have a spiral-like agament in some mylonitic garnets
(Fig. 6.1E). No compositional discontinuities hdeen observed between MI-rich and
Mi-free portions of the garnets (see Chapter 5).ddInot form trends along linear
discontinuities of the host crystal. In those casbgre the garnet has been partially

replaced by biotite + sillimanite, the cluster of May be in contact with the resorbed
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boundary of the host (Fig. 6.1F). Ml generally dat wccur in the surroundings of
mineral inclusions (i.e., biotite or quartz) ordrmares in mylonitic garnet, similarly to
what has been observed in Grt from anatectic easlay Acosta-Vigikt al.,(2007).

Figure 6.1: Photomicrographs of MI-bearing garnets, PPL. A-Bja8 garnet crystals in metatexite with
MI clusters at the core. C-E) Garnet in mylonitieggmatites, showing a different arrangement of Ml
clusters: at the core in C, close to the garnetimid and spiral-shaped (red dotted lines) in EMF)red
arrow) touching the rim of a garnet partially reqgd by Bt+Fib in the metatexite. Scalebar: 100 um.
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In transmitted light under the optical microscop®st of Ml appear totally or
partially dark-brownish (Figs. 6.2A-B) and contaén polycrystalline aggregate of
birefringent crystals under cross polarized lighiigé. 6.2C-D). Other MI are
transparent in transmitted light and contain an dgemeous isotropic phase under
crossed polarized light; in garnets from mylonitesy may show a bubble (Fig. 6.2E).
Raman spectroscopy indicated that these bubbleseamgty and thus represent
shrinkage bubbles. In the mylonites, some dark-brskivMI mantle fibrolite needles
(Fig. 6.2F). The shape of both types of inclusisrisometric and their size does not

exceed 15 um (average size ~ 5 pum).

Figure 6.2: Photomicrographs of Ml in garnet. A-B) Close-up Mf clusters in metatexite (A) and
mylonite (B), both PPL. C-D) PPL and XPL imagesspectively, of a crystallized inclusions in
metatexite. E) Glassy MI in mylonite showing a skége bubble (red arrow), PPL. F) PPL image of a
crystallized inclusion with a sillimanite needle hige arrow), that is likely to have favoured the
entrapment of melt. Scalebar: 5 pm.
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6.1.2 Microstructures and phase assemblage

When MI are investigated with the FESEM and ESHEMy appear typically
facetted, and often with a well-developed negatiystal shape (Figs. 6.3, 6.4 and 6.6).

A 5 B e

Figure 6.3: FESEM BSE images of coexisting preserved glassycaystals-bearing M| in metatexite
(A) and in mylonite (B-F). Yellow arrows: decreqitan cracks. Scalebar in A-E: 1 um.
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This shape is more properly developed in Ml fromtatexites. Ml show a variable
degree of crystallization, even in the same clugkégs. 6.3A-D), that ranges from
totally crystallized MI, to partially crystallize®l, and down to crystals-absent Ml
(glassy MI). The relative abundance of these timemostructural types varies between
metatexite and mylonite. In metatexites, partiallystallized Ml are the most abundant
(Fig. 6.6), and glassy Ml are very rare (Fig. 6.3@pnversely, partially crystallized Ml
are rare in the mylonites, where fully crystallizgdg. 6.4) and glassy (Figs. 6.3B-E)
MI are common. No systematic difference in diamétetween the different types of
inclusions is observed. Indeed, the size of glddkys often equal to (Figs. 6.3A-C),
and sometimes even larger than (Figs. 6.3D-E), tfathe partially or totally
crystallized inclusions. Decrepitation tails maygwcin crystallized inclusions hosted in
garnets of mylonites (Figs. 6.3C and F).

Crystallized inclusions contain aggregates of @yaibiotite, muscovite,
plagioclase and K-feldspar with equigranular, hiygmabrphic to allotriomorphic
texture (Fig. 6.4). Crystal size ranges from huddref nm to a few um. The two-
dimensional observation of Ml exposed on the gasetace by SEM (Figs. 6.4)
provides only apparent modal information that cae mmisleading. The SEM
investigation of tens of MI highlights some diffaces in the mode of fully crystallized
MI from the two studied migmatites. In the metatesj Ml generally contain quartz,
biotite, muscovite, plagioclase and rare K-feldsgkigs. 6.4A-B), whereas the
assemblage quartz, biotite, muscovite, K-feldspal minor plagioclase is common in
garnets from mylonites (Figs. 6.4C-F); here, apatén also be present (Figs. 6.4 C-D).
The largest grains within crystallized MI generatlgnsist of subhedral to euhedral
micas,<2 um in size, which often grew starting from thelirsion walls (Figs. 6.4A, C
and D) and are likely to be the first phases toehawstallized. Feldspars form
subhedral to anhedral crystals, whereas quartzeesuan interstitial phase. Sometimes
granophyric to microgranophyric intergrowths of gmaand feldspars are present (Figs.
6.4B and F), mostly in Ml from mylonite. Owing tbie@se microstructural features
typical of plutonic rocks (although at 3-4 ordefsnmagnitude smaller), that testify for
the crystallization of a former silicate melt teetgranitic assemblage quartz + feldspars
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+ micas, and according to Cesateal., (2009), the cryptocrystalline aggregate found

within fully crystallized MI has been named “nanagite”.

Figure 6.4: FESEM BSE images of nanogranite inclusions in reattd (A-B) and mylonite (C-F). Red
arrows: primary nanoporosity; yellow arrow: miciagtures. X-ray maps of some Ml are reported in the
Supplementary Material (Fig. S1-S3). Scalebar: 1 pm
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Some nanogranites display a variable micro- to f@orosity, that is greater in the
samples from metatexites (Figs. 6.4B and F). Herero-Raman mapping of some
crystallized Ml located below the garnet surfacewtoented the presence of micro- and
nano-pores filled with liquid KO (Fig. 6.5), suggesting J exsolution during
crystallization of hydrous melts to nanogranitelse Raman spectrum also confirms the
occurrence of biotite and muscovite into nanogeanfEig. 6.5A).

Partially crystallized inclusions are indistinguastte from nanogranites at the optical

microscope because of their small size. The presehglass together with crystals is
only revealed by SEM investigation.
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Figure 6.5: Raman mapping of liquid J@ distribution within a crystallized melt inclusignanogranite).
(A) Representative Raman spectrum obtained fronpingpthe peaks at 3620 and 3691 coorrespond
to main OH stretching vibrations in muscovite amatite, respectively. (B) Investigated inclusioridog
garnet surface, PPL. (C) Raman map in the 3200-34@b stretching region (bounded by red dotted
lines in A) of liquid HO. The inclusion contains both hydroxylated mineead free KD in the pores.
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Glass occupies different area percentages of théFMI 6.6), and commonly coexists
with muscovite, biotite and quartz in the partiatiystallized MI from the metatexite
(Figs. 6.6A-D); more rarely, Na-rich plagioclasetli® only phase present with glass
(Fig. 6.6E). In the mylonite, rare partially cryliteed MI generally contain only
muscovite and/or biotite along with the glass (BigF).

Figure 6.6: FESEM BSE images of partially crystallized MI in taexite (A-E) and mylonite (F).
Scalebar: 1 pm.
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6.1.3 Microstructures after remelting experiments

The aim of the experimental remelting of Ml isr&heat the inclusions to, or
close to, the temperature at which they were trdpg®d, thus, to reverse the phase
changes that occurred during cooling (crystall@atand fluid exsolution in bubbles)
until an homogeneous liquid is obtained. Once ithisccomplished, the melt obtained
after heating is quenched to glass so that it eaanalyzed by EMP or other techniques.

Owing to the rarity of preserved glassy Ml in mesdtes, a key problem was to
remelt the nanogranites and partially crystallikédin order to make them analyzable
and obtain a reliable estimation of MI chemistrireTirst remelting experiments were
performed at room pressure using the high-temperaheating stage, a routine
technique in igneous petrology (Frezzotti, 2001¢liBar and Student, 2006). Despite the
use of different heating ramps (see Chapter 4etbhomogenize the nanogranite and
partially crystallized inclusions, remelted incloss show always the occurrence of
many decrepitation cracks and newly formed hereyarystals along with glass (Fig.
6.7). Fractures may extend for several um intogdwmet host, and contain both glass

and hercynite.

A B

:
7,
1

Figure 6.7: FESEM BSE images of remelted MI after experimersimgi the high-temperature heating
stage. Red arrows: hercynite crystals; yellow as:adecrepitation microfractures. Scalebar: 1 um.

The Fe-Al-bearing spinel (never observed befordihggis likely a product of garnet-
melt interaction due to overheating and inclusi@trdpitation during the remelting
experiments. These inclusions are therefore uridaifar a geochemical study.
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To overcome these problems, nanogranites and patigstallized inclusions
have been also remelted in a piston cylinder appsrat 5 (+0.4) kbar, for 24h, both
under dry and kD added conditions (see Chapter 4). Since the mimimemelting
temperature obtained through the heating stageriexgeats is ~780 (£15) °C, the piston
cylinder experiments were initially run at 800 (£&) but also at 750 and 700 (5) °C,
in order to constrain the minimum re-homogenizatiemperature and, thus, the
temperature of entrapment of MI. | have found nccrostructural differences in
remelted MI obtained from dry and wet experimeiitshas been observed that the
smaller inclusions generally remelt at each run #rad the number of remelted Ml
increases with increasing experimental temperature.

After the experimental run at 800 °C, the fully edtad MI (Fig. 6.8) are often
characterized by the occurrence<@f pm long decrepitation cracks and one or more
bubbles, and hence they represent partially re-lgemaed MI. The glass-to-bubble
ratios are variable in the several Ml of the sarhester (Fig. 6.8C). Remelted Ml
generally show irregular boundaries (Figs. 6.8Cdf)¢d MI with a fully-developed
negative crystal shape are rare (Fig. 6.8A). At 7G0premelted Ml still display cracks
and bubbles (Fig. 6.9); however, the percentagdlofvith a well-developed negative
crystal shape (Fig. 6.9B) increases with respetiteaB00 °C runs. Some bubbles hosted
in MI remelted at 800 and 750 °C have been analymedRaman spectroscopy (see
Chapter 3). These bubbles contain vapous @{th a density of 0.14 g/ch{Fig. 6.10
and Tab. 6.1). After the experimental remelting@® °C, Ml reached a complete melt
+ vapour homogenization (hence they represent ftdhomogenized MlI), without
decrepitation and/or the occurrence of bubbles. (€ifj1). Here, Ml still preserve the
original negative crystal shape, suggesting thathibst garnet did not dissolve into the
melt during heating, and therefore that the trapgemperature was not significantly
exceeded.
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BEI x2400 WD14.57mm 15.00kV

Vs

A

Figure 6.8: FESEM BSE images of MI re-homogenized through pistglinder experiments at 800 °C
and 5 kbar. Red arrows: bubbles; yellow arrowsrefgtation cracks; white arrows: irregular boundari
Scalebar in Aand C-F: 1 um.
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partially
remelted M|

BEI x3000 WD13.72mm 15.00kV

N

Figure 6.9: FESEM BSE images of re-homogenized MI after pistginder experiments at 750 °C and
5 kbar. Red arrows: bubbles; yellow arrows: dec¢atipin cracks; white arrows: irregular boundariest
dashed circle: EMP pit. Scalebar in B-D: 1 pm.
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Table 6.1: Raman results of CQlensity at room temperature in bubbles from nmeliuisions remelted at
800 and 750 °Cv+ andv- represent the upper and lower bands respectofeiermi diad.A: difference
between the positions of the- andv- bands.p: density of CQ. Numbers in parentheses refer to 1
standard deviations.

No. analyses 4

v+ (cmit) 1389.47 (0.78)
v- (cmi®) 1286.46 (0.79)
A (cm?) 103.01 (0.00)
p (g/cnt) 0.14 (0.00)

&>

BEI x4800 WD13.53mm 15.00kV | —

Figure 6.11: FESEM BSE images of fully re-homogenized MI aftéstgn cylinder experiments at 700
°C and 5 kbar. Scalebar in B-D: 1 pm.
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6.2 Composition of the melt inclusions

Chemical analyses have been undertaken on presetessy and fully re-
homogenized inclusions, after a detailed opticalestigation to verify their

homogeneity and the absence of decrepitation cracks

6.2.1 Glassy melt inclusions

Mean EMP data for glassy MI in metatexites (3 is@ns) and mylonites (39
inclusions) are reported in Tab. 6.2, and the cetepdataset is presented in the
Supplementary Material (Tabs. S9-S11). All the wredl glassy MI contain a
peraluminous leucogranitic melt. Glassy MI in mexaes have rather constant and
moderately peraluminous compositions, with®,0 from 0.7 to 0.8 and Mg# from
0.06 to 0.14. Conversely, the composition of glagdyn the mylonites is much more
variable, richer in Sig) FeO, MgO and s, lower in CaO, and moderately to strongly
peraluminous. In particular, these inclusions aghlly variable in NaO and KO, such
that | have classified them into two groups: typaith NgO/K,O < 0.5, and type I,
with NaO/K,0 > 0.6. Type | and Il glassy MI have been foungetber only in two
garnets out of a total investigated of ~20. Alée, two different types can occur both in
garnets from leucosomes and neosomes.

In terms of CIPW normative values, the analyzedgytaM| have variable Qtz,
Ab and Or contents. The An content is lo¥,25 in MI from metatexites arngD.85 in
MI from mylonites. All the analyzed melts are cadum-normative. When plotted in a
Qtz-Ab-Or ternary diagram, the data from type | apoe 1l glassy Ml of mylonites
define two different clusters (Fig. 6.12). The camsitions of the glassy MI from
metatexite overlap those of type Il glassy MI fronylonite. All MI plot in the Qtz
field, close to the 5 kbar cotectic curve and ahealistance from the eutectic melt
compositions of the haplogranite system.
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Qtz

m Glassy Ml in metatexite

| Type | glassy Ml in mylonite

@ Type |l glassy Ml in mylonite

Ab
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Figure 6.12: Normative CIPW
compositions of the preserved
glassy Ml in the Qtz-Ab-Or
diagram. Black dot and lines refer
to the eutectic point and cotectic
lines for the subaluminous
haplogranite system at 5 kbar and
au,0=1; grey dots: eutectic points
at 3,0=0.6 and 0.4 (Beckest al.,

1998). Red dot and lines: eutectic
point and cotectic lines for the
subaluminous haplogranite system
at 10 kbar andgo=1 (Johannes

and Holtz 1996). In the

peraluminous system, the cotectic
curves move slightly towards
more Q-rich compositions (Holtz

et al.,1992).

Table 6.2: Mean EMP analyses of preserved glassy MI. Numbergarentheses refer to 1-sigma
standard deviations.

Sample Metatexite Mylonite

No. analyses 3 Type 1 (30)  Type Il (8)
SiO, 69.69 (1.76)  76.33 (1.48) 75.97 (2.20)
TiO, 0.08 (0.14) 0.05 (0.08) 0.07 (0.07)
Al,O3 11.78 (0.32) 11.35(0.53) 11.30 (0.73)
FeO* 1.20 (0.11) 1.60 (0.050) 1.34 (0.34)
MnO 0.09 (0.09) 0.06 (0.06) 0.08 (0.08)
MgO 0.07 (0.03) 0.17 (0.11) 0.15 (0.15)
CaO 0.39(0.19) 0.07 (0.04) 0.14 (0.17)
Na,O 3.09 (0.24) 1.96 (0.35) 3.05(0.51)
K50 4.19 (0.23) 5.76 (0.36) 3.98 (0.33)
P>Os 0.18 (0.27) 0.23 (0.23)t 0.29 (0.29)t
Total 90.75 (1.61) 97.54 (1.60) 96.30 (1.08)
Na,O/K,O 0.74 (0.09) 0.34 (0.06) 0.77 (0.11)
ASI 1.15 (0.09) 1.19 (0.10) 1.19 (0.12)
#Mg 0.09 (0.04) 0.14 (0.06) 0.13 (0.112)
CIPW norm

Qtz 34.23 (2.86) 41.20 (2.68) 41.56 (5.06)
Crn 1.87 (0.63) 1.86 0.89) 1.91 (1.02)
Or 24.77 (1.34) 34.02 (2.15) 23.50 (1.95)
Ab 26.11 (2.07) 16.56 (2.98) 25.84 (4.29)
An 0.83(0.72) 0.13 (0.22) 0.18 (0.23)

*Total Fe as FeO

ASI| = mol. ALO4/(CaO+NaO+K;0)
#Mg = mol. MgO/(MgO+FeO)
tValues based on 24 analyses

T Values based on 6 analyses
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6.2.2 Remelted melt inclusions in metatexite

Mean EMP data for remelted MI in metatexites atfedént experimental
conditions are reported in Tab. 6.3, and the coraptiataset is presented in the
Supplementary Material (Tabs. S12-S17). All thelyread MI contain a peraluminous
granitic melt, and the compositions of remelted fidim dry and wet experiments are

indistinguishable.

Table 6.3: Mean EMP analyses of the re-homogenized MI in thetatexite. Numbers in parentheses

refer to 1-sigma standard deviations.

Exp.

o o o
ormmerature 800°C 750°C 700°C
E())(r?ditions dry wet dry wet dry wet
No.
analyses 14 14 16 12 15 13
Sio, 69.42 (2.01) 69.83(1.42) 69.24 (2.18) 69.41 (2.43) 70.03 (2.36) 69.60 (1.86)
TiO, 0.06 (0.07) 0.07 (0.07) 0.05 (0.07) 0.05 (0.06) 0.04 (0.07) 0.06 (0.07)
Al,O4 11.67 (1.15) 12.05(0.73) 12.52(0.99) 12.59 (0.47) 11.71 (0.89) 12.06 (0.49)
FeO* 2.43(0.65) 2.43(0.52) 2.20 (0.54) 2.29(0.33) 1.71(0.22) 1.74 (0.25)
MnO 0.17 (0.11) 0.20(0.12) 0.27 (0.18) 0.21 (0.20) 0.17 (0.10) 0.16 (0.10)
MgO 0.18 (0.06) 0.21(0.12) 0.24 (0.12) 0.26 (0.12) 0.12 (0.07) 0.12(0.07)
CaO 0.47 (0.09) 0.48 (0.20) 0.43 (0.09) 0.52(0.10) 0.45 (0.13) 0.45(0.10)
Na,O 2.43(0.33) 2.75(0.62) 2.75(0.47) 2.63(0.45) 2.79 (0.37) 2.85(0.50)
K50 3.79 (0.59) 3.80(0.45) 4.03 (0.33) 3.93(0.61) 4.05 (0.41) 4.08 (0.30)
P,O5 0.30 (0.22) 0.24 (0.07) 0.22 (0.31) n.d. 0.26 (0.24) 0.22(0.14)
Total 90.76 (3.09) 91.86 (2.05) 91.76(2.22)91.90 (2.72) 91.33(2.26) 91.34 (2.12)
Na,0O/K;0 0.64 (0.18) 0.74(0.22) 0.68 (0.11) 0.67 (0.17) 0.70 (0.13) 0.70(0.14)
ASI 1.31(0.13) 1.28(0.11) 1.30 (0.14) 1.34(0.15) 1.20 (0.08) 1.22(0.10)
#Mg 0.11(0.02) 0.11 (0.05) 0.14 (0.05) 0.15 (0.06) 0.10 (0.06) 0.10 (0.05)
CIPW norm
Qtz 37.70 (2.82) 35.94 (3.86) 34.57 (2.62) 35.50 (3.31) 36.12 (3.70) 35.31 (2.62)
Crn 2.98 (1.40) 2.65(0.97) 2.90 (1.26) 3.06 (1.14) 2.36 (0.91) 2.64 (1.08)
Or 22.41 (3.51) 22.44 (2.67) 23.84(1.94) 23.25 (3.59) 23.95 (2.40) 24.14 (1.77)
Ab 20.55 (2.81) 23.27 (5.27) 23.23(4.00) 22.26 (3.78) 23.64 (3.09) 24.11 (4.19)
An 1.59 (0.90) 2.09 (1.33) 2.03 (0.70) 2.58 (0.49) 0.99 (1.20) 0.84 (0.58)

Total Fe as FeO

ASI| = mol. ALOs/(CaO+NaO+K;0O)
#Mg = mol. MgO/(MgO+FeO)
tValues based on 7 analyses

T Values based on 3 analyses
"Values based on 2 analyses
n.d.: not detected.

The average composition of remelted inclusionsCft 8hd 750 °C generally differs

from that of preserved glassy inclusions, showimghér FeO, MnO, MgO, CaO, ASI
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and #Mg (Tabs. 6.2 and 6.3, Fig. 6.13). The avecageposition of Ml re-homogenized

at 700 °C is much more comparable to those of gletusions, although remelted Mi

still show slightly higher values in the above camsitional variables than glassy Mi

(Fig. 6.13D). However, similar FeO contents (1.725#0wt%) have been reported in the
literature for glassy inclusions trapped at ~700M@in garnets of high-grade anatectic
enclaves (Acosta-Vigit al.,2007).
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Figure 6.13: Plots of A) Aluminium saturation index (ASI), B) ba/K,0, C) #Mg and D) FeO of the
experimental remelted Mis.temperature. Preserved glassy MI are plotted donparison. The number
of analyses is indicated next to data boxes in {&xtical bars indicate the standard deviatioa)(&n
average values.

When plotted in a Qtz-Ab-Or normative diagram (Fegl4), the data from dry
and wet runs overlap, but the scatter of the d&arly decreases with decreasing
experimental temperature. Thus, at 700 °C the niwenaompositions of fully re-
homogenized MI are strictly comparable with tho$g@served glassy MI and plot
close to the 5 kbar haplogranite eutectic.gb & 0.5 (Fig. 6.14C).
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6.2.3 HO content of melt inclusions

Since HO is the main volatile in S-type felsic melts aras la great influence on
the physical properties of magmas, its precise tifuation is of paramount importance
(Hess and Dingwell, 1996; Baker, 1998). Given thwlf size of the studied M, the
most promising method of J& analysis is the Raman spectroscopy (Thomas, 2000;
Miuller et al., 2006; Thomast al., 2006). HO contents by Raman have been measured
for the preserved glassy Ml in mylonite and thdyfué-homogenized MI at 700 °C in
metatexite (Fig. 6.15)

The HO content of the glass in re-homogenized MI frontatexites ranges
from 3.1 to 7.6 wt% (Fig. 6.15A). This variabilitg in accordance with the variable
microprobe totals (Tab. 6.3). .8 concentrations calculated by difference (100-
microprobe totals), however, are sistematicallyhbigthan those provided by Raman
spectroscopy. Most of the analyzed MI (~70%) by BRarshow HO contents between
3.1 and 5.8 wt%, with no difference between rendeltdl from dry and wet

experiments.

E Dry run
A 81 n: 24 B 161
7 min: 3.3 14 1
61 max: 7.6 12 ]
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> 9 Std Dev: 1.30 > 107 n:|221 5
min: 1.
é i B Wet run § 87 max: 2.6
g 31 n: 19 g 61 mean: 1.8
Y min: 3.1 £ 4] Std Dev: 0.47
max: 7.4
11 mean: 5.0 2 1
0 Std Dev: 1.46 0 . .
2 3 4 5 6 7 8 9 0 1 2 3 4
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Figure 6.15: Histograms of the D content for the A) experimental re-homogenized ftim
metatexite, and B) preserved glassy Ml from mylnit

For the Raman analysis of glassy Ml in myloniteswrand fresh Ml must have been
exposed on the garnet surface after the previowsostructural and compositional
characterization. Hence, during Raman analysesag wot possible to distinguish
between the type | and type Il inclusions. Howeweigroprobe totals of the two types

of inclusions overlap within analytical uncertair{ijab. 6.2), suggesting similar fluids
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contents. Glassy MI in mylonites have much loweOHoncentrations than Ml in
metatexites, in the range of 1.0-2.6 wt% (Fig. B)1®aman spectroscopy did not even
detect any KO in some (~30%) of the analyzed MI. Most of thegOkbearing Mi
(~70%) show HO contents between 1.0 and 1.9 wt%. These contemsaare again
lower than those calculated by difference from electron microprobe analyses (Tab.
6.2).

6.3 Pseudosection on melt inclusions

A P-T pseudosection was constructed using the megduwlk composition of the
fully re-homogenized MI of metatexite, in orderconstrain the field where pure melt is
stable and, therefore, the conditions of MI entrapm(Fig. 6.16). The modelized
chemical system is N@-CaO-K0O-FeO-MgO-AbOs-SiO-H,O (NCKFMASH), and
the pseudosection was calculated using the softWample X and the internally
consistent thermodynamic data set of Holland and/efo(1998, revised in 2003).
Along with a melt phase, the minerals considerethencalculation are garnet, biotite,
andalusite, sillimanite, kyanite, muscovite, quanpiagioclase and K-feldspar. The
following solution models were used: melt (Whge al., 2007), garnet (Holland &
Powell, 2001), white mica (Coggon & Holland, 200p)agioclase (Newtoret al.,
1980), K-feldspar (Thompson & Hovis, 1979) and io{Tagmanovaet al., 2009).
The fluid was considered as puredH(a+,0=1). The field for purdiquid starts at ~750

°C, 4 kbar (Fig. 6.16) and is bordered at low Ro(alt kbar) by the field Lig+kD, and

to higher P by the field Lig+Grt+Qtz. The lack of®trich fluid inclusions coexisting
with MI, and the absence of Qtz within MI, suggéet MI were trapped in such field.
However, the temperature of 750 °C is higher tham lowest temperature at which
nanogranites have been experimentally remelted. flilg re-homogenization of
nanogranite inclusions without garnet dissolutidn7@0°C is a strong experimental
evidence and indicates that only the melt shouldthble at this temperature. Instead,
the temperature of 700 °C represents in the pseatios the minimum temperature at
which liquid coexists only with garnet (field Griglin Fig. 6.16). Since the model for
the melt phase used in these thermodynamic calootatvas madéto reflect more
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closely the total Fe + Mg andeX= Fe/(Fe + Mg) in experimental meltsis outlined
by White et al., (2007), and given that experimental melts haveeloireO and MgO
contents than the natural anatectic melts (e.gralwee and Sawyer, 2011), | can only
speculate that the above differences in temperatight be related with the melt model
used in calculations and the uncertainties in tvecentrations of FeO and MgO in the
natural melts. Hence, the field Grt+liquid in theepdosection could be a field in which

only the liquid is stable until the minimum tempera of 700 °C.
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Figure 6.16: P-T pseudosection for the composition of the rémdehanogranite inclusions in the

NCKFMASH system. Blue, yellow and red lines referthe muscovite-, §0- and garnet-out curves,
respectively.
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6.4 Nature of the studied melt inclusions

In the studied quartzo-feldspathic metatexites ragtbnites, Ml have been found
in peritectic garnet. The trapping of melt inclusds promoted by rapid growth of the
host phase that destabilizes the planar crystal-mtrface and creates embayments
that may accommodate melt (Baker, 2008), or by direen-sized mineral located at the
rims of the growing mineral, that acted as surfammesvhich the melt could cling
(Roedder, 1984). The observed spatial arranger@nt@.1) is a strong indicator of the
primary nature of Ml (i.e., they were trapped wlgamnet was growing, Roedder, 1984)
and argues against a secondary origin (e.g., @r@olof melt along fractures in the
garnet). Hence, these MI represents small samplie anelt coexisting with the garnet
during the anatexis of the studied rocks. This mofleoccurrence (Ml hosted in
peritectic phases) is quite different from thatMF hosted by phenocrysts in lavas
where the host mineral is crystallizing “from” timeelt during cooling (Cesaret al.,
2011). In the former case, peritectic minerals aradt form at the same time during the
prograde path, i.e. the peritectic garnet is growuwiith” the melt.

The negative crystal shape typically found in theled MI (Fig. 6.3, 6.4 and 6.6)
is not a primary feature (Frezzotti, 2001), as cordd by experiments on fluid
inclusions formed in different minerals and artdiccrystalline compounds (Mazst
al., 1981; Sissonret al., 1993). These inclusion shapes result from rediation
processes between the host mineral and the inokisio order to reach the lowest
energy configuration. Such a shape is likely toeligy through the dissolution and
reprecipitation of the host mineral on the inclasiowalls, without modifying the
inclusion volume and the melt composition (Freaz@®01). Based on microstructural
investigations, Ml shape maturation predates thginpéng of crystallization of the
trapped melt, as the first phases to crystallizeds) are in contact with already planar
walls (Figs. 6.4 and 6.6).

Three type of inclusions were identified: nanogiesi partially crystallized
inclusions and preserved glassy inclusions. Theglhasemblage in crystal-bearing Mi
(quartz, plagioclase, K-feldspar, muscovite andita@pindicates that the trapped melt
likely had a granitic composition, as confirmed the analyses of remelted MI.

Nevertheless, SEM images only provide apparent imoftamation owing to the two-
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dimensional view. In the partially crystallized Mhe glass represents the residual melt
after the partial crystallization of the former gped melt. One or two micas are
generally present (Fig. 6.6), supporting the mitrdaral inference that these are the
first phases to crystallize. During the crystafiiaa of melts to nanogranites in the
garnets of metatexite, B exsolved in micro- and nano-bubbles (Fig. 6.5}, ibwas
also consumed by the crystallizing biotite and rouge.

Decrepitation cracks can be present in crystatibgal from the mylonite, but
they are rare in those from the metatexite, suggettat Ml decrepitation was enhance
by deformation that continued during the retrogrpdén (i.e., in the subsolidus state;
see Chapter 5). AdditionallyAP (the difference between the pressure inside the
inclusions and that outside the host mineral) shbalve been larger in inclusions from
the mylonite than in those from the metatexite,rmntio the different trapping pressure
(i.,e. melting pressure). Hence, similar near-isotted decompression paths would
favour the decrepitation of Ml in the mylonites owhose in the metatexites, as the
internal pressure of Ml would remain close to tbhentrapment (Lowenstern, 1995).
Nevertheless, since preserved and decrepitadedadll the same phase assemblage, it
can be inferred that there were no external iafilbns.

The minimum re-homogenization temperature (700 6€nanogranites and
partially crystallized MI from metatexites can besamed to be the trapping
temperature (Frezzotti, 2001), in partial agreemnatit the pseudosection modeling for
melt inclusions (Fig. 6.16). In addition, when téwere experimentally remelted at T
corresponding to the trapping T, or very closettmo dissolution of the host mineral
took place (Fig. 6.11).

During experimental remelting at temperatures highigan the trapping
temperature (750 and 800 °C), small amounts oht® garnet dissolved into the melt
(Figs. 6.8 and 6.9) increasing the original FeOteots and ASI and #Mg values (Fig.
6.13 and Tab. 6.3). This increase in the remet@ngperature also produced an increase
in the internal pressure of the volatile-rich Mio@har and Student, 2006), causing Ml
decrepitation and hence depressurization. Ml depremtion during heating runs at
750 and 800 °C is indicated by the commonly obskeening of microfractures on

MI walls (Figs. 6.8 and 6.9). Since the solubilitiyCQO, in silicate melts is much lower
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than that of HO (Tamicet al.,2001), and given that the solubility of €@ rhyolitic
melts decreases with decreasing P and/or with asarg T (Moore, 2008; Fogel and
Rutherford, 1990), MI depressurization resultedsésiculation of CQ bubbles (Figs.
6.8, 6.9 and 6.10). The occurrence of variable aibtelt ratios in different Ml of the
same cluster is a further evidence of bubble vésiom induced by different extents of
inclusion decrepitation and consequently deprezsstion (Lowenstern, 1995). In
addition, the high bubble-melt ratios that are stomes observed (Fig. 6.8C) suggest
volatile loss during decrepitation (Lowenstern, 39%esulting in the formation of
empty bubbles and/or expansion of preexisting legobt order to arrange the volume
lost by volatile leak (Seveet al, 2007). All these observations, along with theealoe
of CO;, bubbles in Ml remelted at 700°C, indicate that sd@®} is dissolved into the
melt of fully re-homogenized MI and that the newpesimental approach is therefore
crucial when performed at temperature corresponttingr very close to, the trapping
temperature, because it maintains the primary floahtents (HOxCQO,) in the
originally trapped melt, that would otherwise bstlduring most of the homogenization
experiments at room pressure (Bodnar and Studee)2

Fully re-homogenized Ml at 700 °C in the metatexsteow peraluminous
leucogranitic compositions similar to those of teexisting glassy Ml (Tabs. 6.2 and
6.3), suggesting that clusters contain inclusiohthe same melt, despite the variable
degree of crystallization revealed by microstrugltunvestigation. However, FeO is
slightly higher in the re-hnomogenized MI at 700WAZh respect to the glassy inclusions
(Fig. 6.13D), even if garnet does not show cleadeswes of dissolution (Fig. 6.11). |
can only suggest that this might be due to sméférdinces between entrapment and
remelting conditions (i.e., Ml might have re-eqoiiited with the host garnet during the
experiments at conditions slightly different théwe trapping conditions). However, the
main and most important purpose of this work ans tlew experimental approach to
the study of MI, was to be able to bring partialtytotally crystallized Ml in migmatites
to the original or quasi-original composition, ite.achieve the MI re-homogenization
without cracking and volatile loss. In this sende obtained results clearly show that
the newly developed method permits a detailed safdyne geochemistry of the melt

during the anatexis of the host migmatites. In vigdwhe present results, experiments
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with a nonlinear progression in run duration cordgresent the right continuation to
improve this new experimental approach for the tengeof nanogranite inclusions.

Glassy MI in the mylonites show peraluminous leuaagic compositions (Tab.
6.2) quite variable in their N&/K,O ratio. Type Il Ml (NaO/K,0>0.6) are rare,
whereas type | Ml (N#/K,0<0.5) are much more abundant, in agreement weh th
modal abundance of Na- and K-bearing phases imogranites of the mylonites (Figs.
6.4C-F). Type Il glassy inclusions from mylonitexlaM| from metatexites have similar
NaO/K;0 values (Tabs. 6.2 and 6.3).

The diffusion of HO and H out of the MI through the host garnet after Ml
entrapment and during experimental remelting mégcattheir primary HO contents
(Frezzotti 2001; Danyushevslet al., 2002; Seversgt al, 2007). However, the low Fe
content of the melt reduces the potential of oxahabf the inclusions and, therefore,
the maximum amount of dissociatg®to permit the diffusion of H{Danyushevsket
al., 2002). Fe-oxides, which would form during® dissociation and fiffusion out
of the MI (Danyushevsket al., 2002) were not observed in the studied inclusions.
Moreover, diffusion of HO produces haloes of tiny fluid inclusions closethe Ml
walls (Berryet al, 2008), but none of such microstructures are pieisethe studied
samples. KO loss during remelting experiments is also exdaudem the HO
concentrations measured in fully re-homogenizedstin dry and wet runs at 700 °C
(Fig. 6.15). From the above it is concluded thatrireasured $#D concentrations can be
considered representative of the pre-entrapped ptate, since (i) there are not
microstructural evidences of decrepitation in thalgzed inclusions, (ii) the complete
re-homogenization of inclusions allowed the re-glisson of the exsolved fluid into the
melt phase, and (iii) the Raman investigation hlagws the occurrence of empty
shrinkage bubbles in glassy inclusions from theamigeé. Ml in the metatexite display
higher HO concentrations than those in the mylonite (Fij5%

Since the composition of nanogranites and glassgyirMthe metatexite is
comparable, their contrasting behaviour upon cgolinunexpected. Glassy inclusions
are common in phenocrysts from volcanic rocks whiodergo sudden cooling from
soprasolidus temperatures. Based on the statigiody of the size of Ml found in

garnets from migmatitic granulites of the Keralaokdalite Belt, Cesaret al., (2009)
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showed a difference between the mean diameter eofpteserved glassy inclusions
(smaller) and the crystallized nanogranites (I3rgard proposed that crystal nucleation
was inhibited in the smaller inclusions. Such peiee effect is well known in
crystallization (Putniset al, 1995) and dissolution kinetics (Emmane¢lal, 2010),
and is related to the higher interfacial energyd(aonsequent lower stability) of the
crystals in smaller pores with respect to thoskaiiger ones (Holness & Sawyer, 2008).
However, in the studied migmatites the apparem sfzylassy Ml is often equal to, and
sometimes even larger than, that of the nanogmafiiig. 6.3). This suggests that this
range of dimensions (5-10 um) may represent atlhbtésat which additional factors
may significantly affect nucleation kinetics. Onketloe main compositional difference
between MI in metatexites and mylonites is theil©Hontent. High KO concentrations
increase the diffusivities in Ml (Lowenstern, 199%)nd would have produced the
partial or total crystallization of the majority Ml in metatexite. Conversely, the higher
viscosity of the melt in MI from mylonites (due tow H,O content) would have
inhibited the crystallization, with the formatioi many glassy MI. However, in some
MI the microfracturing and decrepitation (Figs. €3&nd F) may trigger crystallization,
as commonly recognized in aqueous solution-bedhing) inclusions, where a pressure
drop causes a drop in solubility that leads to pinecipitation of daughter phases
(Manning, 1994).
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Chapter 7
Melt inclusionsin other migmatites

This thesis focuses on MI in quartzo-feldspathictatexites and mylonites,
although Ml are virtually present in all migmatitesitcropping below the Ronda
peridotite at Sierra Alpujata. In this chapter, tiely report some interesting
microstructural features of Ml in other samplest studied in detail in the previous
chapters.

In the pelitic metatexite ALPA35-2 (a rock mainlyomposed of quartz,
plagioclase, K-feldspar, biotite, sillimanite, cmndte, ilmenite, graphite and rare
garnet) Ml occur in ilmenite crystals (100-200 ponass) scattered in the melanosome
matrix. Ml (1.5-20 um in diameter) are grouped with preferred microstructural
location and appear typically facetted, sometimeth va well-developed negative
crystal shape (Fig. 7.1). MI are totally crystadlz and contain quartz, plagioclase,
biotite and rare apatite (Figs. 7.1B and C).

Figure 7.1: A) SEM BSE image of an ilmenite crystal in the pelmetatexite ALPA35-2, containing
primary Ml (red arrows). Yellow arrow: sillimaniteclusions. Scalebar: 30 um. B) and C) FESEM
images of crystallized MI hosted in ilmenite. Stale 2 um.
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Silllimanite crystals may be present in some Mlhaohe of their terminations partially
enclosed in the host ilmenite (Fig. 7.1C). This nostructural observation along with
the occurrence of sillimanite inclusions into theme host (Fig. 7.1A) suggests that
sillimanite was trapped together with a melt droddg the growing (peritectic ?)
iimenite.

In the mylonitic kinzigite ALP14 (a rock mainly cquosed of quartz, K-
feldspar, biotite, sillimanite, garnet, cordieritgraphite and rare plagioclase)
outcropping at the contact with the peridotitejleuteedles are present within many of
the partially crystallized and glassy Ml (2-6 pmdiiameter) hosted in peritectic garnet
(Fig. 7.2A). The rutile crystals are partially eved in the host garnet (Figs. 7.2B and

C), supporting the inference that rutile favouree €¢ntrapment of melt.

Grt ys

Figure 7.2: A-D) FESEM images of rutile-bearing Ml hosted irmiget of the mylonitic kinzigite ALP14.
Yellow arrows: termination of the rutile needle fly enclosed in the host garnet. Red arrows:
decrepitation cracks. Red dashed circle: EMP pialébar in B-D: 1 um.
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The EMP analysis of the phase enclosed betweemntiee needle and the host garnet in
Fig. 7.2D provided a granitic composition with $i®6.2 wit%, AbO3;=12.3 wit%,
TiO2=2.2 wt%, FeO=4.1 wt%, N®=0.6 wt% and KO=6.7 wt%. Such a composition
strongly suggests that this phase is a glass {e.former melt). The high Ti and Fe
contents suggest that the volume excited by the HMBmM is affected by the
neighboring rutile and garnet. The occurrence ofthit contain, or cling to, a rutile
crystal suggests that a fine grain sized protaldhtaining abundant “inert” accessory
phases (graphite, rutile, apatite and zircon; dee &esare, 2008; Henriquez and

Darling, 2009) is more likely to favour the formatiof MI during anatexis.
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Chapter 8
Discussion

In this chapter, | will discuss the constraints i@ new data presented in this work and
obtained with modern methodologies place on therogehesis of the Ronda

migmatites.

8.1 Constraints on the melting conditions and reactions

Compared with the conventional thermobarometry,additional and likely
more accurate estimate of the P-T conditions otingein the metatexites is obtained
by combining information from the pseudosectionstfe bulk rock (Fig. 5.9) and Ml
(Fig. 6.16). The combination of the two thermodymamodels provides an overlap of
P-T fields (Fig. 8.1), indicating relatively low-dnd low-P conditions for the anatexis
(T=700-750 °C and P=4-5 kbar), in partial agreemeith the conventional
thermobarometry (Fig. 8.2). In addition, the lowienit of this temperature interval
(=700 °C) is consistent with the temperature ddi@ined from the experimental re-
homogenization of nanogranites and partially ciiyzed Ml (Fig. 8.2).

A large proportion (~70%) of the analyzed MI iretmetatexite show primary
H,O contents between 3 and 6 wt% (Fig. 6.15A), indhiga an overall HO-
undersaturated environment during melting in theéategite at conditions of 700-750
°C and 4-5 kbar. In addition, the highest conceiaing of HO measured in a few M
(~7-8 wt%, Fig. 6.15A) may indicate that at the wé¥eginning partial melting was
fluid-present, considering (i) the occurrence of,QOMI (Fig. 6.10) and Gr in the rock,
(i) that graphite-saturated COH fluids at 4-5 kb@00-750°C are characterized by
maximum X4,0 ~0.80-0.85 (Connolly and Cesare, 1993) and ia} the HO-saturation
value for rhyolitic melts in equilibrium with $#0-CG; fluids (with Xy,0~0.80) at 5 kbar

is ~8 wt% (Tamicet al., 2001).
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Figure 8.1: P-T pseudosection for the metatexite (Figure 5.Bh whe addition of the field (labeled
nanogranite melt) where the melt trapped in Ml should be stables (Begure 6.16 and discussion in
Chapter 6).

Therefore, MI data along with petrographic obseoret (e.g., melt pseudomorphs in
contact with biotite, plagioclase, quartz and ggrrfavour the interpretation (b)
proposed in Chapter 5, i.e. that most of the mels wroduced by the continuous
reaction (6) involving the Bt dehydration (Fig. B.& is reasonable to envisage that
under general §D-poor conditions, melting in the metatexite ocedrriinitially and
locally at the fluid-saturated solidus (reactiondying to the presence of C-O-H fluids
localized at the phase boundaries, and progresgeabebcontinuous melting reaction
(6). Regarding the role of Ms during anatexis, somerostructural observations (e.g.,
no melt pseudomorphs around the relict muscowee;adso Chapter 5) seem to reflect a
prograde exhaustion of the muscovite before thel-Baturated solidus (Fig. 8.2).
Moreover, it should be taken into account thatdbkdus shift considered fop <1 in
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the fluid (see Chapter 5) is a minimum, becauseas calculated for maximumyXo

values. Hence, the intersection of the fluid-sagdasolidus and the muscovite-out
curves (Figs. 8.1 and 8.2) may slightly move tdkigpressure (P>5 kbar).
The melting reaction at the fluid-saturated solidusbably was:

Bt + Pl + Qtz + Kfs + fl> melt Q)

The occurrence of Ml at the core of the majoritygafnets indicates that most of them
started to grow above the solidus by the continueastion (6), right after the rock
crossed the fluid-saturated solidus (reaction 1°).

Pressure and temperature conditions in the mysrate not well constrained as
in the case of metatexites (Chapters 5 and 6). Mleless, the pD contents of the
preserved glassy Ml in the mylonite (up to 2.6 wiBig. 6.15) along with the inferred
P-T melting conditions (Fig. 8.2) indicate that txas in these rocks occurred under
H,O-undersaturated conditions by the continuous neglteaction (6), although part of
the melt may have been initially generated by tleeddhydration melting reaction (3).

Most of the primary KO contents (3-6 wt%) measured in the MI from
metatexites differ to some extent from those ptedicby experiments in the
subaluminous granitic system. The liquidus curvetemnined for the granite system
(Fig. 8.2) can be used to calculate thgOHontents that are incorporated in granitic
melts produced during the,8-undersaturated melting of quartzo-feldspathicksoc
(Holtz et al., 2001). At P-T conditions inferred for the meltimgthe metatexite and at
H,O-undersaturated conditions, these liquidus cupreslict a HO content of ~6-7
wt% in the melts (Fig. 8.2). These discrepanciespaobably due to some extent to the
presence of excess A); in the natural systems that might modify the sdicand
liquidus phase relationships along with the soltyicturves, with respect to the
subaluminous granitic system. Conversely, all thalyged MI in the mylonite show
much lower HO concentrations (1-2.6 wt%) than those predictedibltz et al. (2001)
at the same P-T conditions (5-6 wt%). One explanafior these large differences may
be that the melting temperature in the mylonites higher than that inferred from the

Ti-in-biotite geothermometer.
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Figure 8.2: Petrogenetic grid showing the P-T conditions edshdor melting in the studied rocks and

some melting reactions that metapelites and metagrekes may cross upon heating. VH88 refers to
Vielzeuf and Holloway (1988), PDJ91 to Patifio-Doarel Johnston (1991), P92 to Pattison (1992) and

SK96 to Spear and Kohn (1996). Discontinuous reast{1], [1], [3] and [4], and continuous reaction
[6] refer to those in the Chapters 5 and 8. Red:areelting conditions inferred for the metatexiterf

the combined models of Figure 8.1. Vertical solide$ are minimum and maximum thermometric
estimates from Ti-in-biotite thermometer (see Chap) for the prograde biotite in the metatexitesl)

and mylonites (green). Vertical black lines indecétte minimum re-homogenization temperature (70015
°C) for the nanogranites in the metatexite. Hortabdashed lines are minimum and maximum pressure
estimates for the metamorphic peak of the metatexied) and mylonites (green); KN88 refers to Kbzi
and Newton (1988), N89 to Koziol, (1989). Yellowdapink dashed curves as in Figure 5.9. Dashed
square: peak conditions for the rutile-bearing mitls outcropping at the contact with the perigotit

(from Tubiaet al., 1997).The liquidus curves for the granitic eueai minimum melt composition at
several HO concentrations (dotted black lines) are takemftoltzet al. (2001).
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Both the temperature and the pressure of equiidratf migmatites located underneath
the peridotites increase towards the contact wih wltramafic rocks. Also, rutile-

bearing mylonites located at the contact with thexidotites show P and T of

equilibration higher than those of the studied mites (Fig. 8.2). Hence, migmatites
and mylonites show an increase in the P and T wifibrpation towards shallower levels
of the crustal sequence (i.e., an inverted metamorpequence in T but also P)
suggesting that metamorphism and partial meltingevpeoduced before the inversion

of this sequence (i.e., when mylonites were abtiteom of the sequence).

8.2 Composition of the anatectic melts

The compositions of Ml and leucosomes indicate tha inferred melting
reactions produced peraluminous leucogranitic méltsimportant point that needs to
be addressed, however, is whether the melt trappedv is representative of the bulk
anatectic melt in the system at the time of Ml @ptnent. The detailed studies on the
geochemistry of MI in anatectic rocks are justta beginning (Acosta-Vigiét al.,
2010; Cesaret al., 2011; Ferreret al., 2012), and there is little information available
on the significance of MI compositions yet. Acostigil et al. (2007 and 2010)
reported the occurrence of disequilibrium phenomenanatectic Ml from El Hoyazo
metapelitic enclaves, but also showed that i) digkgium affects only the
concentrations of the trace elements compatible mispect to the mineral hosts, and ii)
MI compositions do not represent exotic boundaryels but may correspond to
composition of the bulk melt regarding the majaneénts and the incompatible trace
elements. Likewise, the analyses of MI presentede heorrespond to regular
leucogranitic compositions, similar to those of tirealyzed glasses in the El Hoyazo
anatectic enclaves or reported S-type leucogramiebe literature. Therefore, it is
concluded that the major element compositions ofpkkented in this study are likely
to represent the bulk composition of the originahtectic melt at the time of Mi

entrapment.
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Melt compositions during partial melting are potalhy controlled by the
kinetics of the interface reactions, the diffusivansport properties of the melt, and
local equilibrium with neighbouring mineral phagBsearley and Rubie, 1990; Acosta-
Vigil et al., 2006a and b). Phase dissolution experiments meeron haplogranitic
melt at crustal anatectic conditions (Acosta-Vajill., 2006b), showed that after a few
days (~16) melt composition is controlled solelydmmponent diffusion. Moreover, it
has been experimentally shown (although gD{daturated conditions) that diffusion-
controlled anatexis of a quartzo-feldspathic pititoproduces melts that form linear
trends at relatively high angle with the cotecinelthat separates the fields of Qtz and
Or in a normative Qtz-Ab-Or diagram, due to the dowliffusivities of Si and Al than
those of Na and K (Acosta-Vigd al., 2006a). Similar trends are defined by most of the
analyzed MI in the metatexite and part of the Mitle mylonite, if | consider the

compositions of Ml trapped within the same garmgstal (Fig. 8.3).

20 30 40 50 60

Figure 8.3: Normative CIPW compositions of Ml from the metatex{A) and mylonite (B). Light lines
connect compositions of Ml hosted in the same dakjeRed symbols: dry experiments; blue symbols:
wet experiments. B) Yellow symbols: type Il MI; reghd orange symbols: type | MI. Black and grey
symbols as in Figure 6.12.

This suggests that the composition of these meltheatime of MI entrapment was
mainly controlled by the diffusion. This conclusi@in agreement with the time scale
of the involved processes: the time interval betweelt generation and its entrapment
into growing peritectic phases has been estimatach tens of days to a few years
(Acosta-Vigil et al., 2010) and, therefore, the melt chemistry is likedybe mainly
controlled by diffusion (see above). Preserved sylddll in peritectic minerals from
partially melted metapelitic enclaves (Cesaet al., 2011) and regionally

metamorphosed migmatitic granulites (Cesaral., 2009) show similar trends that are
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at high angle to the cotectic line, suggesting thitision-controlled melting might be
common during anatexis of the continental crust.rédwer, Holnesst al. (2005)
reported a diffusional control on the compositidmlt films around the minerals of
pyrometamorphic rocks. The spread of the MI datthe Qtz-Ab-Or diagram has two
components. One component is parallel to the Qtspar direction, and has been
explained as due to the control of melt composibgriffusion in the melt (see above).
The other component is parallel the Ab-Or directiand can be explained by the
entrapment of melts at different times during thedtmg process (compare with Acosta-
Vigil et al., 2006a, see below). In fact, some of the studiedr&fiped within the same
garnet describe trends approximately parallel éos#econd component. Moreover, some
scatter could be also due to local heterogeneitidlse HO distribution that may affect
diffusivities in the melt (Acosta-Vigiét al., 2005). Key data for a better understanding
of the extent of equilibrium and mechanisms of mgltare represented by trace
element concentrations in Ml and the host minefalg., Acosta-Vigilet al., 2010).
Unfortunately, these data are not yet available tfer case of Ml in the Ronda
migmatites.

For the first time in the geologic literature, lesomes and Ml from the same
migmatites have been analyzed and can be compiigd8(4). In the metatexite, two
leucosomes have a peraluminous leucogranitic coites and plot close to the Q-Or
cotectic, suggesting that they may approach unneold{f.e., primary) anatectic melts.
A third leucosome, far from the cotectic line, likeepresents a composition modified
by accumulation or fractionation processes; thialymis corresponds to the outlier
described in the Chapter 5 (Fig. 5.6). The commosibf the only analyzed leucosome
in the mylonite is very close to those of the nestdées, indicating again that it could
represent a primary anatectic melt. There are t®odbservations when comparing Ml
and leucosomes. First, and in general, Ml and lsaim@s show different compositions.
The compositions of MI are located along the QtzeGtectic and spread towards the
Qtz field. The compositions of leucosomes, howesass,located at the Qtz-Or cotectic
and far away from the eutectic. The second importalpservation is that the
combination of both types of data (Ml and leucossnshow a very consistent pattern.

The data concentrate in two areas: one is at tkeOQtcotectic but relatively close to
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the HO-undersatruated eutectics (represented by MI itat@ates); the other is along
the Qtz-Or cotectic as well, but further from théeetic and towards the Qtz-Or side
(represented by most MI in mylonites and analyzaacdsomes in metatexites and
mylonites). Overall, this may indicate that althbugpmewhat heterogeneous, Ml can
record the evolution of melt composition during dexly stages of anatexis (see also
Acosta-Vigil et al., 2010), whereas leucosomes mostly reflect the caitipo of melt

at, or closer to, the peak metamorphic conditions.

Qtz
Metatexite:
preserved glassy Ml
Ab Or () MI from dry run at 700 °C
A to quartz !,7 MI from wet run at 700 °C
30 20 10 O leucosome

4 whole rock

Mylonite:
(7 Type I MI

A Type i mi

B leucosome

10 20 30 40 50 60 70 = whole rock

Figure 8.4: Normative compositions of the analyzed melts (Mdl &&ucosomes) and whole migmatites,
shown in the Qtz-Ab-Or diagram. Black arrow joite twhole rock compositions and the Qtz vertex.
Black and grey symbols as in Figure 6.12.

The positive correlation between the normative aotfise content of melts and the
increasing temperature of formation can be expthiog the progressive consumption
of biotite with rising temperature that producesi@ereases in the 40 content of the
melt (Patifio-Douce and Johnston, 1991; Gareieh., 2000), but also by the evolution
of melt composition predicted by the phase relatgps in the haplogranite system
(Fig. 8.4). Higher NzO/K,0 values in type Il Ml of the mylonite and in thoskthe
metatexite may also reflect highes,a values at the onset of melting, because the

increasing a,o depresses the plagioclase + quartz solidus maoongly than it
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depresses the stability of micas (Coneh@dl., 1988; Patifio-Douce and Harris, 1998),
consuming plagioclase in greater proportion tharitei during melting.

In general, melt KD concentrations in MI are consistent with the @asing
temperature of formation: Ml from the metatexitédsgly trapped at ~700 °C, show the
highest amount of ¥0, whereas melts in the mylonite, generated at77AD<C, have
lower H,O contents. However, type | and type Il Ml in thglomites have similar O
concentrations (see Chapter 6), despite the diféeréen composition and, supposedly,
different temperature of formation.

Petrographic and geochemical data on leucogradiles that intruded the
overlying peridotites indicate high contents of atdés for these anatectic melts
(Acosta-Vigil et al., 2001; Pereiraet al., 2003). During the study of the relationships
between the leucogranites and the underlying Ronagpnatites, and to explain the
coexistence of leucogranitic dykes enriched in B l@ncosomes in migmatites depleted
in B, Acosta-Vigil et al. (2001) suggested that B-rich aqueous fluids migeh
infiltrated through the shear-zone and have diggbinto the anatectic melt. Although
the HO-present melting is often associated to crustahiskzones (Brown, 2010), Mi
data strongly indicate #-undersaturated conditions at the onset of melimghe
mylonitic zone. Therefore, if migmatites and leu@oates are genetically related, the
high concentrations of B in the latter cannot bpl@&xed by flux melting associated
with B-rich fluids.

8.3 Viscosity of the anatectic melts

Viscosity is the most important physical propestyanatectic melts that affects
their segregation and ascent, crustal flow, andtélcéonic processes within partially
melted continental crust (Scailletal., 1996; Petfordet al., 2000; Patersost al., 2001;
Rosenberg and Handy, 2005). Using the analyzedrneégonent compositions of M,
their HLO concentrations (3.1-7.6 wt% in the metatexite dn@2.6 wt% in the
mylonite), the inferred maximum melting temperasuref 700 and 780°C in the
migmatites, and the model proposed by Giordena. (2008), | have determined the

viscosity of the melts trapped in MI. The anateatielts produced in the earliest stages
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of melting in the metatexite and mylonite have wites in the range 1810 and
10°810%° Pas, respectively. Such values are greater than thosedously considered
for granitic melts formed at the same P-T cond#giomnder HO-undersaturated
conditions (Holtzet al., 2001; Nabelelet al., 2010). Overall, the viscosity of the melt
produced at the onset of melting in the metatekite7r00 °C) is about two or three
orders of magnitude greater than the viscosity idened for the low-T granitic melts in
models on melt segregation and on deformation @fptirtially melted crust (£8-10*°
Pas; Scallletet al., 1996; Petforckt al., 2000; Patersosdt al., 2001). Hence, the study of
MI is important also from the point of view of deténing the strength of the partially
melted crust and the time scale for melt extrachod ascent in anatectic areas. For
instance, the data on MI at Ronda imply much greatek strengths and much longer
timescales for melt extraction and ascent, compdeedhe use of model melt

compositions.
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Chapter 9
Concluding remarks

The metasedimentary crust of the Ojen nappe, Idcételow the Ronda
peridotite slab, preserves evidence of partial imgplat temperatures in the range ~700-
800 °C. In the investigated quartzo-feldspathicmmagjtes the melting mainly occurred
by the continuous reaction involving Bt dehydratiaithough towards the base of the
crustal sequence melting likely started at thedfsaturated solidus owing to the
presence of bO-rich intergranular fluids. During the anatexistiiése metasedimentary
rocks, the growing peritectic garnet trapped drigpbé melt (Fig. 9.1). Most of these M
are now partially to fully crystallized (nanograes) and contain a granitic phase
assemblage formed by quartz, feldspars and midas farmer presence of melt in the
rocks is also recorded at the mesoscale by leusiigréeucosomes and at the micro-
scale by pseudomorphs after melt films (Fig. 9Qyerall, crustal anatexis at Ronda
produced peraluminous leuogranitic melts that aaeniy H,O-undersaturated, even at
low melting degrees. The experimental re-homogeioizaand thermodynamic
modelling on Ml in peritectic garnet strongly caniithat the multivariant field Bt + Sil
+ Pl + Qtz + Grt + Kfs + melt starts at very lowrtgeratures<{700 °C) in the pressure
range 3-6 kbar. Moreover, the pseudosections awmistt employing the MI
compositions may become an additional useful tawl the thermobarometry of
anatectic rocks.

The present work, that represents the first contbgtedy of melt inclusions and
classical petrology on migmatites, shows thatsitu, and otherwise impossible to
retrieve, quantitative information on the earliesdges of crustal anatexis can be
reliably gained from experimentally re-homogenizethogranites and from preserved
glassy melt inclusions in peritectic minerals framgmatites. Following the new
experimental approach proposed in this study, Hraghy crystallized and nanogranite
inclusions in peritectic garnets of migmatites franany orogenic belts worldwide
(Chapter 1) can be successfully re-homogenizedtlaenl analyzed (i.e., we can now

uncover the “message in the bottle”; see Clemed@9R

82



\Y
Y
A}
v \
Solidus =—

'] \)
1 )
1 \)
1 1
1 A
] 1
1 )

t

Figure 9.1: A) Schematic temperaturd’) vs. time () model showing the main processes occurring
during melt production (heating) and melt consumpt{icooling) in the studied migmatites. B), C) &\
are images that refer to the metatexites. At, onsafter, the onset of melting (1), the growingiteetic
garnet (B, black arrow) trapped droplets (B, whiteow) of anatectic melt produced by melting reacti
With the increase of temperature and melting de@2@emelt films (C, yellow arrow) formed along
grain-boundaries. Then, melt migrated from grain#mtaries (3; see Browet al., 2011) and collected
into leucosomes (D, red arrow). During the coolpagh, many MI partially or totally crystallized and
plagioclase pseudomorphs (C, yellow arrow) formdteragrain-boundary melt film. Melt film
pseudomorphism by single crystal is due to pore barrier to nucleation (Holness and Sawyer, 2008)
erasing any information on the original melt conipos. Differentiation processes may modify the
chemistry of some leucosomes during cooling. Aldfounmodified leucosomes may be present in the
rock, they do not correspond to melts produceti@bnset of melting. Note that this schematic Tetei

is also suitable for regionally metamorphosed migpesgmand granulites.

Hereafter, it will be possible to determine theidluegime during initial stages of
granite formation, rather than when the magma @amsged from its source (see
Clemens and Watkins, 2001), and the geochemicalelinogl on granite magmatism
and continental crust differentation can now best@mned by directly measured natural
primary melt compositions. The anatectic melts fednat low temperature €750 °C)

may not be so wet and flowing as previously consideHence, higher values for
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viscosity of low-T granitic melts should be consebkin models on melt segregation,
but also on deformation of the partially meltedstrdecause the first melt fractions (<

7%; Rosenberg and Handy, 2005) deeply affect thakamng of the continental crust.
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2) XRF analyses of migmatites



Whole rock Neosome Leucosome

Mtx Min Mtx Min Mtx Min

ALP1 ALP2 ALP3 ALP13| ALP1 ALP13| ALP1 ALP1 ALP1 ALP13

wt%
SiO, | 71.86 71.16 71.30 74.04 | 70.64  73.04| 73.56 72.49 80.92 74.53
TiO, 0.47 0.44 0.46 0.30| 0.65 046| 016 0.15 0.09 0.07
AlL,O; | 1453 14.66 14.46 14.09 | 14.39 14.02 | 14.54 14.71 10.20 14.14
F6203* 3.07 2.87 2.88 2.04| 4.28 284| 104 103 0.64 0.71
MnO 0.05 005 0.05 0.04| 0.06 0.05| 0.02 0.02 0.02 0.02
MgO 075 069 0.77 050 1.07 0.73| 027 0.26 0.18 0.21
CaO 1.32 1.19 1.34 1.02| 1.39 1.12| 1.02 093 1.01 0.81
Na,O 2.20 2.22 2.23 231 194 219| 233 228 196 2.32
KO 4.65 5.16 5.23 4.84| 3.47 427 | 6.13 6.76 4.15 5.83
P,0s 0.24 0.24 0.25 0.18| 0.29 0.20| 014 014 011 0.13
L.O.l 0.72 0.83 0.85 0.54| 0.99 0.63| 048 053 0.36 0.58
Tot 99.86 99.50 99.80 99.90 | 99.17 99.55| 99.69 99.31 99.64 99.33

ASI 1.31 1.29 1.23 1.29| 1.52 1.37| 118 115 1.07 1.22
Mg# 0.49  0.49 0.52 0.49| 0.50 0.50| 050 050 053 0.54

ppm
Vv 50 38 38 28| 64 44| 17 12 9 10
cr 27 24 16 21| 37 26| <6 <6 <6 7
Ni 11 8 9 6| 14 9 4 3 <3 8
Rb 175 207 198 174| 180  173| 174 197 120 194
Sr 129 120 123 92| o7 83| 157 153 114 101
Y 19 18 21 17| 27 20 7 7 5 6
zr 159 165 164 111| 210  164| 63 63 55 19
Nb 12 12 12 8| 15 12 6 6 5 <3
Ba 367 367 371 252| 235  221| 520 562 342 262
La 40 17 40 21| 47 40| 12 <10 <10 23
Ce 49 56 58 39| 89 58| 11 27 12 <10
Nd 28 17 22 11| 34 27| <10 <10 <10 <10
Pb 20 26 22 42| 15 34| 30 3 21 48

Table S8: Major and trace element compositions of whole migmatites, neosomes and
leucosomes. Mtx: metatexite. MIn: mylonite.

*Total Fe as Fe,O4

ASI = mol. A|203/(CaO+Na20+K20)

#Mg = mol. MgO/(MgO+FeO)
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