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“on the whole, the chemistry of [the tourmaline] is 
more like a medieval doctor’s prescription, than 
the making of a respectable mineral […], but it 

may, perhaps, be owing to the strange complexity 
of its make, that it has notable habit which makes 

it, to me, one of the most interesting minerals” 

Ruskin J (1894) The Ethics of the Dust: Ten Lectures 
to Little Housewives on the Elements of 

Crystallisation. Henry Altemus, Philadelphia, pp 1–
180  
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Abstract 
 

The formation of hydrothermal deposits depends essentially on the physico-chemical properties 
of the fluid and the surrounding rocks.  Hydrothermal dynamics are strongly linked to thermal, 
hydraulic, mechanical and chemical couplings and feedback. The observation of the alterations 
associated with mineralisation only gives a static and fragmented overview of these complex 
phenomena. Numerical simulations are therefore extremely useful for assessing these 
couplings, either by modelling fluid flow and heat transfer, or by modelling thermodynamic 
equilibria between fluid and minerals. Recent advances allowed the combination of those two 
kinds of simulations and the results highlight that by modifying the petrophysics properties of 
the host rock, alteration constitute both a physical and chemical driving force during the ore 
deposit formation. Such development requires (i) a good implementation of the alteration in the 
batch equilibrium simulation and (ii) quantitative laws describing the effect of the alteration on 
the permeability of the rock. 

This PhD focus on tourmaline, an emblematic ubiquitous mineral of the 
magmatic/hydrothermal transition, present in the alterations from the late stage of magmatic 
crystallisation to the low temperature metasomatism. However, the lack of calibrating data on 
tourmaline stability is a barrier to its use in thermodynamic modelling. Thus, the objectives are 
(i) to provide new experimental constraints on [B2O3]fluid_EQ, the boron concentration of the 
fluid at equilibrium with tourmaline, (ii) to assess the actual quality of tourmaline 
implementation in thermodynamic models, and (iii) to study the dynamic of boron 
metasomatism in perigranitic environment, through reactive percolation experiment. 

The results obtained by batch experimentation at 600, 500 and 400°C (200 MPa, under 
moderately oxidising conditions) show that the tourmaline-cordierite and tourmaline-biotite 
equilibriums require a [B2O3]fluid ranging between 8 and 1 wt%. Experiments performed on the 
same assemblages but with varying fluid chemistry (pH and alkali chloride concentration) show 
a reduction of the [B2O3]fluid_EQ along with important textural and compositional modifications. 
Those boron concentration ranges required to form tourmaline are consistent with 
compositional constraints from natural hydrothermal fluids and peraluminous melts. 
Comparison between experimental results and thermodynamic calculations of [B2O3]fluid_EQ 
highlights the limitations of numerical simulations, due to the lack of a solid solution model for 
chemically complex tourmalines. The reactive percolation experiment was performed by 
infiltrating a B(OH)3 brine into a spotted micaschist at 300°C and 30 MPa for 6 weeks. The 
global organisation of the alterations is interpreted as the result of an interplay between the local 
mineralogy and the fluid velocity ranging from intense leaching in the high-flow zones to 
pseudomorphism in low-flow zones.



Résumé 

La formation des gisements hydrothermaux dépend essentiellement des propriétés physico-
chimiques du fluide et de la roche encaissante. La dynamique hydrothermale est fortement liée 
aux couplages et rétroactions thermiques, hydrauliques, mécaniques et chimiques. 
L’observation des altérations associées aux minéralisations ne donne qu'un aperçu statique et 
parcellaire de ces phénomènes complexes. Les simulations numériques sont donc extrêmement 
utiles pour évaluer ces couplages, soit en modélisant l'écoulement des fluides et le transfert de 
chaleur, soit en modélisant les équilibres thermodynamiques entre les fluides et les minéraux. 
Des progrès récents ont permis de combiner ces deux types de simulations et les résultats 
soulignent qu'en modifiant les propriétés pétrophysiques de la roche hôte, l'altération constitue 
une force motrice à la fois physique et chimique lors de la formation des gisements. Un tel 
développement nécessite (i) une bonne implémentation de l'altération dans les simulations 
d'équilibre en batch et (ii) des lois quantitatives décrivant l'effet de l'altération sur la 
perméabilité de la roche. 

Cette thèse se concentre sur la tourmaline, un minéral emblématique et omniprésent de la 
transition magmatique/hydrothermale, présent dans les altérations depuis le stade tardif de la 
cristallisation magmatique jusqu'au métasomatisme à basse température. Cependant, le manque 
de données calibrant la stabilité de la tourmaline est un obstacle à son utilisation dans la 
modélisation thermodynamique. Les objectifs sont donc (i) de fournir de nouvelles contraintes 
expérimentales sur [B2O3]fluid_EQ, la concentration en bore du fluide à l'équilibre avec la 
tourmaline, (ii) d'évaluer la qualité actuelle de l'implémentation de la tourmaline dans les 
modèles thermodynamiques, et (iii) d'étudier les dynamiques du métasomatisme du bore dans 
un environnement périgranitique, via une expérience de percolation réactive. 

Les résultats obtenus par expérimentation en batch à 600, 500 et 400°C (200 MPa, en condition 
modérément oxydante) montrent que les équilibres tourmaline-cordiérite et tourmaline-biotite 
nécessitent une [B2O3]fluid compris entre 8 et 1 wt%. Les expériences réalisées sur les mêmes 
assemblages mais avec une chimie des fluides variable (pH et concentration en chlorure alcalin) 
montrent une réduction du [B2O3]fluid_EQ ainsi que d'importantes modifications de texture et de 
composition. Ces gammes de concentrations en bore sont cohérentes avec les contraintes de 
composition des fluides hydrothermaux naturels et des magmas peralumineux. La comparaison 
entre les résultats expérimentaux et les calculs thermodynamiques du [B2O3]fluid_EQ soulignent 
les limitations des simulations numériques, liées à l'absence de modèle de solution solide pour 
les tourmalines complexes. L’expérience de percolation réactive a été réalisée en infiltrant une 
saumure de B(OH)3 dans un micaschiste tacheté à 300°C et 30 MPa pendant 6 semaines. 
L'organisation globale des altérations est interprétée comme le résultat d'une interaction entre 
la minéralogie locale et la vitesse du fluide, allant d’un lessivage intense dans les zones à fort 
débit à des pseudomorphoses dans les zones à faible débit. 
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Introduction 

Les connaissances actuelles sur la tourmaline indiquent que ce minéral possède toutes les 
caractéristiques requises pour en faire un outil pétrologique puissant. Elle est répandue, présente 
dans la plupart des environnements géologiques, stable sur une partie importante de l'espace P-
T-X de la croûte, présente une diffusion intracristalline négligeable, est réfractaire et accueille 
une large gamme d'éléments différents (Dutrow & Henry 2011 ; Marschall et Jiang 2011 ; van 
Hinsberg et al. 2011b). Ces propriétés lui permettent d'enregistrer des preuves de son histoire 
géologique dans sa composition et sa texture. De multiples études ont été réalisées afin de 
déchiffrer comment la composition majeure et mineure de la tourmaline (ainsi que ses isotopes) 
répond aux conditions P-T, à la pétrologie et à la composition des fluides de son environnement 
de cristallisation. Les résultats qualitatifs et/ou quantitatifs, notamment sur les coefficients de 
partage, permettent à des études récentes d'utiliser ce minéral accessoire comme traceur de 
l'évolution des fluides dans les systèmes hydrothermaux et même de reconstruire la composition 
des fluides (Berryman et al. 2017 ; Codeço et al. 2017 ; Harlaux et al. 2020). Cependant, ces 
mêmes propriétés font de la tourmaline un minéral difficile à manipuler et des utilisations plus 
avancées, comme en géothermobarométrie ou dans la modélisation thermodynamique, 
manquent encore de calibration. 

Les progrès récents dans le domaine de la métallogénie des gisements hydrothermaux 
impliquent la combinaison des simulations multiphysiques (écoulement de chaleur et de 
fluides) avec la modélisation thermodynamique. Cette méthodologie, appliquée par Launay et 
al. (2023), souligne qu'en modifiant les propriétés pétrophysiques de la roche hôte, l'altération 
constitue une force motrice à la fois physique et chimique pendant la formation du gisement de 
minerai. La tourmaline est un minéral emblématique de la transition 
magmatique/hydrothermale, présent depuis le stade tardif de la cristallisation magmatique 
jusqu'au métasomatisme à basse température. L'application de la méthodologie de Launay et al. 
(2023) à la tourmalinisation permettrait de comprendre l'impact de cette altération sur son 
environnement hydrothermal. Ainsi, la tourmaline fournirait plus non seulement des 
informations sur les conditions physico-chimiques de son environnement, mais aussi sur les 
phénomènes de rétroaction contrôlant l'écoulement des fluides et la localisation de la 
minéralisation. Un tel développement nécessite (i) une bonne implémentation de l'altération 
dans les modèles thermodynamiques en batch (fonctionnement en système fermé) et (ii) des 
lois quantitatives décrivant l'effet de l'altération sur la perméabilité de la roche. Les 
recherches sur ce dernier point sont assez récentes et restent encore à explorer pleinement, à 
travers des expériences de percolation réactive à "haute température", jusqu'à 400°C (Launay 
et al. 2019 ; Osselin et al. 2022). Mais, dans le cas de la tourmaline, même la première condition 
est loin d'être remplie. Comme expliqué précédemment, le manque de données de calibration 
sur la stabilité de la tourmaline, notamment concernant la concentration en bore dans le système, 
est un obstacle à son utilisation dans la modélisation thermodynamique. Les quelques 
contraintes expérimentales déjà existantes sur le sujet se concentrent principalement sur des 
systèmes sans Fe à haute température (> 500°C) et présentent quelques incohérences en 
fonction de la composition du fluide utilisé. 

Cette thèse vise, dans une première partie, à compléter et à fournir de nouvelles contraintes 
expérimentales sur [B2O3]fluid_EQ, la concentration en bore du fluide à l'équilibre avec la 
tourmaline. Des expériences en batch dans des cuves sous pression chauffées intérieurement 
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ont été menées entre 400 et 600°C à 200 MPa et dans des conditions de fO2 contrôlées, afin de 
suivre l'évolution de la stabilité de la tourmaline. Bien qu'elle soit relativement rare dans les 
systèmes naturels, la tourmalinisation de la cordiérite est étudiée depuis longtemps et est la 
seule réaction pour laquelle la [B2O3]fluid_EQ a été mesurée (Weisbrod et al. 1986 ; von Goerne 
et al. 1999b). Le système minéralogique représenté a l'avantage d'être exempt de Fe, limitant 
ainsi l'effet du fO2, et d'être bien corrélé avec les systèmes magmatiques et les fusions 
peralumineuses. Afin de constituer une base de référence solide, le Chapitre II fournit de 
nouvelles contraintes expérimentales sur les équilibres tourmaline + cordiérite + albite + quartz 
+ andalousite + fluide (H2O +B(OH)3). Les évolutions texturales et compositionnelles sont 
interprétées comme une fonction du niveau de sursaturation du fluide et de l'effet des conditions 
T- fO2. Les valeurs de la [B2O3]fluid_EQ estimées sont directement comparables aux études 
précédentes sur la stabilité des tourmalines et soulignent le besoin de données sur des systèmes 
plus proches de ce qui peut être observé dans la nature. Ce chapitre est également l'occasion 
d'examiner l'ensemble des propriétés thermodynamiques standard de la tourmaline et de voir 
dans quelle mesure les calculs basés sur ces propriétés sont capables de reproduire les données 
expérimentales. Le Chapitre III aborde la question de la stabilité de la tourmaline dans un 
système plus naturel, en suivant la même méthodologie qu'au chapitre II. La [B2O3]fluid_EQ est 
estimé expérimentalement pour les équilibres entre la biotite et la tourmaline, la forme la plus 
courante de tourmalinisation dans les systèmes périgranitiques (e.g. Lecumberri-Sanchez et al. 
2017 ; Orlando et al. 2017 ; Harlaux et al. 2020).  

Le Chapitre IV traite d'une approche dynamique du métasomatisme du bore en milieu 
périgranitique. L'étude rapporte les résultats d'une expérience de percolation réactive sur un 
micaschiste tacheté de Panasqueira, infiltré avec une saumure de B(OH)3 à 300°C pendant 5 
semaines. Les changements de perméabilité ont été suivis et l'évolution pétrographique, 
texturale et chimique des carottes après l'expérience, ainsi que la composition des fluides de 
sortie ont été analysées. Bien que la variation de la perméabilité ne réponde pas à une circulation 
généralisée du fluide dans la roche, l'expérience reproduit l'ouverture d'une veine par 
fracturation hydraulique. Les caractéristiques de l'évolution des fronts d'altération de la paroi 
sont décryptées afin d'explorer les interactions entre la chimie du système, la cinétique de 
réaction et la circulation locale des fluides. 

 

L’équilibre tourmaline-cordiérite 

Des assemblages de tourmaline naturelle et de cordiérite ont été équilibrés 
expérimentalement en présence d'albite, d'andalousite, de quartz et de solutions H2O-B2O3 afin 
de contraindre la concentration en bore des fluides hydrothermaux. Les expériences ont été 
réalisées à pression constante (200 MPa) et à 400, 500 et 600°C, dans des conditions contrôlées 
de fO2 allant de NNO+0,8 à NNO+5,3 et pour des durées allant de 2 à 8 semaines. Des 
expériences forward et reverse, à partir d'assemblages sans tourmaline et avec tourmaline 
respectivement, ont été réalisées. Dans des conditions modérément oxydantes (NNO+0.8 à 
NNO+1.9), la cordiérite plus l'albite et l'andalousite réagissent en tourmaline plus quartz pour 
[B2O3]fluide > 3.4 wt% à 600°C et pour [B2O3]fluide > 2.1 wt% à 500°C (Fig. RE.1). 
L'augmentation de [B2O3]fluide au-dessus de ~5 wt% stabilise la tourmaline et le quartz. A 
400°C, la tourmaline apparaît pour [B2O3]fluide > 2.0 wt% mais la smectite remplace la cordiérite 
dans l'assemblage réagissant. Des expériences dans des conditions fortement oxydantes 



 Résumé étendu 

9 
 

(NNO+5.3) montrent que la [B2O3]fluide nécessaire à l'apparition de la tourmaline ne varie pas 
de manière significative avec la fO2. Les expériences reverses n'ont pas été concluantes car la 
réaction inverse de la tourmaline à la cordiérite n'a pas pu être démontrée. Les tourmalines 
expérimentales présentent différents types de textures : gerbes de fines tiges de tourmaline 
(Groupe I), grands cristaux allongés (Groupe II), agrégats fibro-radiés (Groupe IIIa), longues 
fibres (Groupe IIIb) et excroissances (Groupe IV). La nucléation hétérogène sur les grains de 
cordiérite et/ou d'albite est observée à faible [B2O3]fluide et la nucléation homogène dans le fluide 
à [B2O3]fluide plus élevée. La croissance de la tourmaline suit deux régimes de sursaturation 
(locale et globale) des composants formant la tourmaline dans le fluide. 

Les analyses à la microsonde électronique montrent que les tourmalines expérimentales 
sont des solutions solides entre principalement la dravite (NaMg3Al6Si6O18(BO3)3(OH)4), 
magnesiofoitite ([]X(Mg2Al)Al6Si6O18(BO3)3(OH)4) et schorl (NaFe3Al6Si6O18(BO3)3(OH)4). 
Le rapport atomique (at.) Fe/(Fe+Mg) est proche de celui de la cordiérite de départ, malgré des 
variations significatives dans une charge donnée et du noyau au bord (noyau riche en Fe et Ca 
allant vers des bords riches en Mg et Na), affectant également le at. Ca/(Ca+Na). Ceci reflète 
les changements dans les mécanismes de nucléation et de croissance de la tourmaline au cours 
des expériences, contrôlés par l'évolution de la composition du fluide et le niveau de 
sursaturation des composants formant la tourmaline. La diminution de la température de 500 à 

Figure RE. 1: Evolution des assemblages de phases et des textures de tourmaline dans les 
expériences. (A) Diagramme [B2O3]fluide vs. Température montrant les résultats expérimentaux dans 
des conditions modérément oxydantes. (B) Diagramme [B2O3]fluide vs. fO2 (NNO représente l'écart par 
rapport au tampon Ni-NiO à la même T et P) montrant les résultats expérimentaux à 600°C. Les 
symboles pleins et ouverts indiquent respectivement la présence et l'absence de tourmaline dans les 
produits expérimentaux. La tourmaline du Groupe I est présente dans toutes les charges contenant 
de la tourmaline. Les symboles noirs et gris indiquent respectivement la présence et l'absence de 
tourmaline du Groupe IIIa. La présence de tourmaline des Groupes II et IIIb est indiquée par des 
exposants au-dessus du symbole correspondant. Les lignes épaisses représentent les limites de 
stabilité et les lignes fines délimitent les conditions d'apparition des tourmalines du Groupe IIIa. 
Abréviations : Alb = albite ; And = andalousite ; Crd = cordiérite ; FK = feldspath K ; Qtz = quartz ; 
Sme = smectite ; Tur = tourmaline. 
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400°C est marquée par la substitution alcaline déficiente NaMg → []XAl, tandis que 
l'augmentation de la condition d'oxydation à 600°C diminue légèrement la teneur en Ca et Al 
de la tourmaline. 

Nos déterminations de la [B2O3]fluide à l'équilibre avec la tourmaline et la cordiérite sont 
globalement en bon accord avec les études expérimentales antérieures de tourmalinisation, mais 
la comparaison met également en évidence l'effet potentiel d'autres variables telles que la 
chimie des fluides (pH et concentration de chlorure alcalin) sur la stabilité de la tourmaline. La 
faible concentration en bore nécessaire pour former de la tourmaline à partir de la cordiérite est 
cohérente avec les contraintes de composition des fluides hydrothermaux naturels et des 
magmas peralumineux. 

 

Estimation thermodynamique de [B2O3]fluid_EQ 

En se basant sur l’écriture de la constante d’équilibre des réactions formant la tourmaline 
à partir de cordiérite, la [B2O3]fluid à l’équilibre peut être calculé. Les calculs se sont basés sur 
différents sets de données thermodynamiques, notamment concernant les paramètres HKF de 
l’espèce aqueuse B(OH)3 et les propriétés thermodynamiques standard de la tourmaline (mesure 
par calorimétrie d’Ogorodova et al. (2012) ou estimation par le modèle des polyèdres de van 
Hinsberg & Schumacher (2007)). 

Tous les calculs montrent une corrélation positive entre la [B2O3]fluid_EQ et la température, 
comme observé expérimentalement, mais diffèrent de plusieurs ordres de grandeur par rapport 
aux points expérimentaux (Fig. RE.2). Des différences importantes dans l’estimation de la 
[B2O3]fluid_EQ apparaissent en fonction des propriétés thermodynamiques utilisées pour la 
tourmaline, alors que les deux sets ne présentent que peu de différence. Par conséquent, les 
résultats expérimentaux fournis par cette étude peuvent apporter de nouvelles contraintes plus 
précises sur les propriétés thermodynamiques de la tourmaline. Cependant, le calcul effectué 

Figure RE. 2: [B2O3]fluide_EQ calculée en fonction de la 
température pour les quatre réactions de formation de 
tourmaline considérées (R1, R2, R3, R4) et les deux 
ensembles de données thermodynamiques de tourmaline 
utilisés dans les calculs (lignes pleines pour Ogorodova et 
al., 2012 (Ogo_2012) et lignes pointillées pour van 
Hinsberg & Schumacher, 2007b (H-S_2007)). Les 
contraintes expérimentales sur [B2O3]fluide_EQ issues de 
cette étude sont représentées par des symboles pleins 
(tourmaline présente) et ouverts (tourmaline absente). 
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concerne uniquement des compositions de pôles pures, alors que les tourmalines 
expérimentales sont des solutions solides dont la composition varie avec T. Lorsque les 
[B2O3]fluid_EQ sont calculées à partir des propriétés d'Ogorodova et al. (2012), les réactions de 
formation de la tourmaline peuvent être divisées en deux groupes (Fig. RE.2): celles qui 
déstabilise la tourmaline expérimentale (surestimation de [B2O3]fluid_EQ par rapport aux 
expériences; R1) et celles qui la stabilise (sous-estimation du [B2O3]fluid_EQ; R2 et R3). En 
utilisant un modèle de solution solide idéal très simplifié entre ces pôles purs, les calculs 
thermodynamiques arrivent à coïncider avec les données expérimentales. Bien 
qu’encourageant, ces résultats soulignent le besoin d’avoir des données thermodynamiques sur 
les propriétés de mélange des pôles purs de la tourmaline afin de pouvoir l’incorporer dans des 
modèles prédictifs plus complexes. 

 

L’équilibre tourmaline-biotite 

 Des assemblages de tourmaline naturelle et de biotite ont été équilibrés 
expérimentalement en présence d'albite, d'andalousite, de quartz, de feldspath potassique et de 
solutions H2O-B2O3 afin de contraindre la concentration en bore des fluides hydrothermaux. 
Contrairement à la cordiérite qui limitait les applications aux systèmes peralumineux, la 
tourmalinisation de la biotite est une réaction d’altération courante dans de nombreux contextes 
géologiques différents. 

Les expériences ont été réalisées à pression constante (200 MPa) et à 400, 500 et 600°C, dans 
des conditions contrôlées de fO2 allant de NNO+0,8 à NNO+5,3 et pour des durées allant de 2 
à 8 semaines. Des expériences forward et reverse, à partir d'assemblages sans tourmaline et 
avec tourmaline respectivement, ont été réalisées. Dans des conditions modérément oxydantes 
(NNO+1.0 à NNO+2.6), la biotite plus l'albite, le quartz et l'andalousite réagissent en 
tourmaline plus feldspath potassique pour [B2O3]fluide > 2.0 wt% à 600°C et pour [B2O3]fluide > 
1.1 wt% à 500°C (Fig. RE.3). A 400°C, la tourmaline apparaît pour [B2O3]fluide > 2.9 wt% à 
cause de la déstabilisation de la biotite en chlorite + illite. Les expériences reverses n'ont pas 
été concluantes, sauf lorsqu’elles contenaient des tourmalines expérimentales des expériences 

Figure RE. 3: Évolution des 
assemblages de phases et des 
textures de tourmaline dans les 
expériences, représenté dans un 
diagramme [B2O3]fluid en fonction de 
la température. Abréviations : Alb = 
albite ; And = andalousite ; Bt = 
biotite ; Chl = chlorite ; FK = 
feldspath K ; Ilt = illite ; Qtz = quartz 
; Tur = tourmaline. 
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forward. La tourmaline présente alors des figures de dissolution sur ses arêtes, tandis que la 
biotite devient automorphe, attestant donc de la réversibilité de l’équilibre. Les contrôles sur la 
texture et la chimie des tourmalines sont identiques à ce qui a pu être décrit pour l’équilibre 
tourmaline-cordiérite, à la seule différence que seul le at. Ca/(Ca+Na) est impacté.  

La gamme de [B2O3]fluide déterminée pour ce nouvel équilibre est très similaire à celle 
reportée pour la cordiérite. L’association fréquente entre tourmaline et biotite/chlorite à des 
températures ≤ 400°C requiert, si l’on se fie aux seules données expérimentales, des 
concentrations en bore dans le fluide trop important pour la plupart des systèmes 
hydrothermaux. La comparaison avec des systèmes naturels met en avant, encore une fois, un 
fort effet de la chimie des fluides sur la stabilité de la tourmaline. 

 

Visualisation des dynamiques des processus métasomatiques  

Cette étude présente les résultats d'une expérience de percolation réactive d'une saumure 
de B(OH)3 à 300°C et 300 bars dans un schiste tacheté naturel afin d'étudier la dynamique des 
réactions métasomatiques dans un environnement riche en bore. En raison de la très faible 
perméabilité de la roche et de la faible pression effective fixée dans les premiers jours, le fluide 
a pu créer et se concentrer dans un canal entre l'enveloppe Au et la carotte. Ainsi, la perméabilité 
mesurée dans cette expérience ne reflète pas les variations des propriétés pétrophysiques de la 
roche, mais reproduit plutôt l'ouverture d'un filon par fracturation hydraulique avec l'altération 
de la paroi rocheuse associée. Les observations générales et l'analyse de la carotte et du fluide 
de sortie après l'expérience montrent une forte augmentation de la porosité le long des canaux 
due à la dissolution du quartz (Fig. RE 4). Causée par la présence de B(OH)3 dans le fluide, 
cette altération est la seule qui affecte à la fois la composition de l'ensemble de la roche et le 
fluide de sortie. 

La localisation de l'altération est contrôlée localement par la relation entre la vitesse de réaction 
et la vitesse du fluide. Les zones à fort débit, comme le chenal, forment un front d'altération 
longitudinal où la lixiviation du quartz est prédominante. Dans cet environnement où la réaction 
est limitée, les solutés sont mobilisés par advection et quittent le noyau sans pouvoir précipiter 
plus bas. L'altération de la matrice schisteuse correspond à des zones de faible débit où le 
transport, par diffusion, permet la formation d'un front d'altération radial net. L'altération des 
minéraux primaires se produit plus localement, formant une interface couplant dissolution-
précipitation (par exemple la pseudomorphose de la sidérite en fayalite). Les différents régimes 
décrits dans cette expérience (zone de haut débit dominée par des processus advectifs Vs zone 
de bas débit dominée par des processus de diffusion) correspondent bien à l'altération des veines 
et des parois rocheuses décrite dans l'environnement naturel. 



 Résumé étendu 

13 
 

Figure RE. 4: (A) Panorama MEB de la carotte ayant réagi. (B) Cartographie de la porosité de la 
carotte, calculée par analyse d'images. (C) Image MEB d'une grande zone de haute porosité (en noir) 
située près de la section d’injection. (D) Image MEB d'une zone de haute porosité et de la matrice 
qui l'entoure. (E) Cartographie élémentaire du Si acquise sur (D). (F) Image MEB d'une tache de 
carbonate près de la section de sortie de la carotte, présentant des changements minéralogiques sur 
son bord droit. Toutes les images sont orientées de la même manière, avec l'injection du fluide 
expériemental du haut vers le bas. 
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I- Hydrothermal alteration: impacts and modelling 

A) The conceptual model of a hydrothermal deposit 
Based on the description of the physical and compositional attributes of numerous deposits, 
explorer and researcher have been led to recognise those unusual geological occurrences as 
potentially belonging to diverse types of ore deposits. Beyond the work of description, these 
classifications have allowed to put forward genetic processes on these objects. Heinrich & 
Candela (2014), rationalised those processes by three factors: the global-scale tectonic settings, 
the interactions of endogenous processes with the atmosphere and the type of medium allowing 
selective components transport. The nature of the mobile phase yields to a global subdivision 
between the magmatic, hydrothermal and surface ore deposits (Table 1). Among the different 
hydrothermal ore deposits, an important part of them is linked to magmatic processes either 
genetically, in the case of magmatic-hydrothermal deposits (e.g. Porphyry deposits, Sn-W veins 
and greisens, Skarns), or as an external energy source (e.g. VMS, IOCG, orogenic gold 
deposits). Those magmatic-related deposits are strategic mineralised systems that can host 
important resources of W, Sn, Cu, Mo, Au, Ag, Zn, Pb (Table 1). 

 
Process, transport medium Ore deposit type  Key source for Important regions 
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 

 
A. Orthomagmatic ore deposits: Element enrichment from melts at high T, without essential involvement of aqueous fluids 
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 

B. Hydrothermal ore deposits: Enrichment by selective dissolution, transport and precipitation from aqueous fluids of different sources 

Fluid-saturation of Porphyry deposits ('Cu-Mo-Au porphyries') Cu; Mo Au Chile, USA 
H2O-bearing magmas: Sn-W-veins and replacement deposits Sn, W (Cu, Pb, Ag) Russia, China, Bolivia 
Magmatic-hydrothermal Skarn-deposits (calc-silicate replacement) W, Cu, Au China (W – scheelite) 

Continental geothermal systems Epithermal veins und hydrothermal breccias Au, Hg (Ag, Pb, Zn) Circumpacific rim        
(± shallow magmatic fluids)  

Continental evaporite brines heated Iron Oxide Cu-Au (-U-REE) deposits  Cu, Au, U, Fe, REE Aus, Brazil, Chile 
by magmatism ± magmatic fluids (‘IOCG’) deposits 

Seawater ± magmatic fluid Volcanogenic massive sulfide deposits  Cu, Zn (Pb, Au, Sn)      Can, Iberia, Aus    
convection through oceanic crust ‘black smoker’ systems and older equivalents  Cyprus 
and submarine volcanoes Kuroko; Kermadec 

 

Metamorphic dehydration Orogenic (‘metamorphogenic’) gold deposits in Au Can, Aus, Brazil 
± deep magmatic fluids Archean greenstones & young orogens USA, Uzbekistan 
± basin fluid interaction Carlin-type gold deposits in sediments Au USA, China 

Connate or evaporite-derived Sediment-hosted Cu ± Co deposits Cu, Co, Ag Central Africa, Poland 
basin brines flowing through Stratiform Pb-Zn-Ag-deposits  Pb, Zn, Ag Can, Aus, Ireland 
sedimentary ± underlying ('sedex' = sedimentary-exhalative, early-diagenetic) 
basement rocks Mississippi Valley-type (MVT) Pb-Zn epigenetic Pb, Zn, Cd; F USA, Can 

replacement in carbonates ± sandstones  
Five-Element Silver Veins  Ag, Ni, Co As, Bi N-Europe, Can 

Deep infiltration of oxygenated Sandstone uranium deposits  U, V USA, Khazakstan 
surface waters Vein- and unconformity-related U deposits U (Au, Pd, Pt) Can, Aus 
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 
C. Surface ore deposits, forming at the interface between solid Earth and hydrosphere + atmosphere  

Table 1: Major ore deposit types of elemental resources (modified from Heinrich & Candela (2014)). 
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The objective of many studies in economic geology is the creation of genetic models 
explaining and connecting the various processes leading to the formation of deposits. In the 
case of hydrothermal deposits, they can be summarised in a general conceptual model based on 
the variations of concentrations in a flow (Pélissonier 1965; Heinrich and Candela 2014). It is 
divided into 3 stages separated in space and time: (1) a source for metals, (2) a transport and 
(3) a deposition zone (Fig. 1). In addition, a fourth phase can be considered, involving a zone 
and/or an age of modification (dismantling of the deposit by remobilisation, alteration or 
metamorphism). 

• The source area is defined by the notion of fertility. Metals must be available either 
in already enriched zones or in low concentration but in a large volume of rocks. 
These elements are leached and mobilised by ligand-rich aqueous fluids (e.g. Cl-, F-

, H2S, OH-), serving as transport agents. In perigranitic deposits (deposits located 
near plutonic intrusions and sharing a genetic link with the said intrusion), metals 
may be derived from the enclosing rocks or from residual enriched magmatic fluids. 
The fluid usually comes from several sources at the same time (meteoric, exsolution 
from the melt, etc.), which can also contribute to the supply of metallic elements. 

• The metal-bearing fluid circulates within the rocks through structures of enhanced 
permeability (lithological facies, faults, facies transitions, etc.). In addition to 
allowing large-scale fluid migration, these structures drain a large volume of 
mineralising fluid. This focus leads to a local increase in metal flow within a small 
volume of rock (Fig. 1), an essential condition for the formation of a large deposit. 

 

• These focus zones may be subject to changes in their physico-chemical conditions 
such as variations in temperature (T), pressure (P), pH, redox conditions(fO2) and/or 
fluid composition. These changes are generally induced by boiling of the 
mineralising fluid, by its mixing with a fluid from another reservoir or by important 
fluid-rock interactions. These various processes lead to the destabilisation of the 

Figure 1: Conceptual genetic model for hydrothermal deposits (Pélissonier, 1965) 
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fluids and the precipitation of metal-rich minerals in the primary or secondary 
porosity of the host rock. It is this phase or this cycle of phases, in the case of 
juxtaposition of hydrothermal cycles, which forms the hydrothermal deposits as 
observed on the field. 

The large scale of ore-forming systems requires a physical driving force for advective 
material transport by flowing fluids, and chemical driving forces for reactions between minerals 
and the transporting phases, i.e. a solubility gradient along the flow path of the fluids (Heinrich 
& Candela 2014). Those solubility gradients are responsible for metal enrichment as well as for 
the development of alteration along the transport path. Hydrothermal alteration is defined as a 
chemical replacement or modification of the original minerals in a rock by new minerals or 
composition. The hydrothermal fluid delivers the chemical reactants and removes the aqueous 
reaction products (Reed 1997).Tracking those specific relative enrichment or depletion of 
elements, or changes to elements speciation or mineralogical associations, are a common 
prospecting technique allowing deposit reconnaissance at regional scale. 

An understanding of hydrothermal alteration is of value because it provides insights into 
the physico-chemical attributes and origin of the fluid and serves as an exploration guide. 
However, those systems are particularly complex, involving thermal, hydraulic, mechanic and 
chemical (THMC) coupling and feedback. Those relations are difficult to evaluate, due to the 
fact that practically all ore deposits are fossil system. Thus, numerical simulations, are of great 
help to assess those coupling, either by modelling the fluid flow and heat transfer or by 
modelling the thermodynamics of fluid-mineral equilibria. 

 

B) Understanding the circulation and equilibria inside a hydrothermal 
deposit: the use of numerical simulations 
1/  Modelling the fluid flow  

As explained previously, the formation of a hydrothermal deposit requires the transport 
and focus of the metal-bearing fluids. In magmatic-hydrothermal systems, fluid flow can be 
described with a continuum, porous medium approach according to Darcy’s law. This law 
describes a non-turbulent and incompressible fluid flow through a porous medium at medium 
and large scale: 

𝒒𝒒��⃗ =  −
𝒌𝒌
µ𝒇𝒇
�𝜵𝜵��⃗ 𝑷𝑷 − 𝝆𝝆𝒇𝒇𝒈𝒈��⃗ � 𝑬𝑬𝑬𝑬 ( 1 ) 

The Darcy velocity 𝑞⃗𝑞  (volumetric flow rate, in m/s) is proportional to the pressure gradient ∇��⃗ 𝑃𝑃 
(Pa/m, along the x, y and z spatial axes) minus the hydrostatic pressure differential caused by 
the weight of the fluid 𝜌𝜌𝑓𝑓𝑔⃗𝑔 (ρf in kg/m3and 𝑔⃗𝑔 = 9,81 m/s2). The flux rate is also dependent on 
the properties of the fluid through its dynamic viscosity µf (Pa/s) and the properties of the host 
medium/rock through its intrinsic permeability k (in m2). Permeability expresses the ease with 
which the fluid can flow through the porous and/or fractured medium considered. It is 
interesting to note that it is the only parameter in Darcy's law that depends on the properties of 
the surrounding rock. 
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By coupling this law with heat transfer and state equation driving the density variation, 
one can numerically simulate the functioning of a hydrothermal circulation as a heat (and 
sometimes also chemical) flows through the crust (Ague 2014; Ingebritsen & Gleeson 2015). 
For example, Weis (2015) achieve to simulate a multiphase flow of a H2O-NaCl fluid in a 
perigranitic environment, in order to reproduce the characteristics of porphyry copper and 
epithermal systems and locate the high-flow areas (Fig. 2). 

His models are based on a dynamic value of the permeability, incorporating (i) depth-dependent 
permeability profile characteristics for tectonically active crust, (ii) pressure- and temperature-
dependent relationship describing hydraulic fracturing and (iii) the transition from brittle to 
ductile rock behaviour. Another specificity is the implementation of a thermodynamic model 
that can accurately describe the phase relation and fluid properties of a variably miscible H2O-
NaCl fluid (based on Haar et al. 1984; Driesner 2007; Driesner & Heinrich 2007). The initial 
geometry considers a magma chamber that conductively heats the surrounding homogeneous 
host rock and serves as the driving force for the convection of ambient fluids. The simulation 
demonstrates that porphyry systems are constructed through repeated events of hydraulic 
fracturing, allowing magmatic fluid pulses toward the surface. It also highlights the 
preponderant effect of the saline fluid buoyancy on the dynamic of the systems, resulting in the 
physical separation between the porphyry deposit (dominated by ascending magmatic fluids 
under near-lithostatic pressure) and the related epithermal deposits (dominated by convection 
of colder meteoric fluids under near-hydrostatic pressure). 

Figure 2: Temporal and spatial evolution of the hydrology of porphyry copper systems. A-D: Dynamic 
permeability changes in reference to the background value after 800, 5 000, 30 000 and 100 000 years 
of simulation time. E-H: Temperature distribution and multiphase fluid states. The black area 
represents the magma chamber and the light grey area the solidified pluton. (From Weis, 2015)  
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2/ Thermodynamic modelling of fluid-rock equilibria 

Physical transport by a flow of heat and matter systematically leads to chemical 
interactions between the transporting fluid and the mineral composing the host rocks. Those 
interactions, coupled with P, T, pH and fO2 conditions control the solubility gradient along the 
fluid transport path. Thermodynamic modelling of fluid-rock equilibria deals with various 
aspects of these chemically complex systems (e.g. Reed 1997; Anderson 1998; Halter et al. 
1998; Tagirov & Schott 2001; Heinrich 2005; Dolejš & Wagner 2008; Liu & Xiao 2020; Hurtig 
et al. 2021). Those simulations predict the chemistry of the fluids and the stable mineral 
assemblages between evolving equilibrium states. To calculate accurately the stability of these 
minerals, aqueous species, minerals and gases requires the development of adequate activity 
models, equation of state and underlying robust thermodynamic databases to correct for P, T 
and nonideality of solutions (Gysi et al. 2020; e.g. Johnson et al. 1992; Holland and Powell 
2011; Blanc et al. 2012; Wagner et al. 2012; Reed and Palandri 2014). 

By using different kinds of models depending on the system and variable of interest, 
researchers have been able to describe the equilibrium controlling the hydrothermal system 
chemistry. The Fig. 3, from Hurtig et al. (2021), represent the simplified description of porphyry 
and epithermal ore deposits through various thermodynamic models, focusing on metal 

Figure 3: (A.) Schematic sketch of a porphyry ore deposit, showing the overlapping alteration and 
ore zones. (B.) Illustration of the fluid evolution along path A for an intermediate-density vapour-
dominated pathway and along path B for liquid-dominated pathways. (C.) Schematic sketches of 
simulated processes. (From Hurtig et al., 2021) 
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transport. With regards to the results of fluid inclusion study and phase separation mechanism 
occurring in those systems, only the gas phase was simulated (no vapour-liquid partitioning). 
Four numerical setups (Fig. 3) were employed to understand (1) the effect of fluid chemistry 
on metal solubility and ratios at high temperature (through titration of Cl, S and O in the vapour-
like fluid), (2) the effect of isothermal decompression and (3) isochoric cooling on metal 
mobility and metal ratios, and (4) single-pass flow-through ore formation and metal zoning 
models. The models predict that vapour-like fluids may transport and efficiently precipitate 
metals in concentrations sufficient to form porphyry ore deposits. The fluid composition and P-
T-fO2 evolution paths of vapour-like and intermediate-density fluids have a strong effect on 
metal solubility and, thus, exert an important control on their metal ratios and zoning. 

Reed et al. (2013) also work on porphyry system through thermodynamic simulations. 
They didn’t focus their work on metal mobility but rather on the alteration types caused by this 
interaction. Through modelling the titration of the granite into a finite volume of magmatic fluid 
(i.e. batch equilibrium modelling) between 600 and 200°C at 100 MPa, they obtain a 
petrographic diagram (Fig. 4) showing the absence or presence of minerals as a function of the 
water/rock (W/R) ratio. W/R ratio can be used as a proxy to describe the spatial and temporal 
evolution of alteration patterns in hydrothermal systems (Reed 1997). From the high-T biotite-
feldspar-andalusite to the low-T sericite-pyrite-quartz and main argillic and propylitic stage, all 
the minerals composing the alteration sequence in porphyry deposits are present in the diagram. 
This study demonstrates that the full array of alteration observed on the field can be formed 
from a single initial fluid composition as it cooled and reacted with the wall rock.  

The approach used by Hurtig et al. (2021) can be easily related to the work of Weis 
(2015). Indeed, the thermodynamic properties of hypersaline brine show that it contributes 
significantly to the metal budget, depending on the proportion of vapour to liquid, the relative 
mobility of the hypersaline liquid in the magmatic hydrothermal plume and the efficiency of 
cooling. Those parameters can be inferred by numerical simulations of fluid flow. Linking the 
two kinds of models by the P, T and proportion of vapour, would allow the quantification of 
the metal transported in the plume and the localisation of precipitation sites inside the 
considered geometry. In contrast, incorporating alteration patterns deduced from batch 
equilibrium modelling to fluid flow modelling is not straightforward and need to be done 
through k, the permeability of the host rock. 

Figure 4: Alteration phase diagram showing the 
conditions of temperature and reaction ratio of 
magmatic fluid to the Butte granite that controls 
the presence or absence of minerals. Each curve 
on the diagram is labelled on the side of the 
curve where the relevant mineral exists; the 
mineral is absent on the opposite side of the 
curve. Quartz is present throughout the diagram. 
The red space corresponds to the optimum 
condition for greisenisation. (Diagram from 
Reed et al. (2013), greisen space from Launay et 
al. (2023)) 
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3/ Integrating alterations through dynamic permeability: the case study of 
Panasqueira 

The notion of dynamic permeability used in Weis (2015) can be further developed with 
regards to the alteration. Indeed, fluid flow models do not explicitly account for geochemical 
feedback on porosity and permeability, caused by the mineralogical change in the rock. The 
volume change ΔV between the product and reactant minerals can be responsible for the closing 
or opening of the permeability along the fluid path (Jamtveit et al. 2008; Booden et al. 2011; 
Pollok et al. 2011; Jonas et al. 2014; Putnis 2015; Hoover et al. 2022). Those modification of 
permeability can greatly affect the localisation and duration of the hydraulic fracturing 
responsible for the various hydrothermal pulses composing the deposits (Scott & Driesner 2018; 
Launay et al. 2023).  

Working on Panasqueira (Portugal), Sn-W deposits, Launay et al. (2019) studied the 
petrophysics properties of the greisen present in the granite roof. This alteration results from 
the metasomatic reaction between the granitic rock and an acidic fluid at 250-450°C and forms 
a coarse-grained assemblage composed mainly of quartz and muscovite (Harlov & Austrheim 
2013). They measure the permeability and porosity on samples representative of incremental 
degrees of greisenisation, quantified through the use of an Alteration Index (AI). The 

Figure 5: Results of the time evolution of the fluid flow patterns and the time-integrated fluid flux, 
considering the production of magmatic fluid during the granite crystallisation. Scenario M2: static 
granite permeability. Scenario M4: reaction-enhanced permeability (effect of greisenisation of the 
granite). (Modified from Launay et al. 2023). 
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measurements show that permeability increase progressively with the level of alteration, from 
10 -20 m2 in the fresh granite to 10-17 m2 in the greisen. This permeability increase was also 
monitored during a reactive percolation experiment, reproducing the greisenisation of the 
granite. The study allowed to quantify the positive correlation between porosity evolution and 
AI through an exponential law. 

In order to include this new relationship into a fluid flow simulation, Launay et al. 
(2023) converted the AI as a W/R ratio according to the batch equilibrium result of Reed et al. 
(2013). Greisenisation is simplified as the stability field where muscovite is stable without 
recrystallising feldspar. An optimum for the alteration is found around W/R = 2 (Fig. 4). Thus, 
by calculating a time integrated W/R ratio (Schardt & Large 2009) in the fluid flow simulation, 
the porosity of the granite can be calculated through a function based on the exponential law 
between porosity and AI. Figure 5, displays the result of a fluid flow simulation around the 
Panasqueira pluton, considering a fixed permeability value (Scenario M2) or a greisen-
enhanced permeability (Scenario M4). The comparison between both models emphasises that 
the permeability change induced by the greisenisation of the granite roof enhance and facilitate 
the expulsion of the magmatic fluids by building up more important fluid overpressure in the 
host rock domain. Consequently, greisenisation can constitute an important mechanism in the 
formation of large deposits. By locating zones of higher permeability, which determines the 
locus of focused fluid expulsion, the alteration enhances mass transfer within and above granitic 
intrusion. 

Those examples on Sn-W and porphyry deposits highlight that by modifying the 
petrophysics properties of the host rock, alteration constitute both a physical and chemical 
driving force during the ore deposit formation. Considering the interplays between permeability 
and hydrothermal alteration means integrating feedback phenomena. Those feedback impact 
the focalisation and intensity of hydrothermal flows and the evolution of the W/R, an important 
trigger for ore deposition. Indeed, the efficiency of the ore metal deposition is limited by the 
mass balance between the reactive components in the advected fluid and the local rock. 
Therefore, final ore grade depends not only on a thermodynamic driving force, but also on the 
quantities of fluid and rocks interacting together (Heinrich & Candela 2014). For example, 
wolframite precipitation in Panasqueira is triggered by the release of Fe in the fluid due to the 
tourmalinisation of the host rock (Lecumberri-Sanchez et al. 2017). The iron mobility, and so, 
its availability, depends on the permeability of the rock being altered. If Fe is the limiting factor 
for wolframite precipitation, then permeability is a first order parameter on the W-ore grade. 
For example, if tourmalinisation close the permeability of the system, ore deposition will be 
limited by the amount of Fe contained in the vein-wall surface. But if it opens the permeability, 
the fluid is able to interact with a greater volume of fresh host-rock, triggering more wolframite 
deposition. 

 The methodology was followed by Launay et al. (2023) is based on good 
implementation of the alteration through batch equilibrium simulation and knowledge about its 
effect on the permeability/porosity. Both requirements that are completely missing in the case 
of tourmalinisation, an alteration caused by B-bearing fluids and present in many hydrothermal 
contexts. 
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II- Tourmaline, a useful mineral in borosilicate system 

A) A ubiquitous complex mineral 
Tourmaline comes from the Sinhalese word “thuramali” which means “stone with mixed 

colours” and was used to designate all unknown coloured stones. In geology, the term 
tourmaline refers to a mineralogical supergroup that encompass 38 endmembers recognised by 
the IMA (Warr 2021, tourmaline classification in Appendix A1) and constitute the most 
widespread borosilicate in the earth’s crust (Grew et al. 2017). It belongs to the cyclosilicate 
family and has a rhombohedral lattice within the R3m space group. Tourmaline present a 
morphology in rods with various textures and sizes ranging from 5 m long single crystal to 
sheaves of micrometric fibbers. This highly anisotropic structure with no center of symmetry 
gives its characteristic polar properties related to the position of its <c+> axis (morphology, 
growth rate, piezoelectricity, pyroelectricity; reviewed in Henry & Dutrow (1996). The general 
structural formula of tourmaline is X Y3 Z6 (T6O18) (BO3)3 V3 W, with X a nine-coordinated 
site, Y and Z two octahedral site, T a tetrahedral site and W and V, two anionic sites (Henry et 
al. 2011). This variety of site not only allows it to incorporate a large number of chemical 
elements as major components (Table 2), but make many substitutions possible, particularly 
between the two octahedral sites. This complex chemical composition, together with its 
crystallographic structural properties, makes tourmaline a chemically and mechanically stable 
refractory mineral with negligible intracristalline diffusion processes (Büttner 2005; Büttner 
and Kasemann 2007; van Hinsberg and Schumacher 2007).  

Site name Coordination  Commons elements 

X [IX] Na, []X, Ca, K 
Y Octahedral [VI] Fe2+, Mg, Mn, Al, Fe3+, Li, Ti, Zn, Ni, Co, Cu, Cr, V 
Z Octahedral [VI] Al, Fe3+, Mg, Fe2+, Cr, V 
T Tetrahedral [IV] Si, Al, B 
(BO3) Trigonal [III] B 
V Anions  OH, O 
W Anions  OH, O, F 

As reported by Slack & Trumbull (2011), tourmaline is a ubiquitous accessory mineral 
in hydrothermal veins and in metasomatized rocks from alteration aureoles developed around 
and within granitic plutons. Hence, it has been described in many deposits (Fig. 6) such as Sn-
W granitoids and/or veins (Williamson et al. 2000; Codeço et al. 2017; Broska and Kubiš 2018; 
Harlaux et al. 2020), porphyry Cu-(Mo-)Au and the epithermal system associated (Lynch and 
Ortega 1997; Garwin 2002; Tuduri et al. 2018; Li et al. 2022) , orogenic Au (Garofalo et al. 
2002; Hazarika et al. 2015; Kalliomäki et al. 2017; Sciuba et al. 2021), IOCG (Dreher et al. 
2008; Su et al. 2016; Kelly et al. 2020), VMS and SEDEX (Slack et al. 1993; Hellingwerf et al. 
1994; Deb et al. 1997; Taylor et al. 1999; Slack 2022) and skarn (Hellingwerf et al. 1994; 
Baskina et al. 2009; Yu et al. 2017; Zhao et al. 2021). Independently of magmatic/hydrothermal 
contexts, tourmaline is also commonly found in metamorphic rocks from the sub-greenschist 

Table 2: Description of the coordination level and elemental occupancy of various 
tourmaline sites (after Hawthorne & Dirlam, 2011; Henry et al., 2011). []X = X site vacant  
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to the amphibolite facies (Henry and Guidotti 1985; Marsala et al. 2013; Dutrow and Henry 
2022), in subduction zones (Ota et al. 2008b; Marschall et al. 2009; van Hinsberg et al. 2017) 
and even in sediments undergoing diagenesis (Henry et al. 1999; Henry and Dutrow 2012). 

 The common occurrence of tourmaline in those contexts indicates that it is a phase stable 
under a wide range of P-T conditions (van Hinsberg et al. 2011a). This property is partly due 
to the ability of tourmaline to adjust its composition by selectively incorporating a large number 
of major and trace elements (Table 2). Consequently, tourmaline is considered as a “geologic 
DVD” (Dutrow and Henry 2011), whose chemistry is commonly used as a probe of its 
crystallisation environments. The major element composition of tourmaline is correlated with 
the typology of its host-rock (Henry and Guidotti 1985; Henry and Dutrow 1996; Slack and 
Trumbull 2011; Sciuba et al. 2021), whereas the incorporation of trace elements accounts for 
more local phenomena including fluid-rock interaction, element partitioning between phases 
and/or crystallochemical effects (Marks et al. 2013; Hazarika et al. 2015; Yang et al. 2015; 
Kalliomäki et al. 2017; Harlaux et al. 2020; Sciuba et al. 2021). As a suitable recorder of the 
physicochemical conditions of its environment, many studies have tried to use tourmaline as a 
petrologic indicator, as a fluid composition and flow recorder and as a geothermobarometer. 

(Hawthorne and Dirlam 2011; Henry et al. 2011; Beckett-Brown et al. 2023) 

B) A petrogenetic indicator 
The type of host rock can affect the chemical composition and morphology of the 

tourmalines it contains (Trumbull & Chaussidon 1999; van Hinsberg et al. 2011a, 2011b). This 
influence is difficult to determine in the case of natural tourmaline, as temperature, pressure 
and fluid composition effects on the tourmaline chemistry are superimposed. However, some 
characteristics and evolution are systematically associated with certain contexts. For example, 
lithiniferous tourmalines are generally specific to pegmatites (London 2011; van Hinsberg et 
al. 2011a; Marks et al. 2013), whereas high concentrations of Ni, V and/or Cr are only found in 
metabasites, metabauxites and metamorphosed anoxic sediments (Henry & Dutrow 2001; 
Bačík et al. 2011). Finally, diagenetic tourmalines are easily recognised by the formation of 
asymmetric comb-like overgrowth along the <c+> axe of detrital grains (van Hinsberg et al. 
2011b). 
Henry & Guidotti (1985), highlighted some generalisations between tourmaline composition 
and the nature of the host rocks which they used to construct a classification on AFM and CFM 
diagrams (Fig. 7). While this classification has proven useful for determining the original 
casings of tourmaline clasts in detrital sediments (Walden 2016), its application to hydrothermal 
systems remains debatable (Henry & Dutrow 1996; Walden 2016). The diagrams provide 
relevant information in the case of pegmatites (Lensing-Burgdorf et al. 2017), but in cases 

Figure 6: Schematic diagram showing tectonic settings of tourmaline-bearing hydrothermal ore 
deposits (from Slack & Trumbull 2011). 
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where the W/R ratio is important, the chemistry of the mineral depends too little on the 
chemistry of the host rock for this classification to work (Henry & Guidotti 1985; Tuduri 2005; 
Slack & Trumbull 2011). 
 

C) An indicator of fluid flow, source and composition 
In hydrothermal systems, fluids interacting with tourmaline can come from one of two 

different sources. Either the fluid comes from an internal source, therefore in equilibrium with 
the surrounding rock (rock-buffered system). Or the fluid come from an external source, 
therefore in disequilibrium with the tourmaline-bearing mineralogical assemblage and resulting 
in fluid-rock interactions (fluid-buffered system). The tourmaline is able to distinctly record the 
opening and/or closing phases throughout the hydrothermal history of its environment. These 
different growth episodes provides a wealth of information such as the fluid phase availability, 
hydrodynamic (direction and velocity of the fluid flow) and composition (Dutrow & Henry 
2016, 2018). Tourmaline occurs mainly as an accessory phase in hydrothermal systems and as 
such it passively responds to fluid compositions. Its presence indicates by itself the availability 
of B in the system, either directly in the fluid or through the breakdown of B-bearing minerals. 
Tourmaline growth is only favourable in aqueous fluid with neutral-to-acidic conditions, where 
B is predominantly in triangular coordination in the fluid (Morgan & London 1989; Henry & 
Dutrow 1996; Leeman & Sisson 1996). Thus, tourmaline is a direct proxy of B(OH)3 activity 
in the fluid phase. A large number of studies have investigated the chemistry of tourmaline 
within a same system to derive information about the evolution of hydrothermal fluids (e.g. 
Lynch & Ortega 1997; Tuduri 2005; Baksheev et al. 2009; Yang et al. 2015; Harlaux et al. 
2020). Those studies, coupled with experimental data, have recurring conclusions regarding 
particular chemical trends. The transition from oxy-dravite to povondraite (O-P trend), marked 
by the substitutions []X Al → Na Fe and Al → Fe3+, indicate the evolution of a highly saline 
fluid (low H2O activity) under oxidising conditions and low T (150 to 400°C) (Henry & Dutrow 
2012; Dutrow & Henry 2018). NaMg → []XAl (alkali-deficient) and MgOH → AlO 
(deprotonation) substitutions correlate with a change in fluid salinity, with the former being 
prevalent in low to moderately saline solutions while deprotonation of the W site is more 
prominent in highly saline fluids (von Goerne et al. 2001, 2011; Dutrow and Henry 2018). 

Figure 7: Petrogenetic classification of tourmaline by Henry & Guidotti and van Hinsberg et al. 
(2011b). The domains delimited by dotted lines are superimposed on the others, delimited by solid 
lines. 
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Based on the experimental data of Orlando et al. (2017), the transition from Mg-rich to Fe-rich 
tourmaline, often observed in magmatic-hydrothermal systems (e.g. Mlynarczyk & Williams-
Jones 2006; Li et al. 2022), can be explained by a decreased in fluid salinity. 

Experimental studies of element partitioning between tourmaline and fluid have focused 
on the relation between the X-site composition of tourmaline (Fig. 8) and the composition of 
the fluid phase to quantitatively estimate the concentration of those elements in the fluid phase 
(von Goerne & Franz 2000; von Goerne et al. 2001, 2011; Berryman et al. 2015, 2016). These 
experiments were realised in Fe-free systems with temperatures between 500 and 700°C and 
pressure between 0.2 to 4 GPa. At a given Na concentration in the fluid, the Na content in 
tourmaline decreases with increasing temperature (Fig. 8A). If the system contains albite, the 
concentration of Na in the final fluid is buffered and show little variation with temperature. By 
adding Ca in the fluid, von Goerne et al. (2011) demonstrate that Ca partitions preferentially in 
the tourmaline over the fluid, an effect amplified by the temperature.(Fig. 8B). However, at 
higher P (> 1 GPa), Ca preferentially partitions into the fluid, regardless of the temperature (Fig. 
8C). Those relations give interesting insights for the use of tourmaline as a geothermobarometer 
(see below), but, as presented in Figure 8, those relations depend primarily on the bulk (fluid + 
rock) composition. Consequently, the application of those relations on natural systems is still a 
difficult task requiring more information, especially on Fe-rich systems. 

Figure 8: Experimental results on element partitioning 
between tourmaline and fluid. (A.) Na concentration in 
the final fluid vs the Na concentration in tourmaline as a 
function of temperature and mineralogical assemblage at 
200 MPa (from von Goerne et al. 2001). (B.) XCa

Tur (= 
Ca/(Ca+Na)) molar ratio Vs final XCa

fluid as a function of 
the temperature and the starting Ca/(Ca+Na) of the fluid 
at 200 MPa (from von Goerne et al. 2011). (C.) 
Ca/(Ca+Na) molar ratio of tourmaline vs Ca/(Ca+Na) of 
the coexisting fluid as a function of pressure, at 700°C. 
The values at 0.2 GPa are from von Goerne et al. (2011) 
and represented in (B) as black diamond (from Berryman 
et al. 2016). 
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Boron isotope signature (δ11B) of fluids and melts provide important evidence for 
understanding the generation, transport and recrystallisation of slab-derived melts and fluids in 
subduction zones. As a borosilicate minerals frequently found in such contexts, tourmaline is 
considered as a useful tracer of multiple melt/fluid-rock interaction and of boron cycling in 
continental subduction zones (Chen et al. 2023). Other than boron, the chemical complexity of 
tourmaline allows the application of a wide range of isotopic systems, such as O, H, Si, Mg, Li, 
Sr, Nd, Pb, K(Ar) and Cu (Marschall & Jiang 2011; Henry & Dutrow 2018). Information about 
the physicochemical condition associated with fluid-rock interaction, the fluid origin and 
evolution, the timing of magmatic, metamorphic and hydrothermal events that produce 
tourmaline can be inferred. Recent studies on the San Rafael tin deposit (Peru) have applied 
isotopy in order to trace fluid processes during the magmatic-hydrothermal transition leading 
to the mineralisation (Harlaux et al. 2019, 2020). The initial radiogenic Sr and Nd isotope 
compositions of different tourmaline generations support a dominantly magmatic origin of the 
hydrothermal fluids and is similar to the values found in Bolivian tin porphyry. Combined δ18O 
and δ11B measurement coupled with quantitative fluid modelling shows that magmatic and pre-

Figure 9: Fluid flow reconstruction through tourmaline growth band analysis applied in 
Panasqueira (from Launay et al., 2018). (A.) Measurements of growth bands thickness and 
orientation on a basal section of tourmaline. (B.) Curve deduced from numerical modelling showing 
relationship between fluid velocity and flux ratio. The filled boxes indicate the range of averages of 
fluid velocities derived from dmax/dmin ratio measured on tourmalines from altered wall-rocks (blue) 
and veins (red). (C.) Hydrodynamic model of fluid flow in and around the veins.  
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hydrothermal tourmaline were formed in continuously evolving magmatic-hydrothermal closed 
system. In contrast, the δ18O-δ11B composition of syn-ore tourmaline can only be explained by 
the mixing of a hot and saline tin-rich magmatic fluid with a heated meteoric fluid. 

Tourmaline growth bands can be used to track both the flow and chemical composition 
of the fluid involved during the formation of hydrothermal ore deposits (Sizaret et al. 2009; 
Mahjoubi et al. 2016; Launay et al. 2018). In hydrothermal systems, a crystal’s shape is 
controlled by its intrinsic symmetry and the effects of external forces, such as fluid flow, that 
induce anisotropic growth (Fig. 9A). The faces exposed to the chemical flux, the upstream 
faces, grow faster than the downstream faces (Kesler et al. 1972; Sizaret et al. 2009; Sizaret 
2011). The relationship between flow velocity and the relative growth rate of upstream and 
downstream faces can be modelled and quantified by solving the coupled Navier-Stokes and 
chemical transport equation (Sizaret et al. 2006, 2009). Thus, the growth band thicknesses 
measured on hydrothermal crystals can be considered as chemical fluxes integrated over a given 
period of time. The fluid velocity can be determined by plotting the measured dmax/dmin of the 
crystal vs the velocity curve (Fig. 9B). This methodology was applied at Panasqueira (tungsten 
deposit, Portugal) to decipher fluid flow from tourmaline in veins and altered wall-rocks 
(Launay et al. 2018). Velocity values highlights a transport of metals in veins, largely 
dominated by advective processes (10-4 to 10-3 m/s). However, fluid flow in the altered wall-
rocks is slow and pervasive (10-6 to 10-5 m/s), suggesting that element transport through the 
metasedimentary host rock was low and limited to the alteration haloes (Fig. 9C). 

 

D) An indicator of pressure and temperature conditions 
Regardless of its composition or its crystallographic specificity, tourmaline can provide 

useful information about the temperature and, to a lesser extent, pressure of its environment. 
This can be acquired through microthermometry on fluid inclusions host directly in tourmaline 
(Thomas & Spooner 1988; Ootes et al. 2010). However, these fluid inclusions are often too 
small to allow satisfactory analyses (Slack & Trumbull 2011). Another possible thermometer 
is based on the oxygen isotope partitioning between quartz and tourmaline at equilibrium 
(Taylor et al. 1999; Lerouge and Bouchot 2009). A similar method with 11B partitioning 
between tourmaline and B-rich mineral, such as biotite, white micas or amphibole, remains to 
be experimentally calibrated (Slack & Trumbull 2011). 

In natural environments, chemical variations of tourmaline are frequently look in order to 
highlight relationships with the P-T evolution deduced from other analyses. Relationship 
between T-P and the Na/(Na+[]X) and Mg/(Fe+Mg) ratio, as well with the K, Ti, F and IVB 
content in tourmaline, are often described (Henry and Dutrow 1996; Nakano and Nakamura 
2001; Tuduri 2005; Mlynarczyk and Williams-Jones 2006; Ertl et al. 2008, 2010; Wadoski et 
al. 2011; Berryman et al. 2015; Bačík et al. 2017). However, these changes may be due to 
controls others than the P-T conditions, making it difficult to create generalisable 
thermobarometric laws. The Na incorporation in tourmaline has been experimentally studied 
by von Goerne et al. (2001, 2011), between 700 and 500°C, 200 MPa and for various 
concentrations of NaCl and CaCl2 in the fluid. Their results, represented in Fig. 10, show that 
for a weakly to moderately saline solution, the decrease of temperature induces an alkali-
deficient substitution Na Y2+ → VIAl []X (with Y2+ a divalent cation from the Y-site). But for 
more enriched solution, this correlation is no longer observed. This change of relationship 
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shows that the concentration of Na in tourmaline is controlled first by the fluid composition and 
then by the temperature (von Goerne et al. 1999b, 2001; Berryman et al. 2016; Bosi et al. 2016). 
In contrast, synthesis experiments at ultra-high pressure, show that the incorporation of K in 
tourmaline (in the X-site) is primarily dependent on pressure and temperature rather than on 
fluid composition (Berryman et al. 2015). The Mg/(Fe+Mg) ratio is more related to the 
chemistry of the surrounding rocks. Its correlation with metamorphic grade can be either 
positive (e.g. Nakano & Nakamura 2001) or negative (e.g. (Kawakami & Ikeda 2003) 
depending on the geological context. At high temperature (≥ 700°C), the pressure negatively 
affects the Ti incorporation into the tourmaline structure. But, at relatively low pressures, the 
Ti incorporation in tourmaline structure is governed by the Ti content in the mineral-forming 
medium (Vereshchagin et al. 2022). F content is directly dependent on X-site occupancy for 
crystallographic reasons (Henry & Dutrow 1996, 2011). Ertl et al. (2008) demonstrated that the 
amount of IVB (tetrahedral boron substituting Si in T-site) is greater at low temperature and 
increase with the pressure until 1 GPa. However, crystallographic controls interfere with this 
relationship. The substitution Si → IVB requires a low <T-O> bond length that can only be 
achieve with a high-Al content in the Z-site (Lussier et al. 2009; Bosi et al. 2010). 

 Other thermometers rely on the crystallographic order of atoms within the Y- and Z-
site. Al-Mg disorder was first proposed to be indirectly temperature dependent by Ertl et al. 
(2010). This hypothesis was based on natural and experimental observations showing a 
correlation between the decrease of temperature below 400°C and the transition from Mg-rich 
(dravite) to Al-rich (magnesiofoitite) tourmaline (Dutrow & Henry 2016; Bosi et al. 2018). 
However, due to multiple crystallographic constraints (mentioned thereafter) the calibration of 
a proper thermometer was not possible (Bačík 2015; Bosi et al. 2016). Bosi et al. (2016) 
proposed a thermometer based on Fe-Mg disorder, applicable for Fe-rich tourmalines. Indeed, 
with increasing temperature, the disordering of Fe between the Y- and Z-sites, is balanced by 
ordering of Mg at Y sites, according to the order-disorder reaction YFe + ZMg → ZFe + YMg.  

Figure 10: Compositional variability of free-Fe synthetic tourmaline as a function 
of temperature and fluid composition (data from von Goerne et al., 2001, 2011). 
The O-P trend shows the transition from oxy-dravite to povondraite, signing 
retrograde evolution in porphyry systems (Beckett-Brown et al. 2023). 
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 Several attempts to calibrate geothermobarometric relationships between 
tourmaline and various metapelitic minerals have been tested (Kawakami & Ikeda 2003; van 
Hinsberg & Schumacher 2007, 2009). Currently, thermobarometers based on Fe-Mg exchange 
between tourmaline and ferromagnesian minerals (garnet, staurolite, biotite, muscovite and 
chlorite) are not yet applicable, due to the problem of elemental partitioning between the two 
octahedral sites Y and Z (predicted by Henry & Dutrow (1996) and verified by van Hinsberg 
& Schumacher (2009)). Variations in the element distribution over these sites, their relative 
participation in the exchange and differences in temperature dependence of exchange with each 
site, strongly affects the KD vs T relation. On the other hand, the Ca-Na exchange between 
tourmaline and plagioclase is weakly impacted by intracrystalline substitution phenomena and 
constitutes the only potentially applicable thermobarometer today (van Hinsberg & 
Schumacher 2009). 

 Finally, an alternative thermometric approach has been proposed by Henry & 
Dutrow (1996) and van Hinsberg & Schumacher (2007), based on the temperature dependence 
of Ca and Ti partitioning along opposite crystallographic sectors in tourmalines with hourglass 
zonations (example of an application in Berryman et al. 2017). The strong anisotropy within 
the tourmaline structure produces charge differences on the surface of the <a>, <c+> and <c-> 
faces, resulting in morphological and compositional differences. The composition of the various 
crystallographic sectors tends to converge with temperature, according to a law determined 
empirically by van Hinsberg & Schumacher 2007. However, this method can only be applied 
to tourmalines with hourglass zonations, which are particularly rare in hydrothermal contexts, 
and only for temperatures above 350°C (Slack & Trumbull 2011). 

 

III-  Tourmaline stability in natural systems 

Natural observations and experimentations highlight the capacity of tourmaline to react to 
how hydrothermal systems evolve both chemically and physically. Applying the relations found 
experimentally between tourmaline composition and its environment to natural system is still a 
difficult task. Furthermore, despite its common occurrence as an accessory phase, tourmaline 
is totally absent from thermodynamic modelling (e.g. Halter et al. 1998). Hence, tourmaline is 
generally only studied for its composition and isotopy in order to distinct the various stages of 
an environment. However, quantitative reconstructions of its crystallising environment 
conditions are within reach in particular with the development of tourmaline/fluid (DTur/fluid) 
and tourmaline/mineral (DTur/min) partitioning studies. Such reconstruction was conducted by 
van Hinsberg et al. (2017) on a subduction-zone fluid. Based on equilibrium evidences between 
tourmaline and phengite, they estimate the DTur/fluid for various elements by combining DPhg/Tur 
data from subduction-zone rocks (Klemme et al. 2011) with experimentally determined 
DPhg/fluid (Green & Adam 2003). This methodology yield to robust reconstruction of the 
crystallising environment conditions of tourmaline. But it also highlights the lack of calibrating 
experimental information on essential properties. Among them, are those concerning 
tourmaline stability (Hinsberg & Schumacher 2007; Dutrow & Henry 2011). 

 



 Chapter I: Introduction 

33 
 

A) The boron concentration at equilibrium with tourmaline  
The general stability of tourmaline regarding the bulk composition of its crystallising 

environment is also wide. Thanks to the diversity of crystalline sites and the variety of elements 
able to be incorporated, a wide range of common igneous, metamorphic and even sedimentary 
rocks may contain the necessary structural components to form tourmaline. Thus, the only real 
chemical limiting factor for tourmaline formation is the boron concentration (expressed as wt% 
of B2O3 thereafter and noted [B2O3]). 

Natural observation of silicate melts demonstrates that during the crystallisation of 
peraluminous magma, biotite and cordierite are the first ferromagnesian minerals to crystallise. 
Magmatic tourmaline crystallises in the late stage of the fractionation when the boron content 
reaches tourmaline saturation. Through a series of crystallisation and dissolution experiments, 
Wolf & London (1997) investigated the [B2O3]melt in peraluminous granitic magma required to 
reach tourmaline saturation. At 750°C and 200 MPa H2O, with an Aluminium Saturation Index 
(ASI) of the melt around 1.35, the stability of tourmaline, in the presence of cordierite and/or 
biotite, is achieved for [B2O3]melt = 2wt%. The stability decreases with the value of the ASI: the 
tourmaline saturation for the same experiment with an ASI of 1.27 is reached at [B2O3]melt = 
6.99 wt%. At a constant Al content, the amount of B needed to maintain tourmaline saturation 
in the melt decrease with falling temperature. For example, a tourmaline-saturated melt at about 
13.25 wt% Al2O3 contain 2.98 wt% B2O3 at 650°C and only 2.22 wt% B2O3 at 500°C. This 
behaviour was confirmed later by the study of Acosta-Vigil et al. (2003).  

In hydrothermal environments the boron concentration in the fluid required to reach 
tourmaline saturation ([B2O3]fluid_EQ) has been poorly investigated. Most of the experimental 
studies have been tourmaline synthesis (Rosenberg et al. 1986; von Goerne et al. 1999a; Wodara 
& Schreyer 2001; Setkova et al. 2015, 2019; Berryman et al. 2016) or tourmalinisation 
experiments (von Goerne et al. 1999b; Orlando et al. 2017; Cheng et al. 2019) which has the 
disadvantage that tourmaline stability limit as a function of [B2O3]fluid is poorly defined. Only 
the study of Weisbrod et al. (1986) has been fully dedicated to constrain [B2O3]fluid_EQ, however, 
their results have only been published in abstract form. Nonetheless, an estimation can be made 
by using the results of the tourmalinisation experiments (Fig. 11). 

Weisbrod et al. (1986) measured the [B2O3]fluid_EQ required to equilibrate the assemblage 
tourmaline + cordierite + albite + andalusite + quartz + saline aqueous fluid (3 wt% NaCl) 
between 300 and 730°C (solidus condition) at 100 MPa. [B2O3]fluid_EQ remain ≤ 0.3 wt% from 
300 to 500°C, with an optimum around 375°C. Over 500°C, increasing temperature leads to a 
strong increase of the [B2O3]fluid_EQ, from ~0.2 wt% at 500°C to 2.4 wt% at 700°C (Fig. 11).  

Between 475 and 600°C, at 200 MPa, Morgan & London (1989) performed metasomatic 
reaction experiments between an amphibolite (hornblende + plagioclase) and acidic or alkaline 
boron-bearing fluids. They found that Al-poor rocks may give relatively Al-rich tourmalinite 
through the reaction hornblende + Ca-plagioclase  tourmaline + danburite + clinopyroxene + 
quartz in acidic fluid with a [B2O3]fluid > 2.1 wt% at 600°C (referred to as Serie 2, unseeded 
runs in the paper). Increasing the pH of the solution up to 6.5, by adding B as borate species 
(Na2B4O7), result in higher [B2O3]fluid required to stabilise tourmaline. By adding boron only as 
alkaline borate species, tourmaline is destabilised and/or failed to precipitate, regardless of the 
concentration. This study indicates that tourmaline is stable in acid-to-neutral aqueous solution, 
where B(OH)3 is dominant. The boron concentration of their equilibrated product was not 
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measured, and only the [B2O3]fluid initial is given. Thus, as tourmaline was not observed as a 
product of the experimental charge with [B2O3]fluid = 2.1 wt%, this concentration is considered 
as a minimal threshold for the equilibrated value ([B2O3]fluid < [B2O3]fluid_EQ). The 
concentrations of the charges where tourmaline appear are considered as a maximal threshold, 
as they contain enough boron to form tourmaline ([B2O3]fluid > [B2O3]fluid_EQ, see Fig. 11). 

 Von Goerne et al. (1999b) studied the stability of tourmaline between 680 and 850°C, 
at 200 MPa, for the following two metasomatic equilibria: tourmaline + quartz = cordierite + 
sillimanite + fluid (Na-free system) and tourmaline + quartz = cordierite + albite + saline fluid 
(Na-bearing system). For each system, the [B2O3]fluid varied between [0.6; 10] wt% and HCl 
was introduced in some charge to reduce the pH from 4.3 (fluid nearly saturated with B(OH)3 
only) to 2. Their results, in agreement with those of Wolf & London (1997), indicate that 
tourmaline saturation is reached for [B2O3]melt = 2.3 wt%. In experiments below the solidus, the 
final boron content in the fluid has been analysed. But due to the total consumption of 
sillimanite or albite in the experiment below 730°C, only three measurements in the Na-free 
system can be considered as [B2O3]fluid_EQ (Fig.11). At 730°C the same charge with or without 
HCl in the fluid yield to very different results: with the H2O-B(OH)3 fluid [B2O3]fluid_EQ = 5.76 
wt%, while, the H2O-HCl-B(OH)3 fluid result in a [B2O3]fluid_EQ = 1.83 wt%. The non-

Figure 11: Compilation of tourmalinisation experiments results in a [B2O3]fluid vs Temperature 
diagram. Cross symbols represent experiments where the final boron concentration at equilibrium 
with tourmaline ([B2O3]fluid_EQ) has been measured. Other symbols represent experiments where the 
boron concentration reported is not equilibrated with tourmaline ([B2O3]fluid). If tourmaline was not 
present in the products phases (open symbols), the symbol is accompanied by an upward arrow. If 
tourmaline was present (solid symbols) but a reactant was missing in the product phase, or if only the 
initial [B2O3]fluid is reported, the symbol is accompanied by a downward arrow. References: [1] 
Weisbrod et al. (1986); [2] Morgan and London (1989); [3] von Goerne et al. (1999b); [4] Orlando et 
al. (2017); [5] Cheng et al. (2019). 
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equilibrated experiments reported correspond all to maximum threshold to [B2O3]fluid_EQ and 
display an important disparity due to the use of different fluid compositions. Those results 
highlight an effect of the fluid composition on the tourmaline stability, that is not fully explored 
yet. 

 Orlando et al. (2017) and Cheng et al. (2019) tourmalinisation experiments were 
conducted in order to study the effect of tourmalinisation on natural rocks, respectively a 
biotite-rich schist and a two-mica granite. As the tourmaline stability was not studied, the 
[B2O3]fluid reported are mainly non-equilibrated and serves either as minimal or maximal limit 
to tourmaline stability, depending on tourmaline presence in the product phases (Fig. 11). 

Figure 11 presents the various experiments in a [B2O3]fluid vs temperature space. The 
[B2O3]fluid_EQ appears to be in the order of the wt% and evolves positively with the temperature. 
This compilation also highlights a few inconsistencies. At 730°C, the equilibrated data from 
von Goerne et al. (1999b) does not match those of Weisbrod et al. (1986), being twice higher 
in the case of a pure H2O fluid or lower with a HCl fluid. At 600°C, non-equilibrated data 
brackets a [B2O3]fluid_EQ between 2.1 and 5 wt%, while Weisbrod et al. (1986) measured a lower 
value, around 0.75 wt%, incompatible with the results of Morgan & London (1989). Below 
600°C, the data are poorly constraints. Those inconsistencies and lack of data on stability in 
hydrothermal systems compromise the calibration of tourmaline as a proper “petrologic 
forensic mineral” tool (van Hinsberg et al. 2011b).  

 

B) Boron in hydrothermal fluids 
1/ Range of concentration 

Boron is a widespread constituent of crustal rocks, being found in sedimentary, volcanic, 
plutonic and metamorphic environments. The Earth’s upper continental crust contained 
between 15 and 36 ppm, which made it the 27th element in abundance (Wedepohl 1995; Henry 
& Dutrow 1996; Rudnick & Gao 2003). Researchers in earth sciences have given it less 
attention than other minor elements in the Earth’s crust,because there are numerous analytical 
difficulties of working with boron (Anovitz & Grew 1996). Common occurrences of 
borosilicate minerals (tourmaline, grandidierite, dumortierite, danburite, etc…) in magmatic 
environment leads to characterise the behaviour of boron in igneous system. Experimental 
studies highlight the fact that boron is an important flux for silicate melts. It lowers solidus and 
liquidus temperature for silicate systems, and it also reduces the viscosity of their melts 
(Pichavant 1987; Dingwell et al. 1996; London et al. 1996). Furthermore, boron behaves as an 
incompatible element. As such, it tends to be concentrated in felsic and silicic differentiates 
magmas. During volatile exsolution, triggered by crystallisation and/or decompression, boron 
partitions preferentially in the aqueous vapour phase (Pichavant 1981; Schatz et al. 2004). 
Consequently, hydrothermal fluids of magmatic origin can contain really high boron 
concentration, as demonstrated by the occurrence of sassoline (B(OH)3(s)) in fluid inclusion 
(Fig. 12A) from various localities and contexts (Peretyazhko et al. 2000; Prokof’ev et al. 2002; 
Thomas et al. 2003). The solubility of sassoline at room temperature is 35 g/kg of water, 
corresponding to a boron concentration of 6 g/kg of water. Consequently, the boron 
concentration in hydrothermal systems can possibly reach some weight percentage. Prokof’ev 
et al. (2002) investigated the boron concentration of 11 deposits of various genesis and 
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geochemical profile. The compiled database of fluid inclusions (n=81) covers a wide range of 
temperature (175-550°C) and salinities (0.6-67 wt% NaCl eq.). The boron concentration varies 
widely from 1 to 8000 ppm and shows no regular relation to chlorine and CO2 in analysed 
samples. 

For the past 20 years, laser ablation coupled to inductively coupled plasma mass 
spectrometry (LA-ICP-MS) has been the technique of choice for analysing fluid inclusions. 
This method allows rapid and precise acquisition of data from individual inclusions, a 
significant benefit compared to bulk sample leaching. By using the salinity measured by 
microthermometry as an internal calibration standard for Na, the data are converted into 
absolute element concentration. Numerous studies have used this method in order to 
characterise the average composition and evolution of paleo-fluids in hydrothermal systems. 
Boron has long been overlooked in those studies, and thus rarely quantified. However, Sirbescu 
et al. (2013) highlight the fact that, whether included in salt correction or not, high boron 
concentration in fluid inclusion can yield large errors in the internal standardisation of Na, 
leading to a miscalculation of all elements concentrations. This impact was first characterised 
for pegmatites and it is only recently that it was discussed in hydrothermal systems (Pan et al. 
2019). This has led to more systematic boron analyses in recent fluid inclusions study and even 
to the quantification of the effect of boron concentration on salinity measurement by 
microthermometry (Legros et al. 2022). 

 The results of 29 fluid inclusion studies were compiled in order to assess the boron 
concentration in perigranitic systems (Source details in Appendix A2). Data are LA-ICP-MS 
analyses performed on quartz fluid inclusion and represent either a single analysis or an average 
composition, depending on the data availability. This compilation (n=2458) covers a wide range 
of temperature (homogenisation temperature), from 90 to 650°C and salinity, from 0.3 to 57.1 
wt% NaCl eq. (Fig. 12B). As observed by Prokof’ev et al. (2002), there is no clear relation 
between temperature or salinity with the boron content of the fluid. Boron concentration ranges 
from 12 ppm to 18.6 wt% (186,000 ppm) with a mean value of 3684 ppm (Fig. 12C). The 
concentrations are bimodally distributed, with a first group around 500 ppm and a second, more 
concentrated, around 8000 ppm. In Figure 12C, the boxplot shows the range of boron 
concentration reported in various hydrothermal ore deposit (Sn-W, skarn, Sb, Carlin-type, 
Orogenic gold , porphyry and epithermal; see Table 1) and barren plutonic (pegmatites, 
miarolitic cavities, barren greisen and (F-)granite), metamorphic (mainly green-schist and 
amphibolite facies) and volcanic (carbonatite, caldera) systems. The boron concentration in 
seawater (Millero et al. 2008) and in the upper crust (Wedepohl 1995; Rudnick & Gao 2003) 
are also represented. Illustrating the incompatible behaviour of boron, the fluids in every system 
are enriched compared to the upper crust. Metamorphic systems are characterised by a median 
(Q2) concentration of 500 ppm, whereas volcanic environments present relatively low content 
(Q2 < 500 ppm). The highest concentrations (Q2 > 1000 ppm) are found in more differentiated 
magmatic systems such as Sn-W deposits, skarn and peraluminous plutonic settings. Some of 
the fluid inclusions concentration in boron even exceeds the sassoline saturation level (60,000 
ppm). The presence of borosilicate (mainly tourmaline) reported in those three systems is 
common and generally associated with high value of boron in fluid inclusions (> 1000 ppm). 
However, in other systems, especially those associated with metaluminous magmas, this 
association borosilicate–high-boron content is more difficult to observe, as accessory phases 
may be overlooked (Qiu et al. 2021; Beckett-Brown et al. 2023).  
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Figure 12: (A.) Fluid inclusion of B(OH)3 brine from the pegmatite veins Mika (Pamir; Prokof’ev et 
al. (2002)). (B.) Homogenisation temperature vs salinity as a function of the boron concentration for 
all fluid inclusions compiled. (C.) Box plot displaying the boron concentration (in ppm) of the fluid 
inclusions of the compiled database, as a function of their hydrothermal environment. Below the 
boxplot, a histogram of boron concentration in the entirety of the compiled database with the global 
mean and median value indicated by vertical lines. Seawater boron concentration from Millero et al. 
(2008) and upper crust range from Wedepohl (1995) and Rudnick & Gao (2003). 
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2/  Speciation in fluids 

The presence of sassoline in fluid inclusions not only provides insights into the boron 
concentration of hydrothermal fluids, but also gives information about its speciation. Boron 
speciation has been largely investigated at low temperature thanks to the role of boric acid 
(B(OH)3) as a neutron absorber in the primary coolant of pressurised water nuclear reactors 
(Schott et al. 2014; Ferguson et al. 2019). Extensive data on the T-P evolution of the B(OH)3 + 
H2O systems were obtained through solubility, potentiometric and in-situ experiments (Ingri 
1962, 1963; Mesmer et al. 1972; Pokrovski et al. 1995; Schmidt et al. 2005; Smirnov et al. 
2005; Akinfiev et al. 2006). 

At 25°C, 1 bar (Fig. 13A), the major boron solute in acid to neutral fluids is the IIIB weak 
Lewis acid B(OH)3. Boric acid interacts with water to form the borate (IVB) hydroxy complex 
B(OH)4

-, which become predominant only under strongly alkalic conditions, at pH > 9 
(Akinfiev et al. 2006; Schott et al. 2014). The transition between B(OH)3 and B(OH)4

- involves 
the formation of various polyborate anions. In natural systems, four of them have been 
recognised: B3O3(OH)4

-, B4O5(OH)4
2-, B5O6(OH)6

3- and, depending on the study, B3O3(OH)5
2-

(Schott et al. 2014; Zhang et al. 2021) or B2O(OH)5
- (Akinfiev et al. 2006; Wang et al. 2013). 

In NaCl-bearing fluids (Fig. 13B), B(OH)4
- proportion is reduced in alkali solution, giving way 

to the neutral complex NaB(OH)4. Under acid condition, however, boric acid remains the 
principal constituent of the fluid, with B(OH)3Cl- being the second most abundant boron 
species. 

Experiments investigating higher temperature (up to 300°C, saturated vapour pressure (Fig. 
13C) shows that the predominance field for B(OH)3 expands with increasing temperature 

Figure 13: Speciation of aqueous boron-bearing 
species as a function of pH. (A.) B-O-H system at 
25°C, 1 bar for a total boron concentration of 0.7 
M (from Schott et al., 2014). (B.) Na-B-Cl-O-H 
system at 25°C, 1 bar and (C.) at 300°C and water 
vapour pressure. In both diagrams, the total 
boron concentration and NaCl are 1 mol/kg. The 
vertical dashed lines indicate the position of the 
neutral pH at the corresponding temperature 
(from Akinfiev et al., 2006). 
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toward more alkaline condition. High temperature also favours NaB(OH)4 as the major specie 
under highly alkaline condition and polyborate complexes tend to depolymerise, favouring the 
simpler molecules. Schmidt et al. (2005) used in-situ Raman spectroscopy in order to study the 
evolution of the speciation toward higher temperature (up to 600°C) and pressure (up to 2 GPa). 
Their observations confirmed the evolution described under 300°C, and show the total 
disappearance of the polyborate at T > 350°C. At T ≥ 200°C in highly concentrated H2O + 
B(OH)3 solution (> 37 wt% B(OH)3), dehydration of boric acid lead to the formation of a small 
proportion of HBO2(aq) : (B(OH)3(aq) →HBO2(aq) + H2O). In NaCl + H2O + B(OH)3 solutions, 
however, the amount of HBO2(aq) is decreased, implying that the addition of NaCl stabilise 
B(OH)3. High pressure tends to expand the stability of B(OH)4

- toward less alkaline condition, 
but it is largely compensated by the temperature effect. Consequently, boric acid is recognised 
as the principal boron form in hydrothermal fluids. 

 Formation of boron complexes with elements other than Na and Cl have been barely 
studied in geology. Fluoroborate species are described in boron-rich geothermal water (e.g. Liu 
et al. 2020). Smirnov et al. (2005) studied the boron speciation in the system Na2O–B2O3–SiO2–
H2O. They reported an increase solubility of quartz in B(OH)3 solution, which is consistent with 
the observations of Pichavant (1983) and Mar’ina et al. (1999). Unfortunately, the RAMAN 
spectra of the solutions did not allow the identification of any B-Si aqueous complexes, 
probably due to a too weak signal. Except for those studies, other complex aqueous polyborate 
are rarely mentioned. However, complexes with Li, K, Rb, Cs and/or Mg might exist in 
geological environment as they have been reported and studied in the nuclear engineering 
literature (Zhang et al. 2021). 

 

C) An extensive P-T stability range  
As mentioned before, the common occurrence of tourmaline as an accessory phase in many 

geological contexts is an indicator of a wide P-T stability range. The upper P-T stability has 
been largely investigated in order to understand the behaviour of boron and its isotopic 
fractionation during melting / crystallisation in the context of a subduction (e.g. Nakano and 
Nakamura 2001; Ota et al. 2008). Van Hinsberg et al. (2011a) compiled the estimated P-T 
stability for tourmaline (Fig. 14). The incongruent melting of tourmaline has been observed in 
experiments between 725 and 1000°C, depending on pressure and composition. The dravite 
exhibits one of the largest stability fields, with an upper thermal limit at 875°C at 500 MPa, 
which decreases to 775°C at 200 MPa (Robbins & Yoder 1962; Ota et al. 2008). The presence 
of albite lowers this stability to 730°C at 200 MPa (Weisbrod et al. 1986; von Goerne et al. 
1999b). Recent in situ and ex situ high-T experiments on the breakdown of Li-tourmaline 
(elbaite) of particular composition such as Mn-elbaite or Fe-rich fluor-elbaite are within the 
range of upper thermal limits determined on more “classic” tourmaline composition (Celata et 
al. 2021; Ballirano et al. 2022). Boron released during tourmaline breakdown does not 
necessarily produce B-rich melt. Instead, breakdown product such as dumortierite, 
grandidierite, B-mullite or other borosilicate minerals are often observed (Dingwell et al. 1996; 
von Goerne et al. 1999b; Ballirano et al. 2022). Upper pressure stability reported for dravite (up 
to 8 GPa at 900°C, Krosse 1995; Werding & Schreyer 1996) suggests that tourmaline is stable 
up to subarc conditions. High-pressure tourmalines are generally dravitic, but, K-tourmaline 
occurrences in ultra-high P rocks have frequently been described (Shimizu & Ogasawara 2005, 
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2013; Ota et al. 2008a; Marschall et al. 2009). Those compositions reflect a K-rich system, in 
which tourmaline is the only mineral able to incorporate K at elevated pressure (Berryman et 
al. 2015). Experiments on natural uvite sample implied that tourmaline may be stable under 
even higher pressures, up to ~ 18 GPa at 450°C, corresponding to old and rapidly subducting 
slabs (Xu et al. 2016). 

The lower P-T limits of stability are not well defined, but tourmaline has been found in 
diverse low P-T environments such as calcitic cap rocks associated with salt domes (Henry et 
al. 1999), archean stromatolites (Henry & Dutrow 1996) and gas fields in Wyoming where 
tourmaline is a pore-filling authigenic mineral (Henry & Dutrow 2012). Consequently, it is 
believed that the tourmaline stability is lower than 150°C and 1 MPa (Henry & Dutrow 2018). 

 

 

 

 

 

 

Figure 14:Compilation of P-T stability estimates for tourmaline of varying composition (from 
van Hinsberg et al., 2011a). Circles represent constraints from natural examples, square are 
experimental data, and dashed lines, the extrapolations presented by the original authors. 
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IV- Thesis outline and aims  

Current knowledge of tourmaline indicates that this mineral has all the characteristics 
required to make it a powerful petrological tool. It is widespread, occurs in most geological 
environment, stables over a significant portion of the P-T-X space of the crust, shows negligible 
intracristalline diffusion, is refractory and it accommodates a large range of different elements 
(Dutrow & Henry 2011; Marschall and Jiang 2011; van Hinsberg et al. 2011b). Those properties 
allow it to record evidence of its geologic history in its composition and texture. Multiple 
studies have been realised in order to decipher how tourmaline major and minor composition 
(as well as its isotopes) respond to the P-T conditions, petrology and fluid composition of its 
crystallising environment. The qualitative and/or quantitative results, notably on partition 
coefficients, allow recent study to use this accessory mineral as a tracer of the fluid evolution 
in hydrothermal systems and even to reconstruct the fluid composition (Berryman et al. 2017; 
Codeço et al. 2017; Harlaux et al. 2020). However, those same properties make tourmaline a 
difficult mineral to deal with and more advanced use, such as a geothermobarometer or in 
thermodynamic modelling, are still lacking calibration.  

Recent advances in the metallogeny of hydrothermal ore deposits implies the combination 
of fluid flow simulations with thermodynamic modelling. This methodology, applied by 
Launay et al. (2023) highlight that by modifying the petrophysics properties of the host rock, 
alteration constitute both a physical and chemical driving force during the ore deposit 
formation. Tourmaline is an emblematic mineral of the magmatic/hydrothermal transition, 
present from the late stage of magmatic crystallisation to the low temperature metasomatism. 
Applying the methodology of Launay et al. (2023) on tourmalinisation would allow us to 
understand how this alteration impact its hydrothermal environment. Thus, the tourmaline 
would provide not only information on the physico-chemical conditions of its environment, but 
also on the feedback phenomena controlling the fluid flow and the location of mineralisation. 
Such development requires (i) a good implementation of the alteration in batch equilibrium 
simulation and (ii) quantitative laws describing the effect of the alteration on the permeability 
of the rock. Research on this last point is quite recent and remains to be fully explored, through 
reactive percolation experiments at “high temperature”, up to 400°C (Launay et al. 2019; 
Osselin et al. 2022). But, in the case of tourmaline, even the first condition is far from being 
completed. As explained previously, the lack of calibrating data on tourmaline stability, notably 
concerning the boron concentration in the system, is a barrier to its use in thermodynamic 
modelling. The few experimental constraints already existing on the subject are mainly focusing 
on Fe-free systems at high temperature (> 500°C) and present some inconsistencies depending 
of the fluid composition used.  

This thesis aim, in a first part, to complement and provide new experimental constraints on 
[B2O3]fluid_EQ, the boron concentration of the fluid at equilibrium with tourmaline. Batch 
experiments in internally heated pressure vessels were conducted between 400 and 600°C at 
200 MPa and under fO2 controlled conditions, in order to bracket the evolution of tourmaline 
stability. Although it is relatively rare in natural systems, tourmalinisation of cordierite has long 
been studied and is the only reaction for which [B2O3]fluid_EQ has been measured (Weisbrod et 
al. 1986; von Goerne et al. 1999b). The mineralogical system represented has the advantages 
to be Fe-free, thus limiting the effect of the fO2, and of being well correlated with magmatic 
systems and peraluminous melts. In order to form a solid base of reference, Chapter II provides 
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new experimental constraints on the equilibria tourmaline + cordierite + albite + quartz + 
andalusite + fluid (H2O +B(OH)3). Textural and compositional evolution are interpreted as a 
function of the supersaturation level of the fluid and effect of the T-fO2 conditions. The value 
of [B2O3]fluid_EQ estimated is directly comparable to previous studies on tourmaline stability and 
highlights the need for data on systems that are closer to what can be observed in nature. This 
chapter is also the occasion to look at the actual set of standard thermodynamic properties for 
tourmaline and look at how well calculations based on them are able to reproduce experimental 
data. In Chapter III, the question concerning tourmaline stability in a more natural-like system 
is addressed, following the same methodology as in Chapter II. The [B2O3]fluid_EQ is 
experimentally estimated for the equilibria between biotite and tourmaline, the most common 
form of tourmalinisation in perigranitic systems (e.g. Lecumberri-Sanchez et al. 2017; Orlando 
et al. 2017; Harlaux et al. 2020).  

Chapter IV deals with a dynamic approach of boron metasomatism in perigranitic 
environment. The study reports the result of a reactive percolation experiment on a spotted 
micaschist from Panasqueira, infiltrated with a B(OH)3 brine at 300°C for 5 weeks. 
Permeability changes were monitored and the petrographic, textural and chemical evolution of 
the post-experiment cores, as well as outlet fluids composition were analysed. Although 
permeability variation does not respond to a pervasive circulation of the fluid through the rock, 
the experiment reproduces a vein opening through hydraulic fracturing. The characteristics of 
the evolution of the wall alteration fronts are deciphered in order to explore the interactions 
between the chemistry of the system, the reaction kinetics and the local fluid flow.  

Finally, Chapter V ties together the conclusion of the two experimental parts, batch and 
transport reaction and highlights the consequences of this thesis on the understating of the 
stability and dynamics of boron metasomatism in hydrothermal systems.   
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Introduction 

Tourmaline is a common accessory mineral of magmatic-hydrothermal environments 
from diverse tectonic settings (Slack and Trumbull 2011). It is ubiquitous in hydrothermal veins  
and metasomatized rocks from alteration aureoles developed around and within granitic 
plutons, such as greisens (Williamson et al. 2000; Codeço et al. 2017) and potassic alteration 
and advanced argillic zones (Lynch & Ortega 1997; Tuduri et al. 2018; Beckett-Brown et al. 
2023).  

The common occurrence of tourmaline in various contexts indicates that it is a phase 
stable under a wide range of pressure (P) and temperature (T) conditions (Henry & Dutrow 
1996; van Hinsberg et al. 2011a). This property is partly due to the ability of tourmaline to 
adjust its composition by selectively incorporating a large number of major and trace elements 
(Dutrow & Henry 2011; van Hinsberg et al. 2011b) and, so, tourmaline chemistry has been 
commonly used as a probe of crystallisation environments. Thus, the major element 
composition of tourmaline is correlated with the typology of its host-rock (Henry & Guidotti 
1985; Henry & Dutrow 1996; Slack & Trumbull 2011; Sciuba et al. 2021). Tourmaline also 
retains information on P-T and fO2 conditions (Fuchs et al. 1998; von Goerne et al. 2011; van 
Hinsberg et al. 2011a; Berryman et al. 2016; Dutrow & Henry 2016). Element partitioning 
between tourmaline sectors has been used for thermometric purposes (van Hinsberg & 
Schumacher 2009). Tourmaline reacts to both chemical and physical evolution of hydrothermal 
systems, for example fluid flux, composition, mixing, and boiling. In combination with stable 
isotope (H, B, O) data, tourmaline composition can provide information on the origin of fluids 
(e.g. Nakano & Nakamura 2001; Slack & Trumbull 2011; Kelly et al. 2020; Sciuba et al. 2021). 
Quantitative reconstruction of the element contents of the fluid is within reach with the 
development of tourmaline/fluid partitioning studies (von Goerne et al. 2001, 2011; Williamson 
et al. 2010; van Hinsberg et al. 2017). Hence, tourmaline is assumed to be a proxy for fluid 
characterisation and a recorder of ore forming processes. However, presently, its use is limited 
by the lack of calibrating experimental information on essential properties such as those 
concerning tourmaline stability (see van Hinsberg & Schumacher 2007; Dutrow & Henry 
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2011). This issue is addressed in this study with new experimental data constraining tourmaline 
stability in the presence of aqueous hydrothermal fluids.  

Tourmaline is chemically a highly complex mineral whose stability is influenced by 
numerous chemical variables, in addition to P and T (Dutrow & Henry 2011; London 2011). 
Information on tourmaline stability has come both from natural occurrences and experimental 
studies. However, most of the latter have been tourmaline synthesis  or tourmalinisation 
experiments (von Goerne et al. 1999b; Orlando et al. 2017) using high boron concentration to 
ensure tourmaline formation. The disadvantage of such studies is that tourmaline stability limits 
as a function of chemical variables are poorly defined. In particular, for tourmaline in the 
presence of aqueous fluids, the determination of the boron concentration in the fluid at 
equilibrium ([B2O3]fluid_EQ) with tourmaline is essential. Information on this point would place 
strong constraints on the boron concentration of natural hydrothermal fluids , on conditions of 
boron metasomatism in and around granitic plutons (Drivenes et al. 2015; Codeço et al. 2017; 
Hong et al. 2017; Cheng et al. 2019; Harlaux et al. 2020) and also on the boron concentration 
of silicic magmas (Pichavant & Manning 1984; Dingwell et al. 1996; London 2011). Previous 
experimental work on this topic is almost non-existent, including in part Morgan & London 
(1989) and Cheng et al. (2019) and only one fully dedicated study has been published in abstract 
form (Weisbrod et al., 1986). In the present work, new experiments have been conducted at 200 
MPa from 400 to 600°C and under fO2-controlled conditions to define the boron content of the 
fluid at equilibrium with tourmaline. Experimental methods and results are detailed and 
interpreted according to thermodynamic considerations. Their implications for the boron 
content of natural systems and for the actual incorporation of tourmaline in thermodynamic 
modelling are discussed. 

 

I- Tourmaline forming reactions and end-members 

Equilibrium between quartz, albite, andalusite, cordierite, and tourmaline buffers the 
boron concentration of the hydrothermal fluid (Weisbrod et al. 1986; von Goerne et al. 1999b) 
according to reaction R1, written below for the pure Mg components (at. Fe/(Mg+Fe) = 0) in 
cordierite and tourmaline. The tourmaline end-member involved is dravite (Table 2.1).  

3𝑀𝑀𝑀𝑀2𝐴𝐴𝐴𝐴4𝑆𝑆𝑆𝑆5𝑂𝑂18 + 2𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3𝑂𝑂8 + 6𝐵𝐵(𝑂𝑂𝑂𝑂)3 = 2𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3𝐴𝐴𝐴𝐴6𝑆𝑆𝑆𝑆6𝑂𝑂18(𝐵𝐵𝐵𝐵3)3(𝑂𝑂𝑂𝑂)4 + 8𝑆𝑆𝑆𝑆𝑆𝑆2 + 𝐴𝐴𝐴𝐴2𝑆𝑆𝑆𝑆𝑆𝑆5 + 5𝐻𝐻2𝑂𝑂   (R1) 

cordierite  albite           fluid tourmaline (dravite)            quartz     andalusite   fluid 

For the pure Fe components (at. Fe/(Mg+Fe) = 1), the reaction equivalent to R1 (R2 below) 
involves the schorl end-member (Table 2.1). 

3𝐹𝐹𝐹𝐹2𝐴𝐴𝐴𝐴4𝑆𝑆𝑆𝑆5𝑂𝑂18 + 2𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3𝑂𝑂8 + 6𝐵𝐵(𝑂𝑂𝑂𝑂)3 = 2𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3𝐴𝐴𝐴𝐴6𝑆𝑆𝑆𝑆6𝑂𝑂18(𝐵𝐵𝐵𝐵3)3(𝑂𝑂𝑂𝑂)4 + 8𝑆𝑆𝑆𝑆𝑆𝑆2 + 𝐴𝐴𝐴𝐴2𝑆𝑆𝑆𝑆𝑆𝑆5 + 5𝐻𝐻2𝑂𝑂   (R2) 

Fe -cordierite albite           fluid tourmaline (schorl)          quartz     andalusite   fluid 

For an albite-free assemblage, reaction R3, again written below for at. Mg/(Mg+Fe) = 1, buffers 
[B2O3]fluid and involves the magnesiofoitite tourmaline end-member (Table 2.1).  

2𝑀𝑀𝑀𝑀2𝐴𝐴𝐴𝐴4𝑆𝑆𝑆𝑆5𝑂𝑂18 + 3𝐴𝐴𝐴𝐴2𝑆𝑆𝑆𝑆𝑂𝑂5 + 6𝐵𝐵(𝑂𝑂𝑂𝑂)3 = 2 ◻𝑀𝑀𝑀𝑀2𝐴𝐴𝐴𝐴7𝑆𝑆𝑆𝑆6𝑂𝑂18(𝐵𝐵𝐵𝐵3)3(𝑂𝑂𝑂𝑂)4 + 𝑆𝑆𝑆𝑆𝑆𝑆2 + 5𝐻𝐻2𝑂𝑂    (R3) 

cordierite  andalusite     fluid              tourmaline (magnesiofoitite)       quartz   fluid 
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For the pure Fe components, reaction R4 equivalent to R3 (not written) would involve the foitite 
end-member (Table 2.1). 

The four tourmaline-forming reactions above have been considered in this study. They are all 
mica-free but the minerals and phase assemblage involved are representative of common pelitic 
metamorphic rocks. These are typical country rock lithologies for the emplacement of granitic 
magmas and the development of B metasomatism and tourmalinisation (Drivenes et al., 2015; 
Codeço et al. 2017). The four tourmaline end-members involved in the reactions (dravite, 
magnesiofoitite, schorl, and foitite) cover an important fraction of compositions of natural 
tourmalines in perigranitic environments. Their chemical formula as well as their Gibbs free 
energy of formation at 25°C, 1 atm are given in Table 1. A fifth tourmaline end-member (uvite) 
relevant to this study has been added to Table 1. 

 

II- Experimental and analytical methods 

A) Starting products 
The forward experiments started from tourmaline-free mixtures of natural minerals, cordierite, 
albite, quartz, and andalusite (compositions in Appendix A3). The cordierite single crystal used 
(of unknown provenance) is relatively magnesian (at. Fe/(Fe+Mg) = 0.14 ± 0.01). The 
plagioclase of unknown provenance is albitic (An03Or04Ab93, at. Ca/Na+Ca = 0.03 ±0.015) 
and contains K-feldspar and quartz inclusions. Quartz and andalusite come respectively from 
the exploited quarries of Ploemeur and Glomel (France), and they contain apatite, ilmenite, and 
chlorite inclusions. Some forward experiments were seeded with 3 to 5 large (~1 mm) natural 
tourmaline crystals (collected from quartz veins in the Huelgoat granite, France) which served 
to test for tourmaline stability and for the observation of tourmaline overgrowth. These 
tourmalines are mainly Fe-rich and zoned (Appendix A4) and they contain quartz and zircon 
inclusions. A few reversal experiments were performed to check for equilibrium by using 
starting mineral mixtures containing tourmaline (the natural mineral) plus quartz, andalusite, 
and albite. All minerals were crushed in an agate mortar and then sieved. Only the [40-80] µm 
granulometric fractions were retained. For the forward experiments, mixtures were prepared in 
61.6/18.4/14.9/5.1 wt% proportions for cordierite, albite, quartz, and andalusite. Amounts of 
quartz and andalusite are relatively low (20 wt%) since both should crystallise as products 
together with tourmaline according to reactions R1 and R2 (in contrast, andalusite is a reactant 
in R3 and R4). For the reversal experiments, the starting mixtures contained 64.6/10.2/5.2/20 
wt% tourmaline, quartz, andalusite, and albite.  

Formula
X Y 3  Z 6  T 6 O 18  (BO 3 ) 3  V 3  W Ogorodova et al. (2012) van Hinsberg and Schumacher (2007)

Dravite Na (Mg)3 Al6 Si6O18 (BO3)3 (OH)4 -14,397 -14,600.68 ± 3.3
Schorl Na (Fe)3 Al6 Si6O18 (BO3)3 (OH)4 -13,513 -13,494.46 ± 3.5
Mg-foitite [ ] (Mg2Al) Al6 Si6O18 (BO3)3 (OH)4 -14,341 -14,564.86 ± 3.1
Foitite [ ] (Fe2Al) Al6 Si6O18 (BO3)3 (OH)4 -13,827.38 ± 3.2
Uvite Ca (Mg)3 (MgAl5) Si6O18 (BO3)3 (OH)4 -14,594 -14,697.55 ± 3.2

End-member
Δf G°m (kJ/mol)

Table 2. 1: Chemical formula and estimated thermodynamic properties of tourmaline endmembers 
of relevance in this study. 
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Mineral mixtures were reacted with an aqueous fluid phase of varying composition in 
the system H2O-B2O3 obtained by dissolving boric acid (B(OH)3) crystals in distilled water. 
Initial boron contents of the fluid ranged from 0 to 10 wt% [B2O3]fluid. With the use of B(OH)3, 
the fluid is slightly acidic (pH = 7 to 4.3 from simulations using PHREEQC (Parkhurst & 
Appelo 2013) with the Thermoddem database (V1.10, Blanc et al. 2012), at 25°C, 1 atm) and 
representative of conditions of tourmaline crystallisation (Morgan & London 1989).  

 

A) Experimental procedure 

All experiments used Au or Pt capsules as containers, approximately 35 mm long with 
5.4 mm outer diameters and a wall thickness of 0.2 mm. The motivation for using Pt instead of 
Au capsules was its high H2 permeability at low temperatures (Gunter et al. 1987) which 
initially appeared as a key advantage for our redox-buffered 500 and 400°C experiments. 
However, later on, Fe loss problems were identified in charges contained in Pt capsules, and 
duplicate experiments were performed in Au at 500 and 400°C (and also in Pt at 600°C) to fully 
evaluate the influence of capsule material. Charges consisting of 100 mg of fluid and 50 mg of 
the powdered mineral mixture were loaded into the capsules. These were then welded, plunged 
into boiling oil to check for leaks, and then kept in an oven for at least 12 hours at 120°C to 
homogenise the fluid inside the capsules. Before and after each of those steps, capsules were 
weighed to check for the absence of fluid loss. 

Experiments were performed in an internally heated pressure vessel (ISTO, Institut des 
Sciences de la Terre d’Orléans) operating vertically and pressurised with Ar-H2 gas mixtures. 
Up to 7 capsules were loaded into the vessel and run simultaneously under the same P, T, and 
fH2 conditions. A total of 6 individual experiments were completed in this study. The pressure 
was recorded by a transducer calibrated against a Heise Bourdon tube gauge (uncertainty ±2 
MPa). A Kanthal furnace was used and the temperature was continuously controlled by two 
type K thermocouples located respectively at the base and the top of the furnace hot spot 
(uncertainty ±5°C). At the end of the experiments, the power of the furnace was turned off, 
resulting in a rapid cooling (~ 5 min) of the vessel to room temperature. Capsules were removed 
from the vessel and weighted to check for leaks. They were then opened and their content was 
rinsed with pure H2O in a Büchner filter system equipped with a nylon membrane. Solids > 
0.45 µm in size were recovered, dried in an oven at 120°C for 20 min and then prepared for 
analysis. In this study, the fluid phases were not recovered and thus not analysed. 

Previous time series experiments (Morgan & London 1989) have shown that tourmaline 
crystallisation is rapid, reaching near completion in less than 160-240 h at 600°C. In several 
previous tourmalinisation studies, experimental durations have lasted generally between 144 to 
240 hours at 600°C (von Goerne et al. 1999; Orlando et al. 2017; Cheng et al. 2019). However, 
Orlando et al. (2017) noted some discrepancies between their results and those of von Goerne 
et al. (2001), obtained after 14 days at 600°C, and questioned the attainment of chemical 
equilibrium in tourmalinisation experiments of 168 h at 500 and 600°C. Thus, in this study, the 
experimental duration was increased to between 336 and 361 h at 600°C. At 500°C, the 
experiments lasted for approximately one month (666 h for Run 3 and 694 h for Run 4, Table 
2.2) and two months (1379 h) at 400°C. 



Chapter II: Tourmaline-cordierite equilibrium constraints on the boron concentration of hydrothermal fluids. 

61 
 

Control of redox conditions was achieved by adjusting the proportion of H2 in the 
pressurising Ar-H2 gas (Scaillet et al. 1992). H2 was first introduced to a specific PH2 (generally 
0.2 MPa, 0.0 MPa in one case) at room temperature followed by Ar. In the 600 and 500°C 
experiments, experimental fH2 and fO2 were measured with the solid sensor technique (Taylor 
et al. 1992). The NiO-NiPd sensors were first contained in Au capsules in Run 1, but later on 
Pt was preferred because of its higher H2 permeability compared to Au (Gunter et al. 1987). 
Each sensor comprised two NiO-NiPd pellets, both made of NiPd and NiO powders in 4:1 wt 
proportion. One pellet had an atomic fraction of Ni in NiPd alloy (ΧNi) of 0.15 initially whereas 
the other had a ΧNi of 0.5. After the experiment, ΧNi were measured and the fO2 of the solid 
sensor was determined using the Pownceby &O’Neill (1994) calibration which needed to be 
extrapolated down the temperature for the 500°C runs. The fO2 of the solid sensor should be 
equal to the fO2 of experimental charges since fH2 is the same in all capsules (if H2 
permeabilities are high enough) and fH2O in solid sensor and experimental capsules are 
assumed equal to fH2O° (the fugacity of pure water at experimental P and T) despite the 
presence of B2O3 in experimental fluids. At 400°C, H2 permeabilities in Pt and Au capsules 
decrease markedly which would imply very long timescales for NiPd alloys to equilibrate. 
400°C is also a temperature 200°C lower than the lower limit of the NiO-NiPd sensor 
calibration (Pownceby and O’Neill 1994). For those reasons, no solid sensors were used at 
400°C although the initial PH2 (0.2 MPa) was adjusted to yield the same fO2 range as in the 
higher temperature experiments. 

 

B) Analytical procedures 
All experimental run products were examined with an optical microscope after immersion in 
oil of a 1.4912 refractive index. The starting and experimentally reacted powders were mounted, 
both unpolished and polished. Mounts were imaged with a Merlin compact ZEISS scanning 
electron microscope (SEM, ISTO, Orléans) working under an acceleration voltage of 15 kV 
and equipped with a Bruker EDS (Energy Dispersive Spectrum) detector (QUANTAX-
Xflash6). An Everhart-Thornley detector and a high resolution InLens detector were used to 
perform secondary electron imaging (SEI) and observe in particular the morphological aspect 
of the grains. Phases present were identified and their mutual textural relationships were 
investigated using backscattered electron imaging (BSE) combined with the EDS. 

X-ray diffraction (XRD) characterisation of starting and experimental powders was 
carried out on an INEL transmission diffractometer with a Debye-Scherrer geometry (ISTO, 
Orléans). The instrument is equipped with an INEL CPS 120 curved detector and a CoKα1 
monochromator (λKα1Co = 1.78897 Å) allowing acquisition of the diffractogram between 3 and 
90° 2θ with a resolution of 0.03°. Powders were reground in an agate mortar and placed in a 
Mark capillary (050 glass) with a diameter of 0.3 mm. The standard ICDD PDF 2004 database 
was used to identify mineral phases and to qualitatively estimate their relative proportions. 

Mineral phases were analysed for major and minor elements using a CAMECA SX Five 
electron microprobe (ISTO-BRGM, Orléans) operated under an acceleration voltage of 15 kV 
and a beam current of 7 nA. Each element on each point was analysed for 10 s with a focused 
beam (≈ 2 µm), starting with Na to avoid any migration problems. Standards included albite 
(SiKα and NaKα), synthetic MnTiO3 (MnKα and TiKα), andalusite (AlKα), Fe2O3 (FeKα), MgO 
(MgKα), andradite (CaKα), orthoclase (KKα). As the microprobe cannot measure boron and 



Chapter II: Tourmaline-cordierite equilibrium constraints on the boron concentration of hydrothermal fluids. 

62 
 

hydrogen in minerals, a range of analytical totals between 85.0 and 88.2 wt% is expected for 
Li-free tourmalines. Considering the uncertainties associated with the microprobe itself, 
tourmaline analyses with totals between 84 and 89 wt% were considered satisfactory (see 
below). Others were rejected. Structural formulae of tourmaline were calculated via the method 
described in Morgan (2016), assuming 4 atoms per formula unit (apfu) OH and 3 apfu IIIB.  

Difficulties were encountered with the electron microprobe analysis of tourmalines 
because of their textures and morphologies. Experimental tourmalines rarely exceeded 2 µm 
widths. Thus, isolated tourmaline fibers proved impossible to analyse correctly, although an 
analysis became possible when several fibers were present, intersecting each other. 
Consequently, not all tourmalines from tourmaline-bearing charges could be analysed and only 
tourmaline with specific favourable textures (see below) were correctly probed. 
11B MAS NMR analyses were performed at the CEMHTI laboratory (Orléans, France) in order 
to check the presence of IVB in our experimental tourmaline. IVB occurs as a substitution for Si 
in the tourmaline T-site. Standard thermodynamic properties of tourmaline estimated by 
polyhedron model does not account for the effect of the presence of IVB polyhedron (Garofalo 
et al. 2000; van Hinsberg & Schumacher 2007). Thus, if IVB is detected in the experimental 
tourmaline, the thermodynamic standard properties sets obtain by polyhedral model must be 
considered cautiously. Every charge containing tourmaline were investigated. Because of the 
low amount of powder (50 mg instead of the 200 mg generally used) and low boron content of 
the solid (especially in charges with low amount of tourmaline), the 11B analyses were carried 
out on a high field Bruker AVANCE III spectrometer (850 MHz-19.9T). This instrument allows 
for a complete resolution of the BO3 and BO4 contributions. Moreover, the use of a specially 
designed Doty probe optimised for 11B signal observation and equipped with a ‘boron-free” 
stator ensures the acquisition of spectra completely representative of the sample and free from 
probe signals. All the experimental powder (50 mg) was packed in 3 mm rotors allowing magic 
angle rotation conditions of 30 kHz. The spectra were acquired at an observation frequency of 
272.8 MHz for 11B after a short excitation pulse to ensure homogeneous irradiation of boron 
species. The recycling delay was fixed at 3 s and the number of accumulated scans was adjusted 
accordingly to the boron content of the sample. The use of a boron-free probe and multiple 
scans allow the acquisition of reliable spectra for solids with B concentrations as low as 10 ppm 
(Mavromatis et al. 2015). 

 

C) Choice of P-T-fO2 conditions 
Our experiments aim at simulating conditions of boron metasomatism and tourmalinisation that 
occur within granitic bodies and in their country rock aureoles (Drivenes et al. 2015; 
Lecumberri-Sanchez et al. 2017; Cheng et al. 2019; Harlaux et al. 2020). Granitic rocks are 
generally emplaced in mid to shallow crustal conditions, i.e., in a range between 100 and 500 
MPa (e.g. Kontak & Clark 2002; Drivenes et al. 2016; Launay et al. 2018; Korges et al. 2020; 
Legros et al. 2022). Hydrothermal systems developed in perigranitic contexts have temperatures 
generally in the 300 to 600°C range (Charoy 1979; Kontak and Clark 2002; Frikken et al. 2005; 
Codeço et al. 2017; Orlando et al. 2017; Legros et al. 2022). Therefore, in this study, 
experiments were performed at a constant pressure of 200 MPa and between 400 and 600°C. 
Redox conditions are rarely precisely defined and, moreover, highly variable between granitic 
rocks and series, in a range typically between the fayalite-magnetite-quartz (FMQ) and 
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magnetite-hematite (MH) oxygen buffers (Frikken et al. 2005; Li et al. 2017). Thus, the fO2 in 
this study was set to moderately oxidising conditions in the average of this range. Most 500 and 
600°C experiments were made with an initial PH2 of 0.2 MPa corresponding to fO2 in the 
Nickel-Nickel Oxide (NNO) + 0.5 to NNO + 2 range except one slightly more oxidising (Table 
2.2). They will be designated thereafter as “moderately oxidising” (Table 2.2). The one 
performed without H2 added (PH2 = 0 MPa) yielded more oxidising conditions and will be 
designated below as “highly oxidising” (Table 2.2).  
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III- Results 

 
Table 2. 2: Experimental conditions and results 

Charge Capsule T (°C) f O2 [B2O3]fl wt% Reaction productsd Texture group

S600-0a Au 600 NNO + [1.12 ; 1.90] 0.0 Crd + Alb + Qtz + And -
S600-1 Au 600 NNO + [1.12 ; 1.90] 0.8 Crd + Alb + Qtz + And -
S600-2 Au 600 NNO + [1.12 ; 1.90] 2.1 Crd + Alb + Qtz + And -
S600-3 Au 600 NNO + [1.12 ; 1.90] 3.4 Crd + Alb + Qtz + And -
S600-10 Au 600 NNO + [1.12 ; 1.90] 10.1 Tur + Qtz * Crd I; IIIa; IIIb
S600-10Gb Au 600 NNO + [1.12 ; 1.90] 10.1 Tur + Qtz * Crd I; IIIa; IIIb; IV

S600-4 Au 600 NNO + [1.42 ; 1.69] 4.0 Crd + Alb + Qtz + And * Tur + qch I; II
S600-6 Au 600 NNO + [1.42 ; 1.69] 6.0 Crd + Qtz + Alb + And * Tur + FK + qch I
S600-6Pt Pt 600 NNO + [1.42 ; 1.69] 6.1 Crd + Qtz + Alb + And * Tur + FK + qch I
S600-8 Au 600 NNO + [1.42 ; 1.69] 8.2 Tur + Qtz + Crd  * FK + Alb I; IIIa; IIIb
S600-Revc Au 600 NNO + [1.42 ; 1.69] Reverse _ 0 Tur + Qtz + Alb + And No etching

S500-0Pt Pt 500 NNO + [0.78 ; 1.73] 0.0 Crd + Alb + Qtz + And -
S500-2Pt Pt 500 NNO + [0.78 ; 1.73] 2.1 Crd + Alb + Qtz + And * FK -
S500-3Pt Pt 500 NNO + [0.78 ; 1.73] 3.3 Crd + Qtz + Alb + And * Tur + FK + qch I
S500-4Pt Pt 500 NNO + [0.78 ; 1.73] 4.2 Crd + Qtz + Alb + And * Tur + FK + qch I
S500-4 Au 500 NNO + [0.78 ; 1.73] 4.1 Crd + Qtz + Alb + And * Tur + FK + qch I
S500-6PtGb Pt 500 NNO + [0.78 ; 1.73] 6.1 Tur + Qtz +Crd * Alb I; IIIa; IIIb; IV

S500-Revc Pt 500 NNO + [0.78 ; 1.73] Reverse _ 0 Tur + Qtz + Alb + And No etching

S500-6 Au 500 NNO + [1.7 ; 2.75] 6.3 Tur + Qtz +Crd * Alb I; IIIa; IIIb

S400-0Pt Pt 400 ~ NNO + [0 ; 2] 0.0 Crd + Sme + Alb + Qtz + And -
S400-1Pt Pt 400 ~ NNO + [0 ; 2] 1.0 Crd + Sme + Alb + Qtz + And -
S400-2Pt Pt 400 ~ NNO + [0 ; 2] 2.0 Crd + Sme + Alb + Qtz + And -
S400-3Pt Pt 400 ~ NNO + [0 ; 2] 3.0 Crd + Sme + Qtz + Alb + And * Tur I; IIIa
S400-4Pt Pt 400 ~ NNO + [0 ; 2] 4.3 Tur + Qtz + Alb * Crd + Sme I; IIIa
S400-6PtGb Pt 400 ~ NNO + [0 ; 2] 6.4 Tur + Qtz * Crd + Sme + Alb + FK I; IIIa; IV
S400-6G Au 400 ~ NNO + [0 ; 2] 6.3 Tur + Qtz * Crd + Sme + Alb + FK I; IIIa; IV

SOX-3 Au 600 NNO + [2.71 ; 5.32] 3.0 Crd + Alb + Qtz + And * FK + FeTi ox -
SOX-4 Au 600 NNO + [2.71 ; 5.32] 4.2 Crd + Qtz + Alb + And * Tur + FK + FeTi ox I; II
SOX-6 Au 600 NNO + [2.71 ; 5.32] 6.3 Crd + Qtz + Tur + Alb + And * FK + qch I
SOX-8 Au 600 NNO + [2.71 ; 5.32] 8.3 Tur + Qtz + Crd * Alb + FK I; IIIa; IIIb
SOX-8Gb Au 600 NNO + [2.71 ; 5.32] 8.1 Tur + Qtz + Crd * Alb + FK I; IIIa; IIIb; IV

(a) Forward experiment performed with a starting tourmaline-free mixture except when otherwise noted. (b) Forward experiment with tourmaline 
seeds added. (c) Reversal experiment performed with a tourmaline-bearing starting mixture (see text). (d) The asterisk separate the phases 
confirmed by XRD (left side, ordered by proportion) from the others, identified by SEM and EDS (right side, in italic). Mineral abbreviation: Alb = 
albite; And = andalusite; Crd = cordierite; FeTi ox = Fe Ti oxydes; FK = potassium feldspar; Qtz = quartz; Sme = smectite; Tur = tourmaline. qch = 
quench phases.

Run 4 : 694h

Run 5 : 1379h

Highly oxidizing conditions

Run 6 : 337h

Run 3 : 666h

Moderately oxidizing conditions

Run 1 : 361h

Run 2 : 336h
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A) Redox conditions 
 The evolution of the alloy phase of the NiO-NiPd sensor is illustrated in the example of 
Run 2 (Table 2.2), a moderately oxidising experiment at 600°C (Fig. 2.1). 

The two analysed pellets display a range of XNi, respectively from 0.32 to 0.46 for one and from 
0.2 to 0.27 for the other (Fig. 2.1). We note the decrease in XNi for the pellet with initial XNi = 
0.5 and the increase in XNi for the pellet with initial XNi = 0.15 and the convergence toward XNi 
~0.3 from both sides. This indicates that the sensor approached equilibrium even if it was not 
completely attained. Using the calibration of Pownceby & O’Neill (1994), we use the minimum 
XNi of the reduced pellet (0.32) and the maximum XNi of the oxidised pellet (0.27) to bracket 
the fO2 in this experiment (Fig. 2.1), yielding NNO + 1.42 to NNO + 1.69 (abbreviated below 
as NNO +[1.42 ; 1.69]). For the same temperature and targeted fO2, the sensor contained in Run 
1 (Au capsule) yielded a slightly wider fO2 range (NNO +[1.12 ; 1.9]) than in Run 2. In the 
500°C moderately oxidising experiments (Run 3), the sensor returned a fO2 interval (NNO 
+[0.78 ; 1.73]) larger than 600°C indicating less well equilibrated conditions despite the 
experimental duration being longer than 600°C. Experiment S500-6 (Run 4) equilibrated at 
NNO +[1.77 ; 2.64], hence under a more oxidising fO2 range than in Run 3. In the strongly 
oxidising experiment at 600°C (Run 6), both pellets had experimental XNi ≤ 0.15 thus implying 
a minimum fO2 of NNO + 2.71, the lowest XNi analysed corresponding to a fO2 of NNO + 5.32 
(Table 2.2). Details of the compositional data for the NiPd alloys are summarised in Appendix 
A5. For the 400°C experiment (Run 5), the fO2 was estimated to NNO +[0 ; 2] from the results 
of sensors in the other 600 and 500°C experiments performed with a 0.2 MPa initial PH2. 

 

B) Experimental products and textures 

 Upon opening the capsules, all experimental products comprised a solid powder and a 
free fluid. The more boron in the charge, the more agglomerated is the solid powder. In some 
charges, part of the solid products was found to float, forming a thin film at the surface of the 
fluid phase. Cordierite, albite, andalusite, quartz, and tourmaline are the major mineral phases, 
appearing in the XRD spectra of experimental products at 600 and 500°C (see Appendix A6 
for a compiled figure and Appendix A7 for the detail of all diffractograms) and also identified 
from SEM imaging (Table 2.2). These are accompanied by several accessory minerals only 

Figure 2. 1: Evolution of the alloy phase 
of the NiO-NiPd sensor as a function of 
log fO2 in Run 2 (Table 2). The dashed 
line gives the relation between the mole 
fraction of Ni in the alloy phase (XNi) and 
fO2 at 600°C and 200 MPa using the 
calibration of Pownceby and O’Neill 
(1994). The initial XNi of the two pellets is 
represented by the dotted vertical lines 
and their final compositions by squares 
and circles on the dashed line. Directions 
of evolution of alloys in each pellet are 
indicated by arrows. 
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detected by SEM. K-feldspar appears in the proximity of plagioclase undergoing dissolution. It 
is commonly euhedral and can contain cores of relictual albite indicating that the source of K 
is the starting feldspar mineral. Under highly oxidising conditions (Run 6, Table 2.2), Fe-Ti 
oxides, generally < 10µm in size, occur in experimental products. SEM imaging and EDS 
analyses show that they are made up of a small anhedral Ti-rich core (interpreted as ilmenite 
coming from starting materials, see above) surrounded by a euhedral Fe-rich rim corresponding 
to recrystallisation under high experimental fO2. A first-order difference in phase assemblage 
appears upon decreasing temperature from 500°C to 400°C. In Run 5 (Table 2.2), cordierite is 
destabilised and forms sheeted minerals (Fig. 2.2), identified by XRD as belonging to the 
smectite group (Appendix A6). However, the 060 peak is not visible and so, precise 
identification of the mineral species within the smectite group is impossible.  

Experimental assemblages split into two types: tourmaline-free and tourmaline-bearing. 
Charges, where tourmaline is absent, are characterised by a general reduction of grain sizes and 
the development of dissolution textures on cordierite, andalusite and albite (Fig. 2.3A). In 
tourmaline-bearing charges, tourmaline textures can be subdivided into four groups (Table 2.3): 
sheaves (group I), large crystals (group II), clusters (group III) and overgrowth (group IV). 

Group I tourmalines always occur as sheaves made of rods up to 200µm long and 
generally less than 1µm large (Fig. 2.3B). These textures are characteristic of charges where 
tourmaline is the most (or one of the most) abundant phase. At the base of the sheaves, crystals 
of albite and/or cordierite can be found, sometimes with euhedral K-feldspar crystals. Small 
quartz beads (less than 2µm diameter) crystallise on tourmaline rods. Unidentified sub-
micrometric materials, appearing as rings on tourmaline sheaves, are also present in some 
charges and interpreted as quench phases. Among the phases spatially associated with 

Group Description Figure
I Sheaves composed of multiple thin rods up to 200µm long. 2B
II Large elongated crystal forming a tight sheaf on one end. 2C

IIIa Radiating clusters of fibrous crystals. 2D
IIIb Clusters of single long fibers intersecting each other. 2E
IV Experimental overgrowth on natural tourmaline seed. 2F

Table 2. 3: Experimental tourmaline textures 

Figure 2. 2: SEM (InLens) image of 
the charge S400-0Pt. The cordierite is 
destabilised, forming sheeted 
minerals belonging to the smectite 
group. 
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tourmaline, quartz grains show euhedral edges and the reactant minerals have dissolution 
textures developed on their surface. Those whose size has decreased to < 20µm tend to form 
agglomerates with tourmaline sheaves inside and around. Individual reactant minerals > 40µm 
support tourmaline fibers larger than those grown from agglomerates. Group II tourmalines 
form large (10 to 20 µm wide) elongated tourmaline crystals found crystallised alongside the 

Figure 2. 3: SEM (InLens and BSE) and optical microscopic images of the experimental products. 
See Table 2.2 for the experimental conditions. (A) Charge S600-0, all starting products are present 
and show limited dissolution. (B) Charge S600-6, Group I tourmaline nucleated on cordierite grains. 
The sheaf is associated with platy FK crystals and small Qtz beads. The starting Qtz grains have 
euhedral edges. (C) Charge SOX-4, Group II tourmaline. (D) Charge S600-10, Group IIIa 
tourmaline found part of the solid powder in the charge. (E) Charge S600-10, Group IIIb tourmaline 
found to float, forming a thin film at the surface of the fluid in the charge. (F) Charge S500-6PtG, 
Group IV tourmaline overgrowth forming a hairy texture parallel to the long axis of the seed. On 
other faces of the seed, tourmaline overgrowth has a different texture, less developed. Abbreviations: 
Alb = albite; And = andalusite; Crd = cordierite; FK = K-feldspar; Qtz = quartz; Tur = tourmaline. 
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sheaves (Fig. 2.3C). At their extremities, those crystals can divide into a tight sheaf (about 4-5 
µm large). This textural group was only found in 2 charges and fewer than 5 specimens per 
charge were observed. Group III tourmalines refer to radiating clusters of fibrous tourmaline 
crystals (Fig. 2.3D), named fibro-radiated aggregates below. They are only present in charges 
where tourmaline is the most (or one of the most) abundant phase and occur either as associated 
with (Group IIIa) or separate from (Group IIIb) the solid powder in the charge. In Group IIIa, 
all associated quartz grains are euhedral and often intergrown with tourmaline and small quartz 
beads develop euhedral edges. Cordierite and albite are generally still visible despite being 
strongly reacted, sometimes appearing as inclusions near the center of fibro-radiated aggregates 
or, for albite, as inclusions in K-feldspar. The Group IIIb tourmalines are found inside the thin 
film floating in the fluid. Upon drying, they form single long fibers intersecting each other (Fig. 
2.3E), globally thinner than the Group I and IIIa sheaves. Group IV tourmalines are restricted 
to the seeded charges where a thin layer of experimentally formed tourmalines grows around 
the natural tourmaline crystals. This tourmaline overgrowth develops on specific 
crystallographic faces, allowing the growth to be parallel to the long axis of the seed. It forms 
a hairy texture, with thin fibers growing parallel and in the same direction (Fig. 2.3F). 

 

C) Evolution of phase assemblages and tourmaline textures  
 Experimental mineral assemblages and textures of tourmaline (when present) are 
detailed in Table 2.2. No difference is observed between identical charges ran in Au and Pt 
capsules. The effects of the initial [B2O3]fluid, temperature and fO2 are detailed in the following 
sections.  

 

1/ Effect of [B2O3]fluid. 

At 600°C in the moderately oxidising Run 1 (Table 2.2), tourmaline is absent 
(undetected by SEM) at low [B2O3]fluid concentrations (0, 0.8, 2.1, 3.4 wt%) and the starting 
assemblage cordierite + albite + andalusite + quartz remains stable (Table 2.2, Fig. 2.4A). Upon 
increasing [B2O3]fluid, reactant phases progressively reduce in size and dissolution textures 
appear more marked. Tourmaline is detected by XRD in the S600-10 and S600-10G charges 
(both having very high [B2O3]fluid, 10.1 wt%, Table 2.2) where it forms Group I and III crystals. 
In Run 2 designed to more precisely locate the appearance of tourmaline between 3.4 and 10.1 
wt% [B2O3]fluid, the SEM observations show that tourmaline is present for the lowest boron 
concentration ([B2O3]fluid = 4 wt%, S600-4 charge, Run 2, Table 2.2). It occurs mainly with the 
Group I texture and coexist with a few large elongated Group II crystals. Therefore, the two 
600°C moderately oxidising experiments consistently find tourmaline to appear for an initial 
boron fluid concentration ≥ 4 wt%. For higher [B2O3]fluid concentrations, the proportion, length, 
and width of Group I tourmalines increase and large Group II crystals are no longer present 
(S600-6 charge, [B2O3]fluid = 6 wt%, Run 2, Table 2.2). Cordierite remains as the main reactant 
phase, but the proportion of albite and andalusite decreases sharply. At the highest boron 
concentration in Run 2 ([B2O3]fluid = 8.2 wt%), Group III tourmalines are found to occur both 
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in the reacted solid powder (IIIa) and as particles floating in the fluid (IIIb), the same as in the 
10.1 wt% [B2O3]fluid charges in Run 1 (Table 2.2). In both experiments, at high [B2O3]fluid 
concentrations, the tourmaline + quartz assemblage becomes predominant in experimental 
products. 

Two reversal experiments were performed at 600°C and 500°C (charges S600-Rev, Run 
2 and S500-Rev, Run 3, Table 2.2) to test tourmaline destabilisation and the formation of 
cordierite, albite and andalusite for fluids with boron concentrations lower than required for 
tourmaline to appear, according to the forward experiments. The two charges (with [B2O3]fluid 
= 0 wt%) yielded phase assemblages unchanged compared to the starting mixture. Tourmalines 
in the reacted assemblage were carefully checked for the presence of etching textures on their 
edges and surfaces but none was recognised. Only sharp edges and fractures, probably formed 
during crushing, were found (Fig. 2.5). Yet, quartz, albite, and andalusite showed dissolution 
textures on their surfaces and they experienced an overall grain size reduction. Therefore, the 
reversibility of tourmaline formation according to reactions R1 to R4 is not demonstrated and 
the two reversal experiments suggest that tourmaline behaves as a refractory phase, once formed 
(Henry & Dutrow 1996; von Goerne et al. 1999b; van Hinsberg et al. 2011a). 

 

 

Figure 2. 4: Evolution of phase assemblages and tourmaline textures in the experiments. (A) 
[B2O3]fluid vs. Temperature diagram showing experimental results under moderately oxidising 
conditions (Table 2). (B) [B2O3]fluid vs. fO2 diagram (NNO represents the deviation from the Ni-NiO 
buffer at the same T and P, see text for the notation) showing experimental results at 600°C (Table 
2). Solid and open symbols denote respectively the presence and absence of tourmaline in 
experimental products. Group I tourmaline is present in all tourmaline-bearing charges. Black and 
grey-filled symbols indicate respectively the presence and absence of Group IIIa tourmaline. The 
presence of Group II and IIIb tourmaline is indicated by superscripts above the corresponding 
symbol. Thick lines represent stability limits and thin lines delimits conditions of appearance of Group 
IIIa tourmalines. Abbreviations: Alb = albite; And = andalusite; Crd = cordierite; FK = K-feldspar; 
Qtz = quartz; Sme = smectite; Tur = tourmaline. 
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2/ Effect of temperature. 

In the 500°C and 400°C experiments, the same evolution of phase assemblages than at 
600°C is observed. Experimental charges evolve from tourmaline-free to tourmaline-bearing 
assemblages when the boron fluid concentration is increased. However, decreasing temperature 
leads to a reduction of the [B2O3]fluid required for tourmaline to appear. The transition from 
tourmaline-free to tourmaline-bearing assemblages occurs for [B2O3]fluid ≥ 3 wt% at 500 and 
400°C vs. ≥ 4 wt% at 600°C (Fig. 2.4A). As at 600°C, tourmaline and quartz become the two 
most abundant phases at 500°C in the charge with the highest [B2O3]fluid (6.1 wt%, S500-6PtG, 
Run 3, Table 2.2). The textural evolution from Group I to Group IIIa tourmalines with 
increasing [B2O3]fluid is similar at 500°C and 600°C and a limit for the appearance of tourmaline 
aggregates (IIIa) can be drawn (Fig. 2.4A). Tourmaline fibers in Group I, III and IV become 
more numerous and thinner at a lower temperature (Fig. 2.6A). The large Group II tourmaline 
crystals only occur in the 600°C charges (S600-4, Run 2, SOX-4, Run 6, Table 2.2). 

 

Figure 2. 5: SEM (InLens) image of 
the charge S600-Rev. In this 
reversal experiment, tourmaline 
remain stable, displaying sharp 
edges and fractures and no etching 
textures. 

Figure 2. 6: SEM (InLens) image showing the evolution of the textural group with temperature. (A) 
Charge S500-4. Group I tourmaline at 500°C displaying the exact same feature than Fig. 2.3B at 
600°C: the tourmaline nucleates on cordierite and albite grains and the sheaf is associated with platy 
K-feldspar and quartz beads. However, the rods formed at 500°C are thinner and more numerous 
than at 600°C. (B) Charge S400-4Pt. Group IIIa tourmaline equivalent to Fig. 2.3D, but the radius 
of the acicular aggregate is greatly reduced at 400°C compared to 600°C. 
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At 400°C, tourmaline and smectite are intergrown, the sheaves being more or less organised 
along sheet planes. Another specificity of the 400°C run is that tourmaline directly crystallises 
with the Group IIIa texture (Fig. 2.6B) at low [B2O3]fluid (3 wt%, charge S400-3Pt, Table 2, Fig. 
2.4A). Group IIIb is also absent and tourmaline plus quartz become the most abundant phases 
for initial boron concentrations in fluid lower than at 500 and 600°C. 

 

3/ Effect of fO2. 

The highly oxidising 600°C charges present no particular difference in terms of phase 
assemblage compared to their moderately oxidising equivalents. There is no influence of fO2 

on the [B2O3]fluid required for tourmaline to appear (Fig. 2.4B). Charge SOX-4 (highly 
oxidising) contains a higher proportion of group II tourmaline than S600-4 (moderately 
oxidising, Table 2.2). Globally, tourmaline fibers in Group I, III, and IV are slightly larger (> 1 
µm) under highly than moderately oxidising conditions.  

 

D) Tourmaline compositions  
Analyses of group IIIa and IV tourmalines, which form relatively coarse aggregates, 

yielded satisfactory chemical data. Analysis of the group I and IIIb crystals were only possible 
in the case of multiple fibers intersecting each other. Because of textural constraints imposed 
by the crystal for obtaining a satisfactory analysis, it was not possible to choose the zone (i.e., 
core or rim, base or end of the sheaf) to be probed. No Group II tourmaline was found in our 
polished sections and so their chemistry is unknown. All experimental tourmaline analyses are 
detailed in Appendix A6. 

 

1/ Effect of texture 

Representative compositions of tourmaline crystallised in experimental charges are 
given in Table 4. S600-10(G) is used to regroup data for charge S600-10 and its seeded 
duplicate S600-10G and SOX-8(G) to regroup data for SOX-8 and SOX-8G (Table 2.2). For 
S400-6G, S600-10(G), and SOX-8(G), compositional data are available for different tourmaline 
textural groups (Table 4) and the influence of textures on tourmaline composition is illustrated 
in Figure 2.7. In the 600°C charges (S600-10(G) and SOX-8(G)), tourmaline compositions from 
Groups IIIa, IIIb and IV overlap. However, at 400°C (S400-6G charge), the Group IIIa has 
lower Al and lower at. (atomic ratio) Ca / (Na + Ca) than the Group IV tourmalines. It should 
be noted that only three analyses of Group I tourmalines are available in SOX6 (Table 2.4), 
corresponding to zones where sheaves were covering each other. All other attempts to analyse 
Group I tourmalines proved unsuccessful due to their small width (≤ 1 µm). 
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Table 2. 4: Average composition of experimental tourmaline 
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2/ Effect of temperature and [B2O3]fluid 

All experimental tourmalines are solid solutions between magnesio-foitite and dravite 
with small amounts of foitite, schorl, and uvite (Fig. 2.8A-F, see Table 2.1 for structural 
formulae of end-members). Most compositions have a at. Fe/(Fe+Mg) slightly higher than the 
starting cordierite (vertical grey bands in Fig. 2.8A; B; D and E). All tourmaline compositions 
have an at. Ca/(Ca+Na) higher than the starting plagioclase (horizontal grey bands in Fig. 2.8B 
and E), which is the main source of Ca in our experiments. Influences of [B2O3]fluid and 
temperature on tourmaline composition are represented in Figure 2.8 where the different 
tourmaline domains (magnesio-foitite, dravite, foitite, schorl, uvite, Fe-uvite) are shown. At 
600°C, increasing the fluid boron content generates tourmalines closer to the dravite 
endmember although the data for 8 and 10 wt% [B2O3]fluid overlap (Fig. 2.8A). Important 
variations in the Na proportion in X site are observed at 600°C, decreasing progressively with 
temperature (Fig. 2.8A). These variations are accompanied by large changes in at. Ca/(Ca+Na) 
at the three temperatures investigated (Fig. 2.8B). In comparison, at. Fe/(Fe+Mg) are less 
variable with the exception of the 600°C, [B2O3]fluid = 10 wt% compositions which show a large 
spread (Fig. 2.8A; B). In those charges, five compositions (labelled with “c”) come from 
analyses at the center of an exceptionally large Group IIIa tourmaline aggregate, whose 
elemental mapping is presented in Fig. 2.9. Additional analyses away from the center yielded 
more Mg-, Na-rich and Fe-, Ca-poor compositions plotting together with the others (Fig. 2.8A; 
B and Fig. 2.9). Variations in Al content are also observed with temperature: the 500°C (charge 
S500-6 contained in Au, Table 2.2) tourmalines being less Al-rich than the 600°C (Fig. 2.8C). 
The 400°C compositions are distinctive with their low and grouped Na proportions in the X 
site, positioned at the limit of the dravite and magnesio-foitite domains (Fig. 2.8A) and their at. 
Fe/(Fe+Mg) = 0.13, constant and identical to the starting cordierite (Fig. 2.8A; B). 

 

Figure 2. 7: Compositions of tourmaline textural groups (IIIa, IV and IIIb if present) in charges 
S400-6G, S600-10(G) and SOX-8(G), plotted in at. Na/(Na+Ca) Vs at. Al diagram. See Table 2.2 and 
text for experimental conditions. 
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Figure 2. 8: Compositions of experimental tourmalines as a function of temperature (A; B; C) and 
of fO2 (NNO represents the deviation from the Ni-NiO buffer at the same T and P, see text for the 
notation) at 600°C (D; E; F). The grey vertical band represents the at. Fe/(Fe+Mg) of the starting 
cordierite and the horizontal grey band the at. Ca/(Ca+Na) of the starting plagioclase. In temperature 
diagrams (A; B; C), the data come from the charges S600-10(G) (all textures), S600-8, S500-6 and 
S400-6G (group IIIa only). In fO2 diagrams (D; E; F), the data come from the charges S600-8, SOX-
8(G) (all textures) and SOX-6. See Table 2.2 and text for experimental conditions. Diagrams A to E 
from Hawthorne and Henry (1999) and C and F from Bačík et al. (2017).  
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3/ Effect of fO2 

 The influence of fO2 on tourmaline composition at 600°C is illustrated in Fig. 2.8D; E; 
F. Generally, compositional trends are identical under moderately and highly oxidising fO2. In 
both cases, important changes in the Na proportion in X site and in at. Ca/(Ca+Na) are observed 
(Fig. 2.8D; E). However, the at. Fe/(Fe+Mg) dispersion is larger (from 0.13 to 0.41) in highly 
oxidising than in moderately oxidising charges. Comparing charges with the same [B2O3]fluid (8 
wt%), the highly oxidising have tourmaline compositions with higher Na in X site and at. 
Fe/(Fe+Mg) and lower at. Ca/(Ca+Na) (for Fe/(Fe+Mg) constant) and Al than the moderately 
oxidising (Fig. 2.8D; E; F). The correlation between at. Ca/(Ca+Na) and at. Fe/(Fe+Mg) seen 
in the moderately oxidising compositions (Fig. 2.8B) is confirmed and strengthened by the 
highly oxidising data so that the more Fe-rich, the more Ca-rich the tourmaline (Fig. 2.8E). The 
three Group I tourmalines analysed in the highly oxidising [B2O3]fluid = 6 wt% charge generally 
follow the trends for the [B2O3]fluid = 8 wt% compositions (Fig. 2.8E) although for lower Al 
contents (Fig. 2.8F). 

 

4/ MAS NMR results 

The MAS NMR analysis allowed the acquisition of a total of 5 spectra, corresponding to the 
experimental products where tourmaline was dominant (S600-10, S600-8, S500-6Pt, S400-6, 
and S400-4Pt, see Table 2). All the spectra show a unique pic between 20 and 10 ppm, 
corresponding to BO3 liaisons (Fig. 2.10). No BO4 at 0 ppm was observed. Plan spectra were 
obtained for all the other charges, indicating a material with less than 10 ppm of boron. 
Considering the phase assemblages characterisation and the [B2O3]fluid used in the starting fluid, 
such low concentration are unlikely to occur in our experiment. The non-obtention of a spectra 

Figure 2. 9: BSE image (A) and Ca, Fe, Na, Mg X-ray elemental maps of a large Group IIIa 
tourmaline aggregate in S600-10 charge (Table 2.2). In each map, the relative abundance 
of the respective element is represented by the color scale, whereby dark blue corresponds to 
the lowest abundance and red to the highest. Abbreviations as in Fig. 2.3. 
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may be caused by the low-crystallinity of the B-bearing phase and / or by a relatively high 
proportion of paramagnetic mineral compared to the B-bearing phase. 

 

IV- Discussion 

A) Experimental reaction mechanisms  
The four model tourmalinization reactions R1 to R4 involve pure phases (quartz, 

andalusite), solid solutions (plagioclase, cordierite, tourmaline), and fluid. The corresponding 
equilibrium constants are of the same form, e.g., for R1: 
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where 𝑎𝑎𝐷𝐷𝐷𝐷𝐷𝐷𝑇𝑇𝑢𝑢𝑢𝑢 ,𝑎𝑎𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐶𝐶𝐶𝐶𝐶𝐶   and 𝑎𝑎𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃  are the activities of the dravite, Mg-cordierite and albite end-
members in tourmaline, cordierite and plagioclase solid solutions, respectively. 𝑎𝑎𝐻𝐻2𝑂𝑂(𝑔𝑔) is the 
activity of water (gas) and, in the range of temperature investigated, 𝑎𝑎𝐻𝐻2𝑂𝑂(𝑔𝑔) ≈  𝑓𝑓𝐻𝐻2𝑂𝑂. 
𝑎𝑎𝐵𝐵(𝑂𝑂𝑂𝑂)3 (𝑎𝑎𝑎𝑎) represents the activity of boric acid in the fluid, which, for a neutral aqueous specie, 
can be simplified as equivalent to B(OH)3 molality. This molality can easily be expressed as 
[B2O3]fluid. If, in Equation (1), tourmaline, cordierite and plagioclase compositions are identical 
to their respective end-member components, the equilibrium constant reduces to: 
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which shows that, for a given P-T condition, the equilibrium constant only depends on the fluid 
composition although it can vary between reactions because different tourmaline end-members 
are involved. If the components of the fluid other than H2O and B2O3 are neglected, Eq. 2 
implies that, at equilibrium, the boron content of the fluid ([B2O3]fluidEQ) is uniquely determined 
([B2O3]fluid = [B2O3]fluidEQ). For variable temperatures, [B2O3]fluidEQ would follow an univariant 
curve in T-[B2O3]fluid space. Experimentally, equilibrium along R1 (or the other tourmaline-

Figure 2. 10: 11B MAS NMR spectra of 
experimental tourmalines. All spectra are scaled 
to the same height. 
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forming reactions) implies that increasing the boron fluid concentration above [B2O3]fluidEQ 
would shift the reaction toward the right, thus producing tourmaline and consuming the 
reactants in R1-R4. Conversely, lowering the boron fluid concentration below [B2O3]fluidEQ 
should lead to the reaction being shifted to the left, thus consuming tourmaline and producing 
B-free phases.  

 Our forward experiments are generally consistent with this theoretical framework. 
Focusing on results at 600°C and 500°C since smectite takes the place of cordierite at 400°C 
and so reactions R1 to R4 are no longer valid, the experiments demonstrate the appearance of 
tourmaline in phase assemblages for boron contents in the fluid above a minimum value. 
Tourmaline formation thus follows an evolution toward the right as expected from reactions R1 
to R4. [B2O3]fluidEQ is experimentally bracketed by charges without tourmaline and others with 
tourmaline present and it weakly varies with temperature between 500 and 600°C, being also 
independent of fO2 (Fig. 2.4). Our determinations are reproducible and mutually consistent, i.e., 
at 600°C the brackets on [B2O3]fluidEQ in Run 1 (3.4-10.1 wt%), Run 2 (< 4 wt%) and Run 6 (3-
4.2 wt%) overlap (Table 2.2). For charges near [B2O3]fluidEQ, experimental phase assemblages 
include the five major phases involved in reactions R1-R4 (e.g., charges S600-4, SOX-4, SOX-
6, Table 2.2). They evolve in a systematic way upon increasing the initial boron content of the 
fluid above [B2O3]fluidEQ. Cordierite, andalusite, and albite progressively disappear and 
tourmaline and quartz proportions increase in experimental products. These changes in phase 
assemblage are consistent with the tourmaline-forming reactions becoming progressively more 
advanced and evolving away from equilibrium conditions as [B2O3]fluid is increased. Last, 
compositions of experimental tourmalines (solid solutions between magnesio-foitite and dravite 
with small amounts of foitite, schorl, and uvite, see above, Fig.2.7, 2.8) are consistent with 
tourmaline formation along with reactions R1 to R4. Uvite is the only component that would 
require a fifth model reaction to be written to fully account for the range of our experimental 
tourmalines. The chemical variability of experimental tourmaline reflects complex nucleation 
and growth mechanisms instead of disequilibrium, as discussed in detail below.  

 Although the forward experiments have closely simulated the theoretical tourmaline-
forming reactions, no tourmaline consumption and production of B-free phases could be 
demonstrated in the two reversal experiments. Phase assemblages in these two experiments 
were unchanged compared to the starting mixture, a result attributed to the refractory behaviour 
of tourmaline (Henry & Dutrow 1996; von Goerne et al. 1999; van Hinsberg et al. 2011b). The 
refractory character of tourmaline has been attributed to different factors such as extremely 
slow kinetics of element exchange with fluids (Zimmermann et al. 1996). It has been proposed 
that the destabilisation of tourmaline requires alkaline fluids (Morgan and London 1989; Henry 
and Dutrow 1996; 2018). However, the reaction of tourmaline plus quartz to form cordierite 
was successfully obtained under acidic fluid (pH = 3.2) conditions but at a temperature (680°C) 
higher than in this study (von Goerne et al., 1999b). Our inability to demonstrate the 
reversibility of the tourmaline-forming reactions implies that equilibrium cannot be claimed in 
our experiments. Therefore, the boron fluid concentration brackets defined from the forward 
experiments represent the maximum (upper bounds) and minimum limits (lower bounds) on 
[B2O3]fluidEQ. 
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B) Thermodynamic estimation of the [B2O3]fluid_EQ 
1/ Calculation 

Experimental uncertainties on [B2O3]fluid_EQ (e.g., unsuccessful reversals) and the 
possibility that Na and alkali-deficient Fe-Mg tourmalines are stable for different [B2O3]fluid 

have prompted us to constrain [B2O3]fluid_EQ thermodynamically for the four tourmaline-forming 
reactions considered in this study. On the example of reaction R1, [B2O3]fluid_EQ can be 
expressed from Eq. 2: 

[𝐵𝐵2𝑂𝑂3]𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓_𝐸𝐸𝐸𝐸 𝑅𝑅1 ≈ 0.5 × 10
5 log�𝑓𝑓𝐻𝐻2𝑂𝑂�−log�𝐾𝐾𝑅𝑅1�

6   (Eq.3) 

Values for 𝑓𝑓𝐻𝐻2𝑂𝑂 come from (Burnham et al. 1969; see Appendix A9). As all four tourmaline-
forming reactions contain the same amount of H2O and B(OH)3, the Eq.3, expressed for R1, 
applies equally to R2, R3, and R4. At given T and P, the log K of the tourmaline-forming 
reactions are calculated from: 

𝐿𝐿𝐿𝐿𝐿𝐿(𝐾𝐾𝑅𝑅 𝑇𝑇,𝑃𝑃) = −∆𝑟𝑟𝐺𝐺°𝑇𝑇,𝑃𝑃
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(10)

   (Eq 4) 

where R is the ideal gas constant (= 8,3144 J/mol.K) and ∆𝑟𝑟𝐺𝐺°𝑇𝑇,𝑃𝑃 is the Gibbs free energy 
change associated with the reaction considered. Based on the revised-HKF model (Tanger & 
Helgeson 1988), standard reaction properties can be calculated from the apparent standard 
thermodynamic properties of the components involved in the reaction (Helgeson et al. 1981a). 
For reaction R1: 

∆𝑟𝑟𝐺𝐺°𝑇𝑇,𝑃𝑃 𝑅𝑅1 = 2∆𝑎𝑎𝑎𝑎𝑎𝑎𝐺𝐺°𝑇𝑇,𝑃𝑃,𝐷𝐷𝐷𝐷𝐷𝐷 + 8∆𝑎𝑎𝑎𝑎𝑎𝑎𝐺𝐺°𝑇𝑇,𝑃𝑃,𝑄𝑄𝑄𝑄𝑄𝑄 + ∆𝑎𝑎𝑎𝑎𝑎𝑎𝐺𝐺°𝑇𝑇,𝑃𝑃,𝐴𝐴𝐴𝐴𝐴𝐴 + 5∆𝑎𝑎𝑎𝑎𝑎𝑎𝐺𝐺°𝑇𝑇,𝑃𝑃,𝐻𝐻2𝑂𝑂(𝑔𝑔) −
�3∆𝑎𝑎𝑎𝑎𝑎𝑎𝐺𝐺°𝑇𝑇,𝑃𝑃,𝑀𝑀𝑀𝑀−𝐶𝐶𝐶𝐶𝐶𝐶 + 2∆𝑎𝑎𝑎𝑎𝑎𝑎𝐺𝐺°𝑇𝑇,𝑃𝑃,𝐴𝐴𝐴𝐴𝐴𝐴 + 6∆𝑎𝑎𝑎𝑎𝑎𝑎𝐺𝐺°𝑇𝑇,𝑃𝑃,𝐵𝐵(𝑂𝑂𝑂𝑂)3� (Eq.5) 

where Drv, Qtz, And, Mg-Crd, and Alb refer to the pure mineral components dravite, quartz, 
andalusite, cordierite, and albite respectively in reaction R1. The apparent standard Gibbs free 
energy at T and P for the component X is given by the equation: 

∆𝑎𝑎𝑎𝑎𝑎𝑎𝐺𝐺°𝑇𝑇,𝑃𝑃,𝑋𝑋 = ∆𝑓𝑓𝐺𝐺°𝑇𝑇°,𝑃𝑃°,𝑋𝑋 − (𝑇𝑇 − 𝑇𝑇°)𝑆𝑆°𝑇𝑇°,𝑃𝑃°,𝑋𝑋 + ∫ 𝐶𝐶𝐶𝐶°𝑃𝑃°,𝑋𝑋 .𝑑𝑑𝑑𝑑𝑇𝑇
𝑇𝑇° − 𝑇𝑇∫ 𝐶𝐶𝐶𝐶°𝑃𝑃°,𝑋𝑋

𝑇𝑇
.𝑑𝑑𝑑𝑑𝑇𝑇

𝑇𝑇° +

∫ 𝑉𝑉°𝑇𝑇°,𝑋𝑋.𝑑𝑑𝑑𝑑𝑃𝑃
𝑃𝑃°      (Eq.6) 

where T° and P° are the reference temperature (298.15°K) and pressure (1 bar), 
respectively. The thermodynamic properties of the component X in Eq.6 are the standard Gibbs 
free energy of formation (∆𝑓𝑓𝐺𝐺°𝑇𝑇°,𝑃𝑃°,𝑋𝑋), the standard entropy, (𝑆𝑆°𝑇𝑇°,𝑃𝑃°,𝑋𝑋), the standard heat 
capacity (𝐶𝐶𝐶𝐶°𝑃𝑃°,𝑋𝑋) and the molar volume (𝑉𝑉°𝑇𝑇°,𝑋𝑋). The expression of the heat capacity as a 
function of T can be written for every phase as:  

𝐶𝐶𝐶𝐶° (𝑇𝑇) = 𝑎𝑎 + 𝑏𝑏𝑏𝑏 + 𝑐𝑐𝑐𝑐−2 + 𝑑𝑑𝑑𝑑−0.5     (Eq. 7) 

By considering Eq. 7 and the volume of solid phases as a constant, independent of P, Eq. 6 can 
be rewritten, for the phase X, as:  

∆𝑎𝑎𝑎𝑎𝑎𝑎𝐺𝐺°𝑇𝑇,𝑃𝑃,𝑋𝑋 = ∆𝑓𝑓𝐺𝐺°𝑇𝑇°,𝑃𝑃°,𝑋𝑋 − (𝑇𝑇 − 𝑇𝑇°)𝑆𝑆°𝑇𝑇°,𝑃𝑃°,𝑋𝑋 + 𝑎𝑎 �(𝑇𝑇 − 𝑇𝑇°) − 𝑇𝑇 ∗ 𝑙𝑙𝑙𝑙 �𝑇𝑇
𝑇𝑇°
�� + 𝑏𝑏 �−(𝑇𝑇−𝑇𝑇°)2

2
� −

𝑐𝑐 �(𝑇𝑇−𝑇𝑇°)2

2𝑇𝑇𝑇𝑇°2
�+ 2𝑑𝑑 �√𝑇𝑇 − √𝑇𝑇° + 𝑇𝑇

√𝑇𝑇
− 𝑇𝑇

√𝑇𝑇°
� + (𝑃𝑃 − 𝑃𝑃°)𝑉𝑉°𝑇𝑇°,𝑋𝑋  (Eq.8) 
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This allows calculating the log K at T, P for the chosen reaction using Eq. 5 and 4. 

 

2/ B(OH)3(aq) HKF parameters 

In the present work, the HKF theory (Helgeson et al. 1981b; Tanger and Helgeson 1988) 
is applied to calculate the standard thermodynamic properties of aqueous species as a function 
of temperature and pressure. In thermodynamic databases that are compatible with the HKF 
theory, the thermodynamic properties and HKF parameters for the B(OH)3 aqueous species 
come from either Shock et al. (1989), used in SUPCRTBL (Zimmer et al. 2016a) or Pokrovski 
et al. (1995), used in Thermoddem (Blanc et al. 2012b). To take account of the amphoteric 
behaviour of aqueous boron, Shock et al. (1989) introduced the BO2

- species, while Pokrovski 
et al. (1995) replaced BO2

- by B(OH)4
- and added NaB(OH)4. Aside from those studies, two 

other teams propose new B(OH)3 HKF parameters, based on the Pokrovski et al. (1995) 
experimental data. Akinfiev et al. (2006), reassessed those parameters with regards to 
polyborate species and experiments on NaCl-B(OH)3 fluids, between 0 and 300°C. Wang et al. 
(2013) realised the same work for more B aqueous species through bibliographic compilation, 
in order to construct a mixed-solvent electrolyte model, mainly calibrated up to 100°C. Using 
the PHREEQC software, those four sets of parameters were tested in combination with the 
Thermoddem database by reproducing experiments between 0 and 300°C (Fig. 2.11).  

(Kryukov et al. 1966; Bates 1972; Mesmer et al. 1972; Macdonald et al. 1980; Wofford et al. 1998) 

Figure 2. 11: (A) Temperature dependence of the equilibrium constant of the reaction B(OH)3 + OH- 
→ B(OH)4

- or its equivalent B(OH)3 + OH- → BO2
- + 2H2O between 10 and 300°C at saturated water 

vapour pressure. Experimental points interpreted as Log K by Akinfiev et al. (2006), based on the 
data from Kryukov et al. (1966), Bates (1972), Mesmer et al. (1972) and Wofford et al. (1998). The 
lines represent the pH calculated by PHREEQC of each solution, for four different data sources of 
HKF parameters for B(OH)3. (B) pH evolution of various B(OH)3 / K(OH) solutions with 
temperature. Experimental points are from Macdonald et al. (1992), except for the pure B(OH)3 
solution which come from Macdonald et al. (1980). The lines represent the pH calculated by 
PHREEQC of each solution, for four different data sources of HKF parameters for B(OH)3. 
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Shock et al. (1989) parameters show the largest deviation with respect to other 
simulations and experimental results at T > 50°C. The three others display similar results, in 
accordance with the experimental points. However, in Figure 2.11A at high temperature, the 
simulation using Wang et al. (2013) parameters begin to deviate from the other two. Akinfiev 
et al. (2006) parameters show the best overall reproduction and thus were considered as the best 
to use in our calculations. Results for the calculations realised with the others B(OH)3 HKF 
parameters are presented in Appendix A10. The apparent standard Gibbs free energy at our 
experimental T and P conditions calculated with the Thermo-ZNS computer-code (Lassin et al. 
2005) are given in Appendix A9.  

 

3/ Calculation of [B2O3]fluid_EQ 

The ∆𝑎𝑎𝑎𝑎𝑎𝑎𝐺𝐺°𝑇𝑇,𝑃𝑃 of the minerals and H2O(g) were calculated from the thermodynamic 
database Thermoddem (Blanc et al. 2012a), except for Fe-cordierite, whose properties came 
from SUPCRTBL (Zimmer et al. 2016b), and tourmaline. For the tourmaline components, the 
thermodynamic properties come from polyhedron models (van Hinsberg & Schumacher, 
2007b) and calorimetric measurements (Ogorodova et al., 2012; n.b. this dataset does not 
include the foitite end-member for R4) (Table 2.1) and the calculations have been performed in 
parallel with these two latter datasets. The absence of IVB in the experimental tourmaline allow 
the use of the polyhedron model without to have to consider an effect of IVB polyhedra on the 
standards properties. The properties used are listed in Appendix A9 and A11. Results, using 
B(OH)3 HKF parameters from Akinfiev et al. (2006), are plotted in Figure 2.12 where they are 
compared with the [B2O3]fluid_EQ brackets from this study. 

Figure 2. 12: Calculated [B2O3]fluid_EQ as a 
function of temperature for the four 
tourmaline-forming reactions considered (R1, 
R2, R3, R4, see text) and the two tourmaline 
thermodynamic datasets used in the 
calculations (solid lines for Ogorodova et al., 
2012 (Ogo_2012) and dashed lines for van 
Hinsberg & Schumacher, 2007b (H-S_2007)). 
Experimental brackets of [B2O3]fluid_EQ from 
this study are shown by solid (tourmaline 
present) and open (tourmaline absent) symbols. 
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All calculations show a positive correlation between [B2O3]fluid_EQ and temperature, as 
experimentally observed. However, important differences in [B2O3]fluid_EQ appear depending on 
the thermodynamic properties used for tourmaline. Using values from Ogorodova et al. (2012) 
yields [B2O3]fluid_EQ values higher than those obtained when considering tourmaline properties 
from van Hinsberg & Schumacher (2007b) for reactions R1, R2 and R3. The mismatch between 
calculations and experiments is large, of several orders of magnitude on [B2O3]fluid_EQ, and 
calculations with the Ogorodova et al. (2012) data frame the experimental brackets (reaction 
R1, Fig. 2.12). Yet, both thermodynamic datasets suggest that alkali tourmaline equilibration 
according to reaction R1 (dravite) needs higher [B2O3]fluid than alkali-deficient tourmaline 
equilibration according to R3 (Mg-foitite). To equilibrate, Schorl (R2) requires a lower 
[B2O3]fluid than dravite (R1) when calculated with the Ogorodova et al. (2012) data whereas the 
opposite is observed with van Hinsberg & Schumacher (2007b) (Fig. 2.12). These results stress 
the uncertainties on the thermodynamic properties of tourmaline. The data from Ogorodova et 
al. (2012) are in a good agreement with the estimated properties, within errors, given by van 
Hinsberg & Schumacher (2007). Yet, those small differences between the two sets at 25°C, 1 
bar, imply large differences in the [B2O3]fluid_EQ calculated at higher temperature. Therefore, the 
experimental results provided by this study can provide new, more refined constraints on the 
thermodynamic properties of tourmaline. However, the calculation is pertained to end-
members, whereas experimental tourmalines are solid solutions whose composition varies with 
T. When the [B2O3]fluid_EQ are calculated from Ogorodova et al. (2012) properties, the 
tourmaline-forming reactions can be divided into two group (Fig. 2.12): the one destabilising 
the experimental tourmaline (overestimation of [B2O3]fluid_EQ compared to the experimental 
bracket; R1) and the one stabilizing it (underestimating [B2O3]fluid_EQ; R2 and R3). Using those 
properties, calculation of the [B2O3]fluid_EQ for ideal solid solution between those three end-
members should approach the experimental brackets. An attempt of such calculation is 
presented thereafter. 

 

4/ Attempt of ideal solid solution modelling 

Using those properties, calculation of the [B2O3]fluid_EQ for ideal solid solution between those 
three end-members should approach the experimental brackets. The solid solution modelled is 
controlled by the two substitutions NaXMgY → []XAlY (dravite to magnesiofoitite) and Mg3

Y 
→ Fe3

Y (dravite to schorl). Foitite could not be added to the solid solution as its properties have 
not been estimated by (Ogorodova et al. 2012). Group IIIa tourmaline from charge S600-10(G), 
S500-6 and S400-6G were selected as representative of the experimental solid solution at 600, 
500 and 400°C, respectively. Their composition (Table 2.4) were simplified by removing 
elements other than Fe, Mg, Al in the site Y and other than Na, []X in the site X, and considering 
only Al in site Z and Si in site T (Table 2.1). The amount of Na and []X was recalculated with 
respect to their original proportion so that Na + []X = 1. Based on the alkali-deficient 
substitution, AlY = []X and so, Mg and Fe were recalculated with respect to their original 
proportion so that Mg + Fe = 3 – AlY. Based on this new composition the proportion of each 
end-member was calculated with: 𝛸𝛸𝑀𝑀𝑀𝑀−𝐹𝐹𝐹𝐹 = [ ]𝑋𝑋, 𝛸𝛸𝐷𝐷𝐷𝐷𝐷𝐷 = 𝑀𝑀𝑀𝑀−2∗[ ]𝑋𝑋

𝐹𝐹𝐹𝐹+𝑀𝑀𝑀𝑀−2∗[ ]𝑋𝑋
∗ 𝑁𝑁𝑁𝑁 and 𝛸𝛸𝑆𝑆𝑆𝑆𝑆𝑆 =

𝐹𝐹𝐹𝐹
𝐹𝐹𝐹𝐹+𝑀𝑀𝑀𝑀−2∗[ ]𝑋𝑋

∗ 𝑁𝑁𝑁𝑁. Foitite being left aside, the proportions of magnesiofoitite and schorl are 
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overestimated in regards to dravite. This induces an underestimation of [B2O3]fluid_EQ, especially 
for tourmaline where dravite is not the main end-member. The simplified composition of the 
experimental tourmalines and their end-members proportions are presented in Table 2.5. 

The apparent standard Gibbs free energy at T and P for the tourmaline solid solution is given 
by the equation: 

∆𝑎𝑎𝑎𝑎𝑎𝑎𝐺𝐺°𝑇𝑇,𝑃𝑃,𝑠𝑠𝑠𝑠𝑠𝑠 =  ∑ 𝛸𝛸𝑖𝑖 ∗ ∆𝑎𝑎𝑎𝑎𝑎𝑎𝐺𝐺°𝑇𝑇,𝑃𝑃,𝑖𝑖 + 𝑇𝑇𝑇𝑇𝑇𝑇∑ 𝛸𝛸𝑖𝑖 ln(𝛸𝛸𝑖𝑖)𝑖𝑖𝑖𝑖  (Eq. 9) 

With ∆𝑎𝑎𝑎𝑎𝑎𝑎𝐺𝐺°𝑇𝑇,𝑃𝑃,𝑖𝑖 the apparent standard Gibbs free energy at T, P of the end-member i, Χi its 
molar fraction, R the ideal gas constant and ν the number of sites concerned by the mixing in 1 
mol of the mineral. In our case, the solid solution impacts the site X and the three sites Y. 
However, the alkali-deficient substitution is a bi-site substitution induced by a charge 
compensation: the incorporation of Al3+ instead of Mg2+ in the site Y requires losing a charge 
in the site X. As such, this substitution can be considered as impacting only one site, reducing 
the total number of sites impacted by the solid solution to 3. The calculated values of 
[B2O3]fluid_EQ are given in Table 2.5 and are compared with the experimental brackets and values 
for pure end-members in Figure. 2.13. The error bars associated to each point correspond to the 
[B2O3]fluid_EQ calculated for the most dravitic (high) and schorlitic (low) possible compositions 
regarding the standard deviation on the average composition (Table 2.4). [B2O3]fluid_EQ values 
for simplified experimental tourmaline compositions at 600 and 500°C fit, with respect to the 
error bar, the bracket determined in this study. However, at 400°C the [B2O3]fluid_EQ determined 
is too low by one order of magnitude compared to the bracket. This may be caused by the 
overestimated magnesiofoitite proportion, especially for those compositions with low amount 
of Na. Tourmaline formed at 400°C presents also the highest at. Ca/(Ca+Na). The non-
incorporation of uvite in the modelled solid solution induces larger differences between the 
simplified and experimental compositions at 400°C. By applying the same methodology used 
for R1-R4, the [B2O3]fluid_EQ deduced from a uvite-forming reaction (involving anorthite instead 
of albite) is always higher than the experimental bracket. Thus, the reaction with uvite is a 
destabilising reaction. Its incorporation in a ideal solid solution would affect the values 
presented in Figure. 2.13 by increasing the [B2O3]fluid_EQ calculated. 

The non-integration of Ca end-member is not the only important simplification. The 
experimental tourmalines also contain a large amount of Al in the Y-site (Table 2.5), more than 
what can be explain with the alkali-deficient tourmalines. Two endmembers can be used to 
reproduce this high Al content: the olenite (NaAl3Al6Si6O18(BO3)3O3(OH)) and/or the oxy-
dravite (NaAl3(Al4Mg2)Si6O18(BO3)3(OH)3O) (Henry et al. 2011). The thermodynamic 
properties of those compositions have not been investigated by Ogorodova et al. (2012) and 
only the olenite have been estimated in the study of van Hinsberg & Schumacher (2007). 
Furthermore, the analysis carried out in this study does not make it possible to observe the 
content of the anionic sites V and W (OH- or O2-). Usually realised through RAMAN analysis, 
investigating the [3400 ; 3800]cm-1 section (e.g. Watenphul et al. 2016; Lensing-Burgdorf et 

T°C (charge)
Reaction X Y X Y Χ Drv Χ Mg-Fo Χ Srl

600°C (S600-10(G)) Na 0.56 Ca 0.12 []X 0.32 Mg 1.57 Fe 0.38 Al 0.82 Na 0.64 []X 0.36 Mg 2.12 Fe 0.52 Al 0.36 0.47 0.36 0.17 6.79

500°C (S500-6) Na 0.60 Ca 0.08 []X 0.31 Mg 1.80 Fe 0.32 Al 0.68 Na 0.66 []X 0.34 Mg 2.26 Fe 0.4 Al 0.34 0.53 0.34 0.13 3.26

400°C (S400-6G) Na 0.44 Ca 0.11 []X 0.44 Mg 1.70 Fe 0.26 Al 0.82 Na 0.5 []X 0.5 Mg 2.17 Fe 0.33 Al 0.5 0.39 0.50 0.11 0.22

Average composition Simplified composition Solid solution [B2O3]fluid_EQ 

calculated 

Table 2. 5: Simplified average composition of experimental tourmaline (see Table 2.4). 
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al. 2017), those analyses require to align the cartesian coordinate axe z to the crystallographic 
<c> axis of the tourmaline. This could not be done due to the very fine texture of the 
experimental products. Spectra acquired on disoriented or approximately oriented fibers, using 
a 532 nm laser (ISTO, Orléans, France), showed significant fluorescence in the spectral range 
above 800 cm-1. Another approximation to the composition of the experimental tourmaline is 
to consider that the Fe content measured by the electron microprobe corresponds only to Fe2+. 
Tourmaline with Fe3+ like the buergerite (NaFe3+

3Al6Si6O18(BO3)3O3(OH)) and povondraite 
(NaFe3+

3(Fe3+
4Mg2)Si6O18(BO3)3(OH)3O) may also have an impact in the real composition of 

the experimental tourmaline, and thus, shift the result of the ideal solid-solution. Again, these 
end-members were not considered by Ogorodova et al. (2012) but are present in van Hinsberg 
& Schumacher (2007). The determination of the Fe2+/Fe3+ ratio in our experimental tourmaline 
could not be performed through Mössbauer spectroscopy (Fuchs et al. 1998; Baksheev et al. 
2020) due to our inability to extract tourmaline solely from the experimental products. Recently, 
Mrkusová & Škoda (2021) presented advancement on the calibration of Fe2+/Fe3+ measurement 
for tourmaline by the flank method (Höfer & Brey 2007). Using an electron microprobe, this 
technic does not have the disadvantages of the bulk analysis and could be applied directly to 
our experimental tourmaline. 

The conception of a complete multicomponent ideal solid solution from the experimental 
tourmalines in this study is out of reach due to the many uncertainties in their composition. The 
refinement of the thermodynamic properties of tourmaline requires a precise characterisation 
of their composition. This work is actually in progress for Li-free tourmaline (Roozen et al. 
2021). Nevertheless, despite all the estimates made regarding the composition of our 
experimental tourmalines, the results obtained with the ideal 3 end-members solid solution 
model are very encouraging. 

 

 

Figure 2. 13: Calculated [B2O3]fluid_EQ for 
simplified solid solution (stars) 
representative of the experimental 
tourmaline composition at the 
corresponding temperature. 
Experimental brackets of [B2O3]fluid_EQ 
from this study are shown by solid 
(tourmaline present) and open 
(tourmaline absent) symbols. The three 
curves R1, R2 R3 are from Fig. 2.12. 
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C) Tourmaline textural evolution  
As reported by London (2011), all experimental studies on tourmaline have described 

their products as consisting of exceedingly fine-grained tourmaline (Frondel et al. 1947; 
Morgan & London 1989; von Goerne et al. 1999; Berryman et al. 2015, 2016), except in the 
case where diffusion-limited growth methods were used . Tourmaline textures in this study are 
in accordance with this observation. They show fibrous morphologies with strongly marked 
growth along the <c> axis while growth along the <a> axis is inhibited (Dutrow & Henry 2016). 
Nevertheless, in detail, tourmalines in our experiments show different textural types. These are 
interpreted to indicate different growth mechanisms under two end-member regimes of 
supersaturation of tourmaline-forming components in the fluid.  

For fluid boron concentrations near equilibrium ([B2O3]fluid ≈ [B2O3]fluid_EQ), the 
dissolution of reactant minerals is limited and so, fluids are weakly supersaturated with respect 
to the tourmaline-forming components. Under these conditions, growth is controlled by a local 
balance between elements from the reactant minerals and from the fluid. Tourmaline forms 
Group I crystals commonly found heterogeneously nucleated on albite or cordierite grains, and 
also a few coarser crystals of Group II (Fig. 2.3). These latter indicate that, at low fluid 
supersaturation levels, growth on already formed tourmaline crystals is favoured as the potential 
energy (i.e., the energy barrier for nucleation) necessary to form a new crystal is high. Upon 
increasing the fluid saturation level ([B2O3]fluid > [B2O3]fluid_EQ) at 600°C, more Group I 
tourmaline forms and Group II crystals disappear (Table 2.2 ). At lower temperatures (500 and 
400°C), the absence of Group II textures indicates that the formation of multiple Group I 
tourmalines is favoured over growth on a few preexisting crystals.  

In contrast, the development of acicular fibers (Group IIIa), texturally similar to 
“luxullianites” from Cornwall (Lister 1981), reflects rapid heterogeneous tourmaline nucleation 
in a solution strongly supersaturated with respect to the tourmaline-forming components 
([B2O3]fluid >> [B2O3]fluid_EQ). At 600 and 500°C, the formation of Group IIIa is accompanied 
by long tourmaline fibers isolated in the fluid (Group IIIb) suggesting homogeneous nucleation. 
This indicates rapid dissipation of the excess potential energy so that equilibrium between the 
fluid and the minerals is quickly established globally at the scale of the charge (Lasaga 1998). 
At 400°C, homogeneous nucleation is not observed and tourmaline appears directly and 
uniquely as Group IIIa. This difference may be explained by the presence of smectite instead 
of cordierite which has an impact on the global distribution of elements in the fluid. 
Supersaturation under these conditions is considered to be only local as suggested by the 
composition of the 400°C tourmalines which have grouped at. Fe/(Fe+Mg) identical to the 
composition of the starting cordierite (Fig. 2.8A).  

Crystallisation of the Group IV tourmalines is specific. At all temperatures, the Group 
IV crystals are mainly located at one end of the <c> axis of the seed (Fig. 2.3F), probably the 
<c+> pole. This kind of overgrowth, both observed in experiments  and natural rocks (van 
Hinsberg et al. 2011b; Dutrow & Henry 2016, 2018), is an indication of very fast nucleation 
processes. For a given fluid saturation level, heterogeneous nucleation on a surface sharing the 
same crystallographic configuration requires less potential energy than nucleation on a surface 
with the different crystallographic arrangement. Therefore, Group IV can be considered as the 
most rapidly formed tourmaline in the charge, crystallising earlier than Group IIIa crystals. This 
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has implications for Group IV and Group IIIa tourmaline compositions at 400°C (Fig. 2.7; see 
below).  

 

D) Control on tourmaline composition 
Chemical compositions of experimental tourmalines, especially at. Ca/(Ca+Na) and at. 

Fe/(Fe+Mg), are shown to vary significantly within several charges (Fig. 2.8B; E). Tourmaline 
compositional data were not reported in previous experimental cordierite-tourmaline 
equilibrium studies (Weisbrod et al. 1986; von Goerne et al. 1999b). However, tourmalines in 
experiments are frequently zoned chemically and/or compositionally variable (Morgan & 
London 1989; von Goerne et al. 2011; Berryman et al. 2015; Orlando et al. 2017; Cheng et al. 
2019). For example, von Goerne et al. (2011) obtained zoned tourmaline with an Al, Ca-rich 
core and a Mg-, Na-rich rim through synthesis experiments in a Fe-free system at 600°C and 
200 MPa. In a Fe-bearing system, Morgan & London (1989) observed that experimental 
overgrowth of tourmaline over a natural seed also yields to zonation, with Mg-, Ca-rich intern 
parts and Fe-, Na-rich rims. 

Compositionally variable products are usually taken as an indication of disequilibrium 
in the charge. However, we have shown above that phase assemblages in the forward 
experiments evolve conformably with what is expected from tourmaline-forming equilibrium 
reactions. The various charges yield the same range of [B2O3]fluidEQ at 600°C, further indicating 
a reasonably close approach toward equilibrium in our experiments. Besides, there is possibly 
no influence of fO2 on tourmaline compositions since the same type of variability is observed 
in the moderately and strongly oxidising charges (Fig. 2.8D; E). Contrasted diffusivities of 
elements in tourmaline could possibly generate chemical variability although our relatively 
short experimental durations and specific experimental tourmaline morphologies (thin sheaves 
and rods) make volume diffusion negligible (van Hinsberg et al. 2011a). Natural observations 
have shown that the fluid exerts a first order control on tourmaline compositions (Henry & 
Dutrow 1996; Williamson et al. 2000; Dutrow & Henry 2011, 2016; van Hinsberg et al. 2011b, 
2011a; Harlaux et al. 2020). Morgan and London (1989) explained chemical zonation in their 
experimental tourmalines by an evolution of the fluid composition. However, the same type of 
variations in tourmaline compositions are observed in charges with different [B2O3]fluid (Fig. 
2.8). The effect of temperature appears more marked than the fluid composition as shown by 
tourmalines with at. Fe/(Fe+Mg) more grouped at 400°C than at 500 and 600°C (Fig. 2.8A; B). 
Below, we propose that the chemical dispersion in our experimental tourmalines is controlled 
by nucleation and growth mechanisms.   

Chemical zonation (from core to rim, from the base to end of the sheaf) has not been 
documented on single tourmaline crystals due to their small widths and specific morphologies. 
However, analysis of an exceptionally coarse and dense Group IIIa tourmaline aggregate from 
a 600°C boron-rich charge reveals a systematic compositional evolution from a Fe-, Ca-rich 
core to a Mg-, Na-rich rim (Fig. 62.9. This trend is identical to the one marked by compositions 
of individual tourmaline crystals analysed within a given charge (Fig. 2.8B; E). We note that 
these Fe-, Ca-rich individual crystals and the aggregate core markedly differ chemically from 
starting materials which are Mg-rich for cordierite and Ca-poor for albite (grey bands in Fig. 
2.8). Their location in the aggregate (Fig. 2.9) demonstrates that they correspond to an early 
stage of tourmaline growth in the experiments and that the Mg-, Na-rich compositions come 
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later. This indicates a relation between tourmaline composition and its onset of appearance 
during the experiment, the crystallisation of Fe-, Ca-rich tourmalines being kinetically favoured 
compared to the Mg-, Na-rich.  

Most tourmaline analyses in Fig. 2.8 correspond to Group III crystals which, from the 
preceding section, crystallised under conditions of strong supersaturation of components in the 
fluid with the exception of the 400°C compositions where local supersaturation effects are more 
important. Thus, at 500 and 600°C, tourmalines grow rapidly by heterogeneous and 
homogeneous nucleation in a fluid of globally constant composition at the scale of the charge. 
It is worth noting that the supersaturation level (deviation of [B2O3]fluid from [B2O3]fluid_EQ) 
varies during the experiment, being maximum during the early stages and then gradually 
decreasing as more tourmaline is formed and boron is removed from the fluid. These early 
stages are the situation envisioned for rapid preferential nucleation of the Fe-, and Ca-rich 
compositions found in the aggregate core (Fig. 2.9) and individual crystals (Fig. 2.8A-D). Later 
in the experiment, tourmalines evolve progressively toward more Mg- and Na-rich chemistry 
(Fig. 2.8A-D; 2.6) as a result of gradual changes of the fluid composition and supersaturation 
level. At 400°C, tourmaline growth is controlled mostly locally by heterogeneous nucleation 
on reactants. Contrasted dissolution kinetics of components from starting products (e.g., Ca 
being released faster to the fluid than Na) also seems possible. The tourmaline compositions at 
400°C have at. Fe/(Fe+Mg) suggesting local control of the fluid Fe/Mg by cordierite (Fig. 
2.8A). Their variable at. Ca/(Ca+Na) (Fig. 2.8B) reflects fast preferential nucleation of Ca-rich 
tourmalines or, alternatively, a faster dissolution of the anorthite component to the fluid. It is 
interesting to note that differences between Group IV and Group IIIa tourmalines (the former 
being more Ca-rich than the latter, Fig. 2.7) show up at 400°C, being absent at higher 
temperatures. This can be explained by the Group IV growing significantly faster and earlier 
than the Group III crystals at 400°C because of different growth mechanisms (see above). Thus, 
the 400°C compositions confirm the preferential nucleation of Fe-, and Ca-rich compositions 
because of kinetic reasons. We conclude to a close relationship between growth mechanisms 
and tourmaline compositions in our experiments and stress the importance of the fluid 
composition in the control of supersaturation levels.  

 

E) Tourmaline stability and boron fluid concentration  
The [B2O3]fluid_EQ brackets from this study can be compared with previous results 

(Weisbrod et al., 1986; Morgan & London, 1989; von Goerne et al., 1999b; Orlando et al., 
2017; Cheng et al., 2019) (Fig. 2.14). Those include equilibrium studies where the final boron 
concentration in the fluid has been measured and which directly constrains [B2O3]fluid_EQ 
(Weisbrod et al., 1986; von Goerne et al., 1999b). Other studies only provide information on 
either the upper or the lower bound of [B2O3]fluid_EQ. Tourmaline-bearing charges where only 
initial [B2O3]fluid are known (as in the present study) give upper bounds and tourmaline-free 
charges lower bounds on [B2O3]fluid_EQ. If tourmaline is present but one reactant limiting the 
advancement of the reaction is missing in the final assemblage, an upper bound on [B2O3]fluid_EQ 
is obtained. Applying those criteria shows that our 500 and 600°C brackets on [B2O3]fluid_EQ are 
in agreement with the other experimental studies with the exception of those of Weisbrod et al. 
(1986) where [B2O3]fluid_EQ are much lower, ≈ 0.75 wt% at 600°C and ≈ 0.21 wt% at 500°C. At 
temperatures > 600°C, the [B2O3]fluid_EQ data of von Goerne et al. (1999b) are in general (but 
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not always) higher than those of Weisbrod et al. (1986) and the highest values correlate well 
with the extrapolation of our results (Fig. 2.14). 

We stress that the same system (tourmaline + Mg-cordierite + quartz + fluid ± albite ± 
andalusite) was investigated in Weisbrod et al. (1986), von Goerne et al. (1999b) and this study, 
the main points of difference concerning compositions of starting products and the fluid 
chemistry. Differences in pressure and fO2 probably have a minor influence on [B2O3]fluidEQ 
(Ota et al. 2008; Berryman et al. 2016; Fig. 2.4B). Weisbrod et al. (1986) and von Goerne et al. 
(1999b) started from pure Mg-cordierite and albite synthetic phases whereas, in this study, 
natural Fe-bearing cordierite and albite with some Ca were used. Fluid compositions also 
differed, Weisbrod et al. (1986) employing a 3 wt% NaCl fluid and von Goerne et al. (1999b) 
various fluid compositions with or without NaCl and/or HCl. Overall, these starting materials 
would favor the crystallisation of the dravite end-member in the Weisbrod et al. (1986) and von 
Goerne et al. (1999b) experiments. Based on the previous thermodynamic calculations, the 
dravite-forming reaction tends to destabilize experimental tourmaline, increasing the 
[B2O3]fluid_EQ. As such, the [B2O3]fluid_EQ reported by Weisbrod et al. (1986) should be higher 
than ours, for the same reaction. The presence of NaCl in the fluid should prevent to form highly 
alkali-deficient tourmaline, which could lower the [B2O3]fluid_EQ, but it may induce a new 

Figure 2. 14: Compilation of experimental results on tourmaline stability in a [B2O3]fluid vs. 
Temperature diagram. Crosses are for experiments where the final boron concentration at 
equilibrium with tourmaline ([B2O3]fluidEQ) has been measured. Other symbols represent experiments 
where [B2O3]fluidEQ has not been determined. If tourmaline is not present (open symbols), an upward-
pointing arrow is indicated. If tourmaline is present (solid symbols) but a reactant is missing in the 
final phase assemblage, or if only the initial [B2O3]fluid is reported, a downward-pointing arrow is 
indicated. References: [1] Weisbrod et al. (1986); [2] Morgan and London (1989); [3] von Goerne et 
al. (1999b); [4] Orlando et al. (2017); [5] Cheng et al. (2019). 
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tourmaline-forming reactions that require less [B2O3]fluid. The comparison between the studies 
highlights the potential importance of fluid composition (NaCl, HCl) on [B2O3]fluidEQ. 

 

V- Geological implications 

 Our experimental determinations of [B2O3]fluid_EQ at equilibrium with tourmaline + 
cordierite + albite + quartz + andalusite provides insights on the boron concentration in natural 
hydrothermal and magmatic-hydrothermal systems. According to our data, tourmaline would 
begin to appear for [B2O3]fluid concentrations of a few wt% in the fluid (Fig. 2.4; 2.14). We 
stress that these concentrations are minimum values and that higher [B2O3]fluid are possible in 
natural hydrothermal systems such as those characterised by the association tourmaline + quartz 
(e.g. Baksheev et al. 2009; Fusswinkel et al. 2016; Lecumberri-Sanchez et al. 2017; Legros et 
al. 2020), which is the phase assemblage encountered for the highest [B2O3]fluid in the 
experiments (Table 2.2; Fig. 3). Compilation of boron concentrations of fluid inclusions from 
various ore deposits yields a wide range of [B2O3]fluid, from 3.10-5 to 2.5 wt% (Prokof’ev et al., 
2002). In general, hydrothermal systems developing extensive tourmalinisation phenomena 
have [B2O3]fluid in the high end of the range above. [B2O3]fluid concentrations of fluid inclusions 
in mineralised veins from Cornwall are between 0.2 and 0.63 wt% (Smith et al., 1996). At 
Panasqueira, the fluids in the W-mineralised veins, which are associated with an early 
tourmalinisation episode, have [B2O3]fluid ranging from 0.09 to 2.3 wt% (Lecumberri-Sanchez 
et al. 2017). These values are globally lower than in our experiments, although the highest 
natural concentrations approach the experimental values. It is likely that temperature plays a 
role since perigranitic hydrothermal systems are mostly colder than 400-500°C (Audétat et al. 
2000; Gleeson et al. 2000; Korges et al. 2020) and, so, the influence of temperature on 
[B2O3]fluid_EQ needs to be taken into account in the comparison (Fig. 2.4; 2.14). Another factor 
is that tourmalinisation processes are often developed on mica-bearing assemblages as shown 
for example at Panasqueira (Portugal) where tourmaline and muscovite coexist in the W-
mineralised veins (Codeço et al. 2017; Launay et al. 2018). In the Sur-Sur breccia of the Río 
Blanco-Los Bronces Cu-Mo porphyry deposit (Chile), the mineralised breccia is cemented by 
tourmaline, formed by the alteration of the original biotite cement (Frikken et al. 2005). In the 
Sn-lode deposit of San Rafael (SE Peru), intensive tourmalinisation of the cordierite-bearing 
granite affects primarily the biotite (Harlaux et al. 2020). Therefore, experimental results on 
tourmalinisation of mica-bearing assemblages are needed for a more direct comparison with 
natural [B2O3]fluid concentrations (Chapter III). Last, hydrothermal fluids are chemically more 
complex than in experiments from this study, containing various additional anions such as 
chlorides and cations such as H, K, Ca, and Li (Audétat et al. 2008). The role of these fluid 
components on [B2O3]fluid_EQ must be determined for the precise evaluation of the boron content 
of natural hydrothermal fluids.  

Knowing the boron concentration of natural hydrothermal systems brings useful 
constraints on the boron concentration of late-stage silicic melts crystallising in the presence of 
a fluid phase. Boron is known to partition in favour of the fluid rather than of the melt (Pichavant 
1981; London et al. 1988; Schatz et al. 2004; Pokrovski et al. 2013). With the [B2O3]fluid_EQ 
values determined in this study and summarised in Figure 2.14 (~4 wt% at 650°C), one obtains 
a boron concentration ([B2O3]melt) of ~1.3 wt% in the melt with the fluid/melt partition 
coefficient (3.0) of Pichavant (1981) for peraluminous systems. Previous studies have found 
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[B2O3]melt ≈ 2 wt% for peraluminous melts saturated in tourmaline at 750°C, 200 MPa (Wolf & 
London 1997; Acosta-Vigil et al. 2003). Pichavant and Manning (1984) and Dingwell et al. 
(1996) considered that melt boron concentrations up to ~1 wt% are possible in natural 
magmatic-hydrothermal systems. Therefore, the [B2O3]fluid_EQ determined in this study lead to 
[B2O3]melt in reasonable agreement with previous values, which gives confidence in our ability 
to estimate the boron concentrations of natural systems.  
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Introduction 

 Chapter II has been focused on constraining the boron concentration required to reach 
the equilibrium between tourmaline, cordierite, albite, quartz and andalusite. This assemblage 
reproduces a simplified composition of a silicic and peraluminous environment where 
tourmaline has long been recognised as a ubiquitous accessory mineral (Benard et al. 1985; 
Dutrow et al. 1999; Mlynarczyk & Williams-Jones 2006; Lecumberri-Sanchez et al. 2017). 
Indeed, boron is known to behave as an incompatible element and igneous rocks that have 
undergone significant chemical fractionation are more likely susceptible to form tourmaline 
(Pichavant 1981; London et al. 1988; Schatz et al. 2004; Pokrovski et al. 2013). However, 
tourmaline is described in multiple tectonic settings (Slack and Trumbull 2011) and can be 
related to intermediate igneous rocks or moderately fractionated granitic rocks (Lynch and 
Ortega 1997; Tuduri 2005; LeFort et al. 2011; Beckett-Brown et al. 2023). Thus, the use of 
cordierite-based reaction to study tourmaline stability limits the application of the experimental 
results to such environments. Furthermore, tourmalinisation processes are often developed on 
mica-bearing assemblages, such as schist hosting Sn-W deposits (e.g. Pirajno and Jacob 1987; 
Mahjoubi et al. 2016; Launay et al. 2018) or biotite-rich vein cement in porphyry deposits 
(Frikken et al. 2005) but more rarely on cordierite-bearing rocks (Bosi et al. 2018; Harlaux et 
al. 2020).  

Experiments on biotite-bearing assemblages have been realised in order to assess the 
mineralogical and chemical variations caused by tourmalinisation (Orlando et al. 2017; Cheng 
et al. 2019). Those studies use high [B2O3]fluid to ensure tourmaline formation, and as such, they 
can be only used to constrain [B2O3]fluid_EQ as < 5.3 wt% at 500°C and between 0.35 and 5 wt% 
at 600°C. This chapter presents new experiments at 200 MPa from 400 to 600°C and under 
fO2-controlled conditions to refine the actual constraints on the boron content of the fluid at 
equilibrium with biotite and tourmaline. Based on the same experimental methods that in 
Chapter II, the results are interpreted with regards to their implications for the boron content of 
natural systems. 

 

I- Materials and methodology 

A) Tourmaline forming reactions and end-members 
Equilibrium between quartz, albite, andalusite, biotite and tourmaline buffers the boron 
concentration of the hydrothermal fluid according to multiple reactions involving different end-
members for biotite and tourmaline. The eight different reactions considered in this study are 
written in Table 3.1. The reaction R1 to R4, are written for the pure Fe components (at. 
Fe/(Fe+Mg) = 1) in biotite and tourmaline and R5 to R8 for the pure Mg components (at. 
Fe/(Fe+Mg) = 0). Reactions R2, R4, R6 and R8 consider an albite-free assemblage, forming 
alkali-deficient tourmaline, and R3, R4, R7 and R8 consider Al-rich biotite. All the 
mineralogical assemblages involved in those reactions are representative of common pelitic 
metamorphic rocks such as schists. These are typical country rock lithologies for the 
emplacement of granitic magmas and the development of B metasomatism and tourmalinisation 
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Reactions
2 KFe3AlSi3O10(OH)2 + 2 NaAlSi3O8 + 6 B(OH)3 + 5 Al2SiO5 + SiO2 = 2 NaFe3Al6Si6O18(BO3)3(OH)4 + 2 KAlSi3O8 + 7 H2O

biotite (annite) albite fluid andalusite quartz tourmaline (schorl) K-feldspar fluid

4 KFe3AlSi3O10(OH)2 + 21 Al2SiO5 + 18 B(OH)3 + 15 SiO2 = 6 [ ](Fe2Al)Al6Si6O18(BO3)3(OH)4 + 4 KAlSi3O8 + 19 H2O
biotite (annite) andalusite fluid quartz tourmaline (foitite) K-feldspar fluid

3 KFe2Al3Si2O10(OH)2 + 2 NaAlSi3O8 + 6 B(OH)3 + 2 Al2SiO5 + 7 SiO2 = 2 NaFe3Al6Si6O18(BO3)3(OH)4 + 3 KAlSi3O8 + 8 H2O
biotite (siderophyllite) albite fluid andalusite quartz tourmaline (schorl) K-feldspar fluid

2 KFe2Al3Si2O10(OH)2 + 5 Al2SiO5 + 6 B(OH)3 + 9 SiO2 = 2 [ ](Fe2Al)Al6Si6O18(BO3)3(OH)4 + 2 KAlSi3O8 + 7 H2O
biotite (siderophyllite) andalusite fluid quartz tourmaline (foitite) K-feldspar fluid

2 KMg3AlSi3O10(OH)2 + 2 NaAlSi3O8 + 6 B(OH)3 + 5 Al2SiO5 + SiO2 = 2 NaMg3Al6Si6O18(BO3)3(OH)4 + 2 KAlSi3O8 + 7 H2O
biotite (phlogopite) albite fluid andalusite quartz tourmaline (dravite) K-feldspar fluid

4 KMg3AlSi3O10(OH)2 + 21 Al2SiO5 + 18 B(OH)3 + 15 SiO2 = 6 [ ](Mg2Al)Al6Si6O18(BO3)3(OH)4 + 4 KAlSi3O8 + 19 H2O
biotite (phlogopite) andalusite fluid quartz tourmaline (magnesiofoitite) K-feldspar fluid

3 KMg2Al3Si2O10(OH)2 + 2 NaAlSi3O8 + 6 B(OH)3 + 2 Al2SiO5 + 7 SiO2 = 2 NaMg3Al6Si6O18(BO3)3(OH)4 + 3 KAlSi3O8 + 8 H2O
biotite (eastonite) albite fluid andalusite quartz tourmaline (dravite) K-feldspar fluid

2 KMg2Al3Si2O10(OH)2 + 5 Al2SiO5 + 6 B(OH)3 + 9 SiO2 = 2 [ ](Mg2Al)Al6Si6O18(BO3)3(OH)4 + 2 KAlSi3O8 + 7 H2O
biotite (eastonite) andalusite fluid quartz tourmaline (magnesiofoitite) K-feldspar fluid

R7

R8

R1

R2

R3

R4

R5

R6

Table 3.1: List of the different equilibriums involved in the tourmaline-biotite experiments.  
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(Drivenes et al., 2015; Codeço et al. 2017). The four tourmaline end-members involved in the 
reactions (dravite, magnesiofoitite, schorl, and foitite) cover an important fraction of 
compositions of natural tourmalines in perigranitic environments. Not considered in the 
tourmaline-forming reaction, the tourmaline end-members hydroxy-uvite (Ca Mg3 (MgAl5) 

Si6O18 (BO3)3 (OH)4) and hydroxy-feruvite (Ca Fe3 (MgAl5) Si6O18 (BO3)3 (OH)4 ) (Henry et al. 2011) 
must be mentioned due to their relevance in the experiments. 

 

B) Starting products 
The forward experiments started from tourmaline-free mixtures of natural minerals, biotite, 
albite, quartz, and andalusite (biotite composition in Appendix A12, other minerals in A3). The 
biotite used (of unknown provenance) is zoned, with a core relatively magnesian (at. 
Fe/(Fe+Mg) = 0.43 ± 0.01) and rim composition slightly more enriched in Fe (at. Fe/(Fe+Mg) 
= 0.56 ± 0.01). Solid inclusions of rutile and zircon were observed along with slight chlorite 
alteration. The plagioclase, quartz, andalusite and natural tourmaline crystal used are the same 
as in Chapter II. The plagioclase of unknown provenance is albitic (An03Or04Ab93, at. 
Ca/Na+Ca = 0.03 ±0.015) and contains K-feldspar and quartz inclusions. Quartz and andalusite 
come respectively from the exploited quarries of Ploemeur and Glomel (France), and they 
contain apatite, ilmenite, and chlorite inclusions. Some forward experiments were seeded with 
3 to 5 large (~1 mm) natural tourmaline crystals (collected from quartz veins in the Huelgoat 
granite, France) which served to test for tourmaline stability and for the observation of 
tourmaline overgrowth. These tourmalines are mainly Fe-rich and zoned (Appendix A4) and 
they contain quartz and zircon inclusions. A few reversal experiments were performed to check 
for equilibrium by using starting mineral mixtures containing tourmaline (the natural mineral) 
plus K-feldspar, albite, andalusite and quartz. The K-feldspar crystal of unknown provenance 
is mainly composed of orthoclase (An0.5Or78Ab21.5) (Appendix A12) and contains inclusion 
of albite, quartz and zircon. All minerals were crushed in an agate mortar and then sieved. Only 
the [40-80] µm granulometric fractions were retained, except for biotite, where the [40-120] 
fraction was retained, due to the difficulty to reduce its size. For the forward experiments, 
mixtures were prepared in 54.9/30.4/11.2/3.5 wt% proportions for biotite, albite, andalusite, 
and quartz. For the reversal experiments, the starting mixtures contained 62.7/17.3/13.5/5/1.5 
wt% tourmaline, K-feldspar, albite, andalusite, and quartz. Amounts of albite, quartz and 
andalusite are relatively low (20 wt%) since they should crystallise as products together with 
biotite, according to the reactions (Table 3.1). In Chapter II, we fail to demonstrate the 
reversibility of the tourmaline-forming reactions due to the refractory behaviour of the natural 
crystal of tourmaline. Furthermore, this natural tourmaline was not formed at equilibrium with 
the assemblage cordierite + albite. Hence, in this study we seeded one of the reversal 
experiments at 600°C (B600-RevTurExp) with experimental products obtained in B600-8G. 
By using tourmaline formed by the reaction investigated, we expect to be able to observe 
etching texture attesting equilibrium in our experiments. 

Mineral mixtures were reacted with an aqueous fluid phase of varying composition in 
the system H2O-B2O3 obtained by dissolving boric acid (B(OH)3) crystals in distilled water. 
Initial boron contents of the fluid ranged from 0 to 10 wt% [B2O3]fluid. With the use of B(OH)3, 
the fluid is slightly acidic (pH = 7 to 4.3 from simulations using PHREEQC (Parkhurst and 
Appelo 2013) with the Thermoddem database (V1.10, Blanc et al. 2012), at 25°C, 1 atm) and 
representative of conditions of tourmaline crystallisation (Morgan and London 1989).  
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C) Experimental and analytical procedure 
The experimental and analytical procedure applied in this study are identical to what has been 
presented in Chapter II. The few variations are listed below: 

• Due to the Fe loss problems caused by the use of Pt as capsule material, all experiments 
were performed using Au capsule, except for one duplicate charge at 400°C. 

• Based on previous experimental study (Morgan & London 1989; von Goerne et al. 1999; 
Orlando et al. 2017; Cheng et al. 2019) experimental duration was fixed around 336 h 
at 600°C. At 500°C, the experiments lasted for approximately one month (694 h) and 
two months (1488 h) at 400°C (Table 3.2). 

• All NiO-NiPd sensors were contained in Pt capsule because of its higher H2 
permeability compared to Au (Gunter et al. 1987). 

• X-ray diffraction (XRD) characterisation of starting and experimental powders was 
carried out on a Bruker AXS D8 Advance diffractometer (BRGM, Orléans, France). 
The instrument uses a Bragg-Brentano geometry and is equipped with a Cu-Kα1 
monochromator (λKα1Cu = 1.54059Å) allowing the acquisition of the diffractogram 
between 4 and 84° with a resolution of 0.03°. Powders were reground in an agate mortar 
and placed in a silicon crystal sample holder with a 0.5 mm deep hole. The standard 
ICDD PDF 2004 database was used to identify mineral phases and to qualitatively 
estimate their relative proportions. 

 

D) Choice of P-T-fO2 conditions 
Our experiments aim to simulate the conditions of boron metasomatism and tourmalinisation 
that occur within granitic bodies and in their country rock aureoles (Drivenes et al. 2015; 
Lecumberri-Sanchez et al. 2017; Cheng et al. 2019; Harlaux et al. 2020). Granitic rocks are 
generally emplaced in mid to shallow crustal conditions, i.e. in a range between 100 and 500 
MPa (Kontak and Clark 2002; Drivenes et al. 2016; Launay et al. 2018; Korges et al. 2020; 
Legros et al. 2022). Hydrothermal systems developed in perigranitic contexts have temperatures 
generally in the 300 to 600°C range (Charoy 1979; Kontak and Clark 2002; Frikken et al. 2005; 
Codeço et al. 2017; Orlando et al. 2017; Legros et al. 2022). Therefore, in this study, 
experiments were performed at a constant pressure of 200 MPa and between 400 and 600°C. 
Redox conditions are rarely precisely defined and, moreover, highly variable between granitic 
rocks and series, in a range typically between the fayalite-magnetite-quartz (FMQ) and 
magnetite-hematite (MH) oxygen buffers (Frikken et al. 2005; Li et al. 2017). Another 
constraint on fO2 conditions is the biotite stability. The phase diagram of annite-phlogopite solid 
solution as a function of its at. Fe/(Fe+Mg) ratio, T and fO2 determined by Wones & Eugster 
(1965) is represented in Figure 3.1A. Considering that the Fe/(Fe+Mg) ratio of the starting 
material is nearly 0.5 (Fig. 3.1B), biotite stability under oxidising conditions is limited by the 
MH oxygen buffer and its upper thermal stability is around 800°C. Thus, the fO2 in this study 
was set to moderately oxidising conditions in the average of the range between FMQ and MH 
oxygen buffer. Based on the fO2 conditions measured in the Chapter II experiments, the use of 
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an initial PH2 of 0.2 MPa corresponds, at 600 and 500°C, to a fO2 in the Nickel-Nickel Oxide 
(NNO) + 0.5 to NNO + 2.5 range. 

 

II- Results 

A) Redox conditions 
The evolution of the alloy phase of the NiO-NiPd sensor of Run 1 (600°C, see Table 2) is 
illustrated in Fig. 2. The oxidised and reduced pellets bracket the fO2 condition of this run 
between NNO + 1.01 and NNO + 1.51. For the same conditions, the sensor contained in Run 2 
yielded a wider and higher fO2 range (NNO +[1.36 ; 2.24]) than in Run 1, indicating less well 
equilibrated conditions despite the similar experimental duration. Run 3 sensors have yet to be 
analysed. In the 500°C experiment (Run 4), the sensor returned a fO2 interval (NNO +[1.77; 
2.64]) larger than Run 1. For the 400°C experiment (Run 5), the fO2 was estimated to NNO +[0 
; 2] from the results of sensors in the other 600 and 500°C experiments performed with a 0.2 
MPa initial PH2. Details of the compositional data for the NiPd alloys are summarised in 
Appendix A13. 

Figure 3.1: (A) Projection from the Fe/(Fe+Mg) axis of the biotite equilibria onto the log fO2-T plane 
at 200 MPa total pressure, from Wones & Eugster (1965). The fO2 intervals determined by the sensor 
in Run 1, 2 and 4 are represented. (B) Starting biotite composition. 

Figure 3.2: Evolution of the alloy phase of the 
NiO-NiPd sensor as a function of log fO2 in Run 1 
(Table 3.2). The dashed line gives the relation 
between the mole fraction of Ni in the alloy phase 
(XNi) and fO2 at 600°C and 200 MPa using the 
calibration of Pownceby and O’Neill (1994). The 
initial XNi of the two pellets is represented by the 
dotted vertical lines and their final compositions by 
squares and circles on the dashed line. Directions 
of evolution of alloys in each pellet are indicated 
by arrows. 
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Charge Capsule T (°C) f O2 [B2O3]fl wt% Reaction productsd Texture group

B600-0a Au 600 NNO + [1.01 ; 1.51] 0.0 Bt + Alb + And + Qtz -
B600-1 Au 600 NNO + [1.01 ; 1.51] 1.0 Bt + Alb + And + Qtz -
B600-2 Au 600 NNO + [1.01 ; 1.51] 2.0 Bt + Alb + And + Qtz -

B600-3 Au 600 NNO + [1.01 ; 1.51] 3.2
Bt + Alb + And + Qtz * Tur + FK + 
FeTi ox + qch

IIa, IIb

B600-4 Au 600 NNO + [1.01 ; 1.51] 4.3
Bt + Alb + Qtz +And * Tur + FK + 
FeTi ox + qch

I

B600-8Gb Au 600 NNO + [1.01 ; 1.51] 8.2
Tur + FK + Bt + Alb + Ilm * Qtz + qch I, III, IV

B600-Revc Au 600 NNO + [1.01 ; 1.51] Reverse _ 0 Tur + FK + Alb + And + Qtz No etching

B600-10 Au 600 NNO + [1.36 ; 2.24] 10.1 Tur + FK + Bt + Alb + Ilm * Qtz + qch I, III

B600-RevTurExpc Au 600 not analysed Reverse _ 0 Tur + FK + Alb + And + Qtz * Bt Etching

B500-0 Au 500 NNO + [1.77 ; 2.64] 0.0 Bt + Alb + And + Qtz -
B500-1 Au 500 NNO + [1.77 ; 2.64] 1.1 Bt + Alb + And + Qtz -
B500-2 Au 500 NNO + [1.77 ; 2.64] 2.1 Bt + Alb + And + Qtz * Tur + FK I
B500-3 Au 500 NNO + [1.77 ; 2.64] 2.9 Bt + Alb + And + Qtz * Tur + FK I
B500-4 Au 500 NNO + [1.77 ; 2.64] 3.9 Bt + Alb + Qtz + And * Tur + FK I
B500-8Gb Au 500 NNO + [1.77 ; 2.64] 7.8 Tur + FK + Bt * Qtz + Alb + FeTi ox I, III, IV

B500-Revc Au 500 NNO + [1.77 ; 2.64] Reverse _ 0 Tur + FK + Alb + And + Qtz No etching

B400-0 Au 400 ~ NNO + [0 ; 2] 0.0 Bt + Chl + Ilt + Alb + Qtz + And -
B400-0.5 Au 400 ~ NNO + [0 ; 2] 0.6 Bt + Chl + Ilt + Alb + Qtz + And -
B400-1 Au 400 ~ NNO + [0 ; 2] 1.1 Bt + Chl + Ilt + Alb + Qtz -
B400-2 Au 400 ~ NNO + [0 ; 2] 1.9 Bt + Chl + Ilt + Alb + Qtz -
B400-3 Au 400 ~ NNO + [0 ; 2] 2.9 Bt + Chl + Ilt + Alb + Qtz -
B400-4 Au 400 ~ NNO + [0 ; 2] 3.9 Bt + Chl + Ilt + Alb + Qtz * Tur I
B400-8Gb Au 400 ~ NNO + [0 ; 2] 8.6 Bt + Chl + Ilt + Alb + Qtz * Tur + FK I
B400-8Pt Pt 400 ~ NNO + [0 ; 2] 8.2 Bt + Chl + Ilt + Alb + Qtz * Tur + FK I

(a) Forward experiment performed with a starting tourmaline-free mixture except when otherwise noted. (b) Forward experiment with 
tourmaline seeds added. (c) Reversal experiment performed with a tourmaline-bearing starting mixture (see text). (d) The asterisk 
separate the phases confirmed by XRD (left side, ordered by proportion) from the others, identified by SEM and EDS (right side, in italic). 
Mineral abbreviation: Alb = albite; And = andalusite; Bt = biotite; Chl = chlorite;  FeTi ox = Fe Ti oxydes; FK = potassium feldspar; Ilm = 
ilmenite; Ilt = illite; Qtz = quartz; Tur = tourmaline. qch = quench phases.

Run 4 : 694 h

Run 5 : 1488 h

Run 1 : 336 h

Run 2 : 336 h

Run 3 :337 h

Table 3.2: Experimental conditions and results 
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B) Experimental products and textures  
Upon opening the capsules, all experimental products comprised a solid powder and a 

free fluid. The more boron in the charge, the more agglomerated is the solid powder. In the 
most boron-rich charges at 500°C, part of the solid products was found to float, forming a thin 
film at the surface of the fluid phase. Biotite albite, andalusite, quartz, K-feldspar and 
tourmaline are the major mineral phases, systematically appearing in the XRD spectra of 
experimental products at 600 and 500°C and also identified from SEM imaging (Table 3.2). Fe-
Ti oxides, generally < 10µm in size, occur in experimental products. SEM imaging and EDS 
analyses show that they are made up of a small anhedral Ti-rich core (interpreted as ilmenite 
coming from starting materials, see above) surrounded by a euhedral Fe-rich rim corresponding 
to recrystallisation due to experimental fO2. Those oxides have been characterised by XRD in 
the charge B600-8G and B600-10 as ilmenite. In some charges, apatite presenting strong 
dissolution patterns on their surface has been observed. Interpreted as being inherited from the 
starting mineral inclusions, they have not been reported in Table 3.2. A first-order difference in 
phase assemblage appears upon decreasing temperature from 500°C to 400°C. In Run 5 (Table 
3.2), biotite and andalusite are destabilised and sheeted minerals grow over the starting minerals 
(Fig. 3.3A; B). Interpretation of the XRD diffractogram reveals the presence of chlorite 
(clinochlore) and illite 1M in all the charges from Run 5. 

Experimental assemblages split into two types: tourmaline-free and tourmaline-bearing. 
Charges, where tourmaline is absent (Fig. 3.4A), are characterised by a general reduction of 
grain sizes and the development of dissolution textures on quartz, andalusite and albite. Small 
crystals of biotite tend to aggregate around other starting mineral when the fluid contains boron. 
In tourmaline-bearing charges, the four tourmaline texture groups defined in Chapter II 
(sheaves (group I), large crystals (group II), clusters (group III) and overgrowth (group IV)) are 
observed, except for IIIb (Table 3.3). 

The first textural group to be observed is the Group IIa where tourmalines form large 
(10 to 40 µm wide at 600°C) elongated tourmaline crystals (Fig. 3.4B). At their extremities, 
those crystals can divide into a tight sheaf (about 4-5 µm large). This textural group is associated 
with small single euhedral rods up to 10 µm long referred to as Group IIb. They are either found 
among the other minerals or inside the cleavage plane of the biotite (Fig. 3.4C). Group I 

Figure 3.3: SEM (InLens) image of the charge B400-0. The biotite is destabilised, forming sheeted 
minerals belonging to the chlorite and illite1M group. (A) Xenomorphic biotite. (B) Zoom on the 
destabilisation products. 
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tourmalines occur as sheaves made of rods up to 40 µm long and generally around 1µm large 
(Fig. 3.4D). These textures are characteristic of charges where tourmaline is the most (or one 
of the most) abundant phase. No mineral is specifically associated at the base of the sheaves, 
however small biotite crystals are generally present on the rods. Unidentified sub-micrometric 
materials, appearing as rings on tourmaline sheaves, are also present in some charges and 
interpreted as quench phases (Appendix A14). Among the phases spatially associated with 
tourmaline, quartz grains and andalusite have dissolution textures developed on their surface, 

Figure 3.4: SEM (InLens and BSE) images of the experimental products. See Table 3.2 for the 
experimental conditions. (A) B600-0, all starting products are present and show limited dissolution. 
(B) B600-3, Group IIa tourmaline. (C) B600-3, Group IIb tourmaline growing inside the biotite 
cleavage planes. (D) B600-4, Group I tourmaline sheaf. (E) B600-8G, Group III tourmaline in 
intergrowth with K-feldspar. (F) B600-G, neoformed K-feldspar with a porous core containing relics 
of albite and euhedral rims with solid inclusions of biotite, albite, quartz and tourmaline. 
Abbreviations: Alb = albite; And = andalusite; Bt = biotite; FK = K-feldspar; Qtz = quartz; Tur = 
tourmaline. 
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whereas neo-formed K-feldspar precipitates as euhedral crystal or as euhedral overgrowth on 
starting grains of albite.  

Group III tourmalines refer to radiating clusters of fibrous tourmaline crystals (Fig. 3.4E), 
named fibro-radiated aggregates below. They are only present in charges where tourmaline is 
the most (or one of the most) abundant phase and occur either as associated with or separated 
from the solid powder in the charge (only in B500-8G). Contrary to the cordierite-tourmaline 
experiment, there is no textural differences caused by these associations / separations with the 
solid powder. All tourmalines correspond to the previously described Group IIIa. K-feldspar is 
euhedral, often intergrown with tourmaline (Fig. 3.4E) and contain solid inclusion of biotite 
and albite. Large K-feldspar crystal (up to 100 µm large) generally present a highly porous core 
where albite relics can be found (Fig. 3.4F). The rims are more consolidated and contain 
multiple solid inclusion of albite, biotite and quartz. Quartz and andalusite are rarely found in 
the products presenting those textures. Group IV tourmalines are restricted to the seeded 
charges where a thin layer of experimentally formed tourmalines grows around the natural 
tourmaline crystals. This tourmaline overgrowth develops on specific crystallographic faces, 
allowing the growth to be parallel to the long axis of the seed. It forms a hairy texture, with thin 
fibers growing parallel and in the same direction as the long axis (Fig. 3.5A). 

 

C) Evolution of phases assemblages and tourmaline textures 
Experimental mineral assemblages and textures of tourmaline (when present) are 

detailed in Table 3.2. No difference is observed between identical charges ran in Au and Pt 
capsules. The effects of the initial [B2O3]fluid, temperature and fO2 are detailed in the following 
sections. 

Figure 3.5: SEM image of Group IV 
tourmaline overgrowth forming a hairy 
texture parallel to the long axis of the 
seed. On other faces of the seed, 
tourmaline overgrowth has a different 
texture, less developed. 

Group Description Figure
I Sheaves composed of multiple thin rods up to 40 µm long. 4D; 8C

IIa Large elongated crystal forming a tight sheaf on one end. 4B
IIb Small single euhedral rod up to 10 µm long. 4C
III Radiating clusters of fibrous crystals. 4E; 8A; 8B
IV Experimental overgrowth on natural tourmaline seed. 5

Table 3.3: Experimental tourmaline texture. 
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1/ Effect of B2O3 

At 600°C in Run 1 (Table 3.2), tourmaline is absent (undetected by SEM) at low 
[B2O3]fluid concentrations (0, 1, and 2 wt%) and the starting assemblage biotite + albite + 
andalusite + quartz remains stable (Fig. 3.4A). Upon increasing [B2O3]fluid, reactant phases 
progressively reduce in size and dissolution textures appear more marked. Tourmaline was 
observed in B600-3, at 3.2 wt% [B2O3]fluid (Table 3.2), allowing us to bracket the tourmaline 
formation for a boron content in the fluid ranging between 2 and 3.2 wt% [B2O3]fluid. 
Tourmaline first appears as Group II, with some large elongated crystals (Group IIa; Fig. 3.4B) 
and little single rods located in the biotite cleavage planes (Group IIb; Fig. 3.4C). Euhedral K-
feldspar is found, growing around quartz and albite staring grains. For higher [B2O3]fluid 
concentrations, Group II crystals are replaced by the Group I sheaves, generally composed of 4 
to 6 euhedral rods of approximately 1 µm large (Fig. 3.4D). The proportion and size of the 
euhedral overgrowth of K-feldspar increases and quartz, andalusite and albite present important 
dissolution pits on their surface. At [B2O3]fluid ≥ 8.2 wt%, the assemblage Group III tourmaline 
+ K-feldspar becomes the major phases in experimental products. Biotite and albite are still 
commonly present, despite being altered, and quartz is rarely observed, sometimes preserved 
in K-feldspar. Fe-Ti oxides are more frequent and form euhedral crystals up to 50 µm long. The 
rods composing the Group III tourmaline are more numerous and thinner (< 1 µm; Fig. 3.4E) 
than in the coexisting Group I tourmaline. K-feldspar crystals either contain an albitic core or 
a highly porous core, surrounded by a large rim with numerous solid inclusions (albite, biotite, 
quartz, tourmaline and Fe-Ti oxide; Fig. 3.4F). 

Three reversal experiments were performed at 600°C and 500°C (charges B600-Rev, 
Run 2, B600-RevTurExp, Run 3 and B500-Rev, Run 3, Table 3.2) to test tourmaline 
destabilisation and the formation of biotite, albite and andalusite for fluids with boron 

Figure 3.6: SEM (InLens and BSE) images of the 
reversal experiments. (A) B600-Rev, tourmaline 
remain stable, displaying sharp edges and no 
etching textures. (B) B600-RevTurExp, zoom on 
the tourmaline fibers from the B600-8G 
experimental products. Every fibers develops 
round shape end and biotite crystal, also coming 
from the B600-8 products, develops euhedral 
shape. (C) B600-RevTurExp, zoom on the edge of 
a natural tourmaline grain presenting etching 
textures. 
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concentrations lower than required for tourmaline to appear (here [B2O3]fluid = 0 wt%), 
according to the forward experiments. B600-Rev and B500-Rev yielded phase assemblages 
unchanged compared to the starting mixture and the presence of etching textures on the natural 
tourmaline edges and surfaces was not recognised. Only sharp edges and fractures, probably 
formed during crushing, were found (Fig. 3.6A). Yet, K-feldspar, albite, andalusite and quartz 
showed dissolution textures on their surfaces. In B600-RevTurExp, because of the addition of 
B600-8G experimental products in the starting assemblage, the sole presence of biotite cannot 
be used to determine whether the charge has reached equilibrium or not (Table 2). However, 
close inspection of the experimental tourmaline shows that all fibers have round-shaped 
extremities, not observed in B600-8G (Fig. 3.6B). Biotite, introduced by the addition of the 
experimental product, show euhedral edges when located near those fibers, despite originally 
(in B600-8G) presenting altered textures. In addition, close inspection of the natural tourmaline 
edges and surfaces allowed the identification of etching textures and dissolution pits (Fig. 3.6C). 
Thus, B600-RevTurExp demonstrates the reversibility of tourmaline formation according to the 
reactions R1 to R8. 

 

Figure 3.7: Evolution of phase assemblages and tourmaline textures in the experiments (Table 3.2), 
represented in a [B2O3]fluid vs. Temperature diagram. Solid and open symbols denote respectively the 
presence and absence of tourmaline in experimental products. Group I tourmaline is present in all 
tourmaline-bearing charges. Black and grey-filled symbols indicate respectively the presence and 
absence of Group III tourmaline. The presence of Group II tourmaline is indicated by superscripts 
above the corresponding symbol. Thick lines represent stability limits and thin lines delimits 
conditions of appearance of Group III tourmalines. Abbreviations: Alb = albite; And = andalusite; 
Bt = biotite; Chl = chlorite; FK = K-feldspar; Ilt = illite; Qtz = quartz; Tur = tourmaline. 
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2/ Effect of temperature 

In the 500°C experiments, the same evolution of phase assemblages than at 600°C is 
observed. Experimental charges evolve from tourmaline-free to tourmaline-bearing 
assemblages when the boron fluid concentration is increased. However, decreasing temperature 
leads to a reduction of the [B2O3]fluid required for tourmaline to appear. The transition from 
tourmaline-free to tourmaline-bearing assemblages occurs between 1.1 and 2.1 wt% [B2O3]fluid 

(Fig. 3.7). As at 600°C, tourmaline and K-feldspar become the two major phases at 500°C in 
the charge with the highest [B2O3]fluid (7.8 wt%, B500-8G, Run 4, Table 3.2). The large Group 
IIa tourmaline crystals and the associated single rod only occur in the 600°C charge B600-3. At 
500°C, tourmaline start to appear as Group I and evolves with increasing [B2O3]fluid toward 
Group III, similarly to what has been observed at 600°C and a limit for the appearance of 
tourmaline fibro-radiated aggregates (III) can be drawn (Fig. 3.7). At lower temperature, 
tourmaline fibers become more numerous, thinner and longer. In B500-8G, Group III 
tourmaline appears either among the grains, or in the cleavage planes of the biotite (Fig. 3.8A) 
or separated from the solid powder. This is the only occurrence in the tourmaline-biotite 
experiments, and tourmaline forms large fibro-radiated aggregates up to 100 µm long and 
interwove together (Fig. 3.8B). At 400°C, the biotite destabilisation seems to hinder the 
tourmaline-forming reaction. Tourmaline appears between 2.9 and 3.9 wt% [B2O3]fluid and only 
as Group I. Only three sheaves of less than 2 µm long were observed in B400-4, and in B400-
8G and B400-8Pt, tourmaline sheaves occurrence remains scarce (Fig. 3.8C). Albite and quartz 
are heavily altered and K-feldspar is only visible as an overgrowth on a few albite crystals. 

 

Figure 3.8: SEM (InLens and BSE) image of 
Run 4 and 5 experimental products. (A) B500-
8G, Group III tourmaline growing from inside 
the cleavage planes of the starting biotite and 
neoformed euhedral K-feldspar with a 
xenomorphic albite core. (B) B500-8G, Group III 
tourmaline found separated from the other solid 
phases. They form well-defined fibroradiated 
aggregates, interwove. (C) B400-8G, Group I 
tourmaline among chlorite and illite. 
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D) Tourmaline composition 
Analyses of Group IIa, III and IV tourmalines, which form relatively coarse aggregates, 

yielded satisfactory chemical analysis. Only one Group IIa tourmaline was found in our 
polished section. As it showed chemical distinction between its core and rim, we try, in other 
charges, to perform targeted analysis of the base (core) or the end (rim) of the sheafs. Because 
of textural constraints imposed by the crystal for obtaining a satisfactory analysis, it was not 
possible to always choose the zone to be probed. Table 3.4 shows the representative 
compositions of tourmaline crystallised in experimental charges. The “All” column contains all 
the analysis performed on a specific textural group of a same charge, core and rim include. All 
experimental tourmaline analyses are detailed in Appendix 15. 

 

1/ Effect of the textures 

For B600-8G and B500-8G, compositional data are available for tourmaline textural 
groups III and IV (Table 3.4) and the influence of these textures on the tourmaline composition 
is illustrated in Figure 3.9. At 600°C, tourmaline compositions from Groups III and IV overlap, 
with a slight enrichment in Ca for Group III (Fig. 3.9A). At 500°C, Group III was divided 
between the fibro-radiated aggregate found among the solid products and the ones found 
floating in the fluid when the capsule was opened. All Group III tourmaline share the same 
composition with a strong variation over their Al content. Group IV are enriched in Al 
compared to Group III, but present a similar at. Ca/(Ca+Na) ratio (Fig. 3.9B). 

 

2/ Effect of B2O3  

All experimental tourmalines are solid solution between schorl and dravite with 
significant amounts of alkali-deficient (foitite, magnesiofoitite) and calcic (feruvite, uvite) 
tourmaline (Fig. 3.10A-F). Most composition has an at. Fe/(Fe+Mg) similar to the starting 
biotite (vertical grey bands in Fig. 3.10A;B;D;E). All tourmalines have an at. Ca/(Ca+Na) 
higher 

Figure 3.9: Compositions of tourmaline textural groups (III, IV) in charges B600-8G and B500-8G, 
plotted in at. Na/(Na+Ca) Vs at. Al diagram. See Table 3.2 and text for experimental conditions. (a) 
Group III found separated from the solid phases (see Fig. 3.8B). 



Chapter III: Experimental investigation of the tourmaline-biotite equilibrium 

110 
 

Charge
Textural group
Description
n 10 18 52 15 17 31 38 11 13 10 8 11

SiO2 36.28 (0.24) 35.55 (0.34) 33.99 (1) 33.36 (0.89) 34.75 (0.67) 33.69 (1.2) 34.71 (0.98) 33.87 (0.84) 35.29 (0.8) 35.07 (0.73) 35.25 (0.67) 35.40 (0.43)

TiO2 0.82 (0.28) 0.61 (0.06) 0.69 (0.12) 0.70 (0.16) 0.69 (0.12) 0.63 (0.06) 0.70 (0.08) 0.66 (0.06) 0.68 (0.09) 0.40 (0.12) 0.38 (0.13) 0.28 (0.02)

Al2O3 33.88 (0.5) 35.68 (0.71) 35.48 (0.94) 35.95 (0.75) 35.13 (0.92) 35.69 (0.64) 35.28 (0.88) 35.93 (0.57) 34.59 (0.68) 35.37 (0.69) 35.93 (0.73) 37.39 (0.62)
FeO 8.61 (0.74) 7.59 (0.54) 8.26 (0.57) 8.58 (0.34) 7.98 (0.51) 8.18 (0.38) 8.03 (0.6) 8.39 (0.46) 7.74 (0.67) 7.97 (0.65) 8.39 (0.91) 8.11 (0.36)
MgO 4.86 (0.34) 4.84 (0.28) 4.41 (0.15) 4.38 (0.14) 4.47 (0.14) 4.29 (0.23) 4.51 (0.36) 4.50 (0.15) 4.66 (0.5) 4.15 (0.19) 4.25 (0.27) 3.95 (0.09)
MnO 0.18 (0.02) 0.22 (0.04) 0.17 (0.02) 0.21 0.16 (0.02) 0.18 (0.03) 0.19 (0.04) 0.20 (0.04) 0.15 0.18 0.15 0.17
CaO 0.33 (0.06) 0.90 (0.14) 1.20 (0.44) 1.53 (0.27) 0.85 (0.29) 1.16 (0.23) 1.14 (0.37) 1.50 (0.3) 0.83 (0.24) 1.14 (0.29) 1.27 (0.41) 1.46 (0.12)

Na2O 1.84 (0.08) 1.69 (0.12) 1.55 (0.23) 1.41 (0.17) 1.72 (0.17) 1.56 (0.14) 1.59 (0.19) 1.45 (0.17) 1.71 (0.15) 1.43 (0.15) 1.44 (0.15) 1.25 (0.08)

K2O 0.06 (0.01) 0.06 (0.01) 0.09 (0.05) 0.07 (0.02) 0.10 (0.06) 0.07 (0.02) 0.10 (0.03) 0.09 (0.03) 0.10 (0.03) 0.14 (0.11) 0.05 (0.01) 0.07 (0.02)

B2O3
b 10.66 10.74 10.51 10.51 10.55 10.46 10.58 10.58 10.56 10.56 10.69 10.84

H2O
c 3.68 3.70 3.62 3.62 3.64 3.61 3.65 3.65 3.64 3.64 3.69 3.74

Total 101.20 101.58 99.97 100.32 100.04 99.52 100.48 100.82 99.95 100.05 101.49 102.66
Site T
Si 5.91 (0.04) 5.75 (0.06) 5.62 (0.13) 5.52 (0.08) 5.73 (0.09) 5.60 (0.1) 5.70 (0.14) 5.56 (0.09) 5.81 (0.09) 5.77 (0.08) 5.73 (0.09) 5.68 (0.03)
Al 0.09 (0.04) 0.25 (0.06) 0.38 (0.13) 0.48 (0.08) 0.27 (0.09) 0.40 (0.1) 0.30 (0.14) 0.44 (0.09) 0.19 (0.09) 0.23 (0.08) 0.27 (0.09) 0.32 (0.03)
Site Z
Al 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00
Site Y
Al 0.42 (0.07) 0.56 (0.08) 0.54 (0.07) 0.53 (0.06) 0.55 (0.05) 0.59 (0.05) 0.53 (0.07) 0.52 (0.06) 0.52 (0.05) 0.64 (0.06) 0.61 (0.05) 0.74 (0.05)
Ti 0.10 (0.03) 0.07 (0.01) 0.09 (0.01) 0.09 (0.02) 0.09 (0.01) 0.08 (0.01) 0.09 (0.01) 0.08 (0.01) 0.08 (0.01) 0.05 (0.01) 0.05 (0.02) 0.03 (0)
Fe 1.17 (0.1) 1.03 (0.08) 1.14 (0.08) 1.19 (0.06) 1.10 (0.06) 1.14 (0.06) 1.10 (0.09) 1.15 (0.07) 1.07 (0.1) 1.10 (0.08) 1.14 (0.12) 1.09 (0.05)
Mg 1.18 (0.08) 1.17 (0.06) 1.09 (0.03) 1.08 (0.03) 1.10 (0.03) 1.06 (0.05) 1.10 (0.09) 1.10 (0.04) 1.14 (0.12) 1.02 (0.04) 1.03 (0.07) 0.94 (0.03)
Mn 0.01 (0.01) 0.01 (0.01) 0.01 (0.01) 0.00 (0.01) 0.01 (0.01) 0.00 (0.01) 0.01 (0.01) 0.01 (0.01) 0.00 (0.01) 0.00 (0.01) 0.00 (0.01) 0.00 (0.01)
Site X
Ca 0.06 (0.01) 0.16 (0.03) 0.21 (0.08) 0.27 (0.05) 0.15 (0.05) 0.21 (0.04) 0.20 (0.06) 0.26 (0.05) 0.15 (0.04) 0.20 (0.05) 0.22 (0.07) 0.25 (0.02)
Na 0.58 (0.03) 0.53 (0.04) 0.50 (0.07) 0.45 (0.05) 0.55 (0.06) 0.50 (0.04) 0.51 (0.06) 0.46 (0.05) 0.55 (0.05) 0.46 (0.05) 0.45 (0.05) 0.39 (0.02)
K 0.01 (0.01) 0.01 (0) 0.02 (0.01) 0.02 (0) 0.02 (0.01) 0.01 (0.01) 0.02 (0.01) 0.02 (0.01) 0.02 (0.01) 0.03 (0.02) 0.01 (0.01) 0.01 (0.01)

[]X 0.36 (0.03) 0.30 (0.04) 0.27 (0.03) 0.26 (0.02) 0.28 (0.03) 0.28 (0.02) 0.27 (0.05) 0.26 (0.03) 0.28 (0.05) 0.31 (0.03) 0.32 (0.04) 0.35 (0.02)

B 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
OH- 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Total Al 6.51 (0.08) 6.81 (0.12) 6.92 (0.14) 7.01 (0.11) 6.82 (0.11) 6.99 (0.11) 6.83 (0.13) 6.96 (0.08) 6.71 (0.09) 6.86 (0.11) 6.88 (0.13) 7.07 (0.07)
Fe/(Fe+Mg) 0.50 (0.04) 0.47 (0.02) 0.51 (0.02) 0.52 (0.02) 0.50 (0.01) 0.52 (0.02) 0.50 (0.03) 0.51 (0.02) 0.48 (0.04) 0.52 (0.02) 0.52 (0.04) 0.54 (0.01)
Ca/(Ca+Na) 0.09 (0.02) 0.23 (0.04) 0.30 (0.11) 0.38 (0.07) 0.22 (0.07) 0.29 (0.06) 0.28 (0.08) 0.36 (0.07) 0.21 (0.05) 0.30 (0.07) 0.32 (0.1) 0.39 (0.03)

Core
IV III

B600-8G B500-8Ga

(a) In B500-8G, distinction is made between Group III tourmaline found associated with the solid phase and Group III isolated from it. (b) B2O3 calculated assuming 3 apfu. (c) H2O calculated assuming 4 apfu of OH-. n = number of analyses. b.d.l. = 
below detection limit.

B600-10
IV

Associated Isolated
III

All Core RimRim

B600-3
III

Core Rim
III

All

Table 3.4: Average composition of experimental tourmaline. 
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Figure 3.10: Compositions of experimental tourmalines as a function of [B2O3]fluid at 600°C (A; B; 
C) and of temperature at [B2O3]fluid = 8 wt%(D; E; F). The grey vertical band represents the at. 
Fe/(Fe+Mg) of the starting biotite and the horizontal grey band the at. Ca/(Ca+Na) of the starting 
plagioclase. In [B2O3]fluid diagrams (A; B; C), the data come from the charges B600-3, B600-8G and 
B600-10. In temperature diagrams (D; E; F), the data come from the charges B600-8G and B500-
8G. See Table 3.2 and text for experimental conditions. Diagrams A to E from Hawthorne and Henry 
(1999) and C and F from Bačík et al. (2017). 
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by one order of magnitude than the starting plagioclase (horizontal grey bands in Fig. 3.10B; 
E), which is the main source of Ca in our experiment. Longitudinal transect performed on Group 
IIa tourmaline (Fig. 3.11) shows a sharp transition between the core and the rim characterised 
by an increase in Ca and Al and a decrease in [ ]X, Si and Fe (Table 3.4). Influence of [B2O3]fluid 

over the tourmaline core and rim compositions at fixed temperature is represented in Fig. 3.10 
A-C. B600-8G core and rim show no to little variation in their at. Fe/(Fe+Mg), at. [ ]X/([ ]X+Na) 
and VIAl proportion (Fig. 3.10A; C). However, the cores have a high at. Ca/(Ca+Na), near the 
range of the calcic tourmaline, and are relatively depleted in Si compared to the rims (Fig. 10B). 
The exact same relationship is observed in B600-10. Hence, the [B2O3]fluid affect the 
composition of the tourmaline zoning: at low [B2O3]fluid the chemistry of the tourmaline evolves 
by incorporating more Ca and Si whereas at high [B2O3]fluid this evolution implies a reduction 
of the Ca and Si budget. It is important to observe that despite those reversed evolution, all the 
rims fall in the same range of composition, characterised by an at. Ca/(Ca+Na) = 0.22 of 
chemical variations between the core and the rim of the 600°C tourmaline (Fig. 3.10B, Table 
3.4). 

 

3/ Effect of temperature 

The influence of temperature on tourmaline composition at fixed [B2O3]fluid is shown in 
Fig. 3.10D-F. The distinction between core and rim was not possible due to the small size of 
the tourmaline formed at 500°C, thus, all B600-8G compositions are plotted indiscriminately 
of their position (core or rim). The decrease of temperature do not affect the at. Fe/(Fe+Mg) 
ratio (Fig. 3.10D; E) nor the VIAl (Fig. 10F). Except for two analyses, the at. Ca/(Ca+Na) of the 
B500-8G tourmaline show little variation and correspond to the high values measured in B600-
8G (rim) (Fig. 3.10E). Figure 3.10D and F show that the 500°C tourmaline has a slightly higher 
at. [ ]X/([ ]X+Na), near the limit between alkali (schorl, dravite) and alkali-deficient (foitite, 
magnesiofoitite) tourmaline. 

 

Figure 3. 11: Profil of microprobe analysis on Group II tourmaline in B600-3, plotted in terms of 
cation ratio. XFe : at. Fe/(Fe+Mg); XCa : at. Ca/(Ca+Na+[ ]X) ; X[ ]X : [ ]X/( Ca+Na+[ ]X); XNa : Na/ 
(Ca+Na+[ ]X) 
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III- Discussion 

A) Experimental reaction mechanism  
Similarly to what has been done in Chapter II, the equilibrium constants for the eight 

tourmaline-forming reactions are of the same form, e.g. for R1 (considering quartz, andalusite 
and K-feldspar as pure phase): 
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where 𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆𝑇𝑇𝑇𝑇𝑇𝑇 ,𝑎𝑎𝐴𝐴𝐴𝐴𝐴𝐴𝐵𝐵𝐵𝐵   and 𝑎𝑎𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃  are the activities of the schorl, annite and albite end-members in 
tourmaline, biotite and plagioclase solid solutions, respectively. 𝑎𝑎𝐻𝐻2𝑂𝑂(𝑔𝑔) is the activity of water 
(gas) and, in the range of temperature investigated, 𝑎𝑎𝐻𝐻2𝑂𝑂(𝑔𝑔) ≈  𝑓𝑓𝐻𝐻2𝑂𝑂. 𝑎𝑎𝐵𝐵(𝑂𝑂𝐻𝐻)3 (𝑎𝑎𝑎𝑎) represents the 
activity of boric acid in the fluid, which, for a neutral aqueous specie, can be simplified as 
equivalent to B(OH)3 molality. This molality can easily be expressed as [B2O3]fluid. If, in 
Equation (1), tourmaline, cordierite and plagioclase compositions are identical to their 
respective end-member components, the equilibrium constant reduces to: 

𝐾𝐾𝑅𝑅1 ≈
�𝑓𝑓𝐻𝐻2𝑂𝑂�

7
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6     (Eq. 2) 

This relation is of the exact same form as what has been detailed in Chapter II discussion. By 
neglecting the influence of other fluid components than B(OH)3 and H2O, and with respect to 
the tourmaline and biotite end-members considered, this equation implies that the boron content 
of the fluid at equilibrium [B2O3]fluidEQ is uniquely determined. For variable temperatures, 
[B2O3]fluidEQ would follow an univariant curve in T-[B2O3]fluid space. Experimentally, 
equilibrium along R1 (or the other tourmaline-forming reactions) implies that increasing the 
boron fluid concentration above [B2O3]fluidEQ would shift the reaction toward the right, thus 
producing tourmaline and consuming the reactants in R1-R8. Conversely, lowering the boron 
fluid concentration below [B2O3]fluidEQ should lead to the reaction being shifted to the left, thus 
consuming tourmaline and producing B-free phases. 

The forward experiments are generally consistent with this theoretical framework, at the 
exception with Run 5 at 400°C, where the destabilisation of the biotite into chlorite and illite 
compete with the tourmaline-forming reactions. At 600 and 500°C, tourmaline appears in phase 
assemblages for boron content in the fluid above a minimum value (Fig. 3.7). Tourmaline 
formation thus follows evolution toward the right as expected from reactions R1 to R8. 
[B2O3]fluidEQ is experimentally bracketed by charges without tourmaline and others with 
tourmaline present and it weakly varies with temperature between 500 and 600°C. Our 
determination are mutually consistent regarding the phase assemblage evolution. For charges 
near [B2O3]fluidEQ (B600-3, B600-4, B500-3, B500-4; see Table 3.2), experimental phase 
assemblages include the six major phases involved in reactions R1-R8. Evolving away from 
the equilibrium conditions with increasing [B2O3]fluid induce the progressive disappearance and 
/ alteration of andalusite, quartz, albite and biotite and increase the tourmaline and K-feldspar 
proportions. This observation is consistent with the tourmaline-forming reaction becoming 
progressively more advanced. Tourmaline etching in reversal experiments with no [B2O3]fluid is 
also coherent with evolution toward the left end of the tourmaline forming reaction. Proving 
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reversibility in our experiments at 600°C allows considering the experimental brackets on 
[B2O3]fluidEQ for this temperature as representative of the equilibrium of tourmaline-forming 
reactions. Last, tourmaline compositions are consistent with the different end-members 
considered in R1-R8. Hydroxy-uvite and hydroxy-feruvite are the only components that require 
new reactions in order to fully account for the range of our experimental tourmalines. At 600°C, 
although the difference in composition between the core and the rim is a feature of the chemical 
disequilibrium, the fact that the rim composition in different charges are almost identical (Fig. 
3.10B) demonstrates that an equilibrated composition has been reached. 

 

B) Control on the composition and texture of tourmaline: comparison 
to tourmaline-cordierite equilibrium experiments 

Tourmaline textures in this study are in accordance with the observation of London (2011) 
who note that all experimental studies on tourmaline have described their products as consisting 
of exceedingly fine-grained tourmaline (Frondel et al. 1947; Morgan and London 1989; von 
Goerne et al. 1999b; Berryman et al. 2015, 2016), except in the case where diffusion-limited 
growth methods were used (e.g. von Goerne et al. 1999a; Setkova et al. 2019).The different 
defined textural group are identical to the ones previously described in Chapter II. They can be 
interpreted to indicate different growth mechanisms under two end-member regimes of 
supersaturation of tourmaline-forming components in the fluid. The only notable differences 
are the absence of homogeneous nucleation at 600°C in the charge with high [B2O3]fluid and the 
presence of only Group I tourmaline at 400°C. This last observation is related to the 
destabilisation of biotite into chlorite and illite which seem to hinder the tourmaline-forming 
reactions. By modifying the global distribution of the elements in the fluids, tourmaline growth 
is controlled by a local balance between the rocks and the fluid, even at high [B2O3]fluid.  

The composition is also controlled by processes similar to what has been described for the 
tourmaline-cordierite experiments. Again, tourmalines present a strong variability in their at. 
Ca/(Ca+Na) with Ca content in some charges high enough to be considered as calcic tourmaline 
(Fig. 3.10B). In Fe-free systems at 200 MPa and 600°C, Ca partition preferentially into the 
tourmaline compared to the fluid (von Goerne et al. 2011). However, experimental investigation 
in Fe-bearing systems have yet to be realised. The tourmaline-cordierite experiments showed a 
positive relationship between Fe and Ca, however, in the tourmaline-biotite experiments, this 
relationship has not been observed. The zonation of the 600°C tourmaline is mainly highlighted 
by variation of the at. Ca/(Ca+Na), whereas at. Fe/(Fe+Mg) remain globally constant (Fig. 
10B). In highly supersaturated experiments ([B2O3]fluid >> [B2O3]fluid_EQ, e.g. B600-8G and 
B600-10) the core to rim transition is marked by a decrease in the Ca content. With regards for 
tourmaline texture, indicating rapid growth, the high Ca-content found in the core may be due 
to the strong alteration of the albite during the early stages of the experiment. As more 
tourmaline is formed and boron removed from the fluid, the supersaturation level of the solution 
as well as its composition evolve toward less Ca-rich composition. This decrease in Ca is caused 
both by the consumption of albite by tourmaline-forming reaction and by the entrapment of 
solid inclusion of albite into K-feldspar. In weakly supersaturated fluid (B600-3), tourmaline 
growth is limited to a few crystals (group IIa) and controlled by a local balance between 
elements from the reactant mineral and the fluid. Under those conditions, alteration remains 
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scarce and the fluid slowly evolved toward composition with more Ca released in the fluid by 
the albite dissolution (albite dissolve naturally in the fluid even if [B2O3]fluid =0wt %). 

 

C) Tourmaline stability and boron fluid concentration in natural 
systems 

The [B2O3]fluid_EQ brackets from this study can be compared with previous experimental 
results (Weisbrod et al. 1986; Morgan and London 1989; von Goerne et al. 1999b; Orlando et 
al. 2017; Cheng et al. 2019), including those presented in Chapter II (Fig. 3.12). The 
[B2O3]fluid_EQ for biotite is in good agreement with experimental results obtained on similar 
assemblages (Orlando et al. 2017; Cheng et al. 2019).Its positive evolution with temperature 
follow the same logic as what has been observed by Weisbrod et al. (1986), von Goerne et al. 
(1999b) and in Chapter II. The biotite-tourmaline equilibrium is characterised by a lower 
[B2O3]fluid_EQ than equilibrium with cordierite between 500 and 600°C, although the difference 
is inferior to 2 wt%. This slight difference correlate well with natural observation of 
tourmalinisation mainly affecting biotite over cordierite in rocks containing both (Bosi et al. 
2018; Harlaux et al. 2020). At 400°C, the destabilisation of biotite into chlorite and illite hinders 
the tourmaline formation by increasing the [B2O3]fluidEQ required, whereas destabilisation of 
cordierite into smectite at the same temperature do not impact the [B2O3]fluidEQ. Tourmaline-
chlorite assemblages are often described in hydrothermal systems related to magmatism, and 

Figure 3. 12: Compilation of experimental results on tourmaline stability in a [B2O3]fluid vs. 
Temperature diagram. Crosses are for experiments where the final boron concentration at 
equilibrium with tourmaline ([B2O3]fluidEQ) has been measured. Other symbols represent experiments 
where [B2O3]fluidEQ has not been determined. If tourmaline is not present (open symbols), an upward-
pointing arrow is indicated. If tourmaline is present (solid symbols) but a reactant is missing in the 
final phase assemblage, or if only the initial [B2O3]fluid is reported, a downward-pointing arrow is 
indicated. References: [1] Weisbrod et al. (1986); [2] Morgan and London (1989); [3] von Goerne et 
al. (1999b); [4] Orlando et al. (2017); [5] Cheng et al. (2019). 
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generally occur around 400°C (e.g. Pirajno and Jacob 1987; LeFort et al. 2011; Harlaux et al. 
2020). Based on our experimental results, these associations could sign a relatively high boron 
concentration in the fluid. 

In order to assess the range of boron concentration in perigranitic hydrothermal systems, a 
compilation of 29 fluid inclusions studies, applied on various geological objects, was realised 
(see chapter I-III-B-1 for more details, and Appendix A2 for the sources). The results show that 
boron concentration globally ranges from 0.01 to 10 wt% [B2O3]fluid , with a mean value of 1.14 
wt% [B2O3]fluid (Fig. 3.13). Only three contexts present boron concentration frequently superior 
to 1 wt% : Sn-W deposits, skarns and barren plutonic. The different hydrothermal systems 
encompassed in those three categories are often related to silicic and peraluminous 
environments. As previously explained in the introduction, boron is known to behave as an 
incompatible element (Pichavant 1981; London et al. 1988; London 2011; Pokrovski et al. 
2013). As such, the boron content of the melts increase during the chemical fractionation. 
Considering the fluid/melt coefficient = 3.0 for peraluminous systems, determined by Pichavant 
(1981), the hydrothermal fluid expelled by a peraluminous granite may be highly enriched in 
B. Experimental studies on tourmaline saturation of peraluminous melts at 750°C 200 MPa, 
and with an Aluminium Saturation Index (ASI) of ~1.35, have found a [B2O3]melt ≈ 2 wt% (Wolf 
& London 1997). In the hydrothermal systems related to these melts, tourmaline can appear in 
the early stage, either as part of the magmatic paragenesis or by self-metasomatism of the 
granite roof (Cheng et al. 2019). As visible in some hydrothermal Sn-W ore deposit such as San 
Rafael, tourmaline can be associated with every hydrothermal stage (early, syn or post-
mineralisation). 

 

Figure 3. 13: Box plot 
displaying the boron 
concentration (in ppm) of the 
fluid inclusions of the 
compiled database, as a 
function of their 
hydrothermal environment. 
Below the boxplot, a 
histogram of boron 
concentration in the entirety 
of the compiled database 
with the global mean and 
median value indicated by 
vertical lines. Seawater 
boron concentration from 
Millero et al. (2008) and 
upper crust range from 
Wedepohl (1995) and 
Rudnick & Gao (2003). 
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In metaluminous environments, the reduction of the ASI makes it impossible for tourmaline 
to saturate in the fluid, even at high B concentration. Under H2O-saturated conditions the 
saturation of the melt with respect to tourmaline at the lowest ASI possible (1.27), required 7 
wt% [B2O3]melt (Wolf & London 1997). However, tourmaline is frequently described in the 
related hydrothermal systems, associated with the mineral assemblages characterising potassic 
(e.g. biotite, K-feldspar), phyllic (e.g. quartz, sericite), sodic-calcic (e.g. albite, actinolite, 
magnetite), propylitic (e.g. chlorite, epidote, carbonate, albite) and argillic (e.g. quartz, alunite, 
clays) alterations (Frikken et al. 2005; LeFort et al. 2011; Beckett-Brown et al. 2023). Unlike 
in Sn-W deposit, tourmaline appearance is limited and is never observed associated with all the 
alteration at the same time. This may imply that high-boron concentration in porphyry deposits 
might not be directly inherited from the magmatic source, but built up by other processes such 
as boiling or fluid-rock interaction. In the porphyry Cu-Au deposit of Mount Milligan, LeFort 
et al. (2011) measured the fluid inclusion composition before and after the formation of quartz-
tourmaline-chlorite-carbonate veins. The stage before tourmaline precipitation contained 
approximately [B2O3]fluid ≈1.2 wt% and this concentration drop with tourmaline precipitation 
to [B2O3]fluid ≈ 0.5 wt%. Those values are lower than what has been determined experimentally 
and as such, tourmaline should not have been able to form. Hydrothermal fluids are chemically 
more complex than in experiments from this study, containing various additional anions such 
as chlorides and cations such as H, K, Ca, and Li (Audétat et al. 2008). The role of HCl and 
NaCl on the reduction of [B2O3]fluidEQ have already been questioned for the tourmaline-
cordierite equilibrium and should also be addressed for the tourmaline-biotite one, as shown by 
the following results. Kister et al. (2005) used thermodynamic calculation in order to understand 
the mineralogical evolution of the Athabasca clastic sedimentary basin (Canada) where dravite, 
sudoite (chlorite group _ Mg2Al3(Si3Al)O10)(OH)8) and illites occur. The calculations were 
realised at 180°C and 1250 bars and show that the different mineral assemblages are mainly 
controlled by B(OH)3 activity and by the activity ratio K+/H+ and Mg2+/(H+)2. Direct transition 
from biotite (phlogopite) to tourmaline + K-feldspar is only possible at high boron activity, but 
the transition biotite→chlorite→tourmaline can be achieved by reducing the pH of the fluid. 
Application of their results at higher temperature might not be straightforward due to the 
influence of temperature on mineral stability field, but it highlights the potential effect of HCl 
in the reduction of the [B2O3]fluid required to form tourmaline + chlorite paragenesis. 
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Introduction 

 Tourmalinisation is a metasomatic reaction, characterised by the alteration of Fe-, Mg-
rich minerals such as biotite by a B-rich fluid, forming a tourmaline +/- quartz paragenesis 
(Schwartz 1958; Henry & Dutrow 1996; Frikken et al. 2005; Codeço et al. 2017). It was 
described in numerous ore deposits from different tectonic settings (Slack & Trumbull 2011), 
and generally predates or coexists with the mineralising stage. For example, at Mount Milligan, 
tourmaline marks the transition from Cu-porphyry type mineralisation to the sub-epithermal 
mineralisation (Au, PGE, As, Sb ; LeFort et al. 2011). In Sn-W deposits, tourmaline stages 
occurred at the end of greisenisation and are present within the mineralised veins (e.g. 
Duchoslav et al. 2017; Harlaux et al. 2020; Caldevilla et al. 2023). It is also common that the 
host rocks (schist, granite) of those mineralisation show more or less intense pervasive 
tourmalinisation (Wojdak & Sinclair 1984; Pirajno & Jacob 1987; Macey & Harris 2006; 
Chicharro et al. 2016; Myint et al. 2018). Some authors have investigated the potential 
cogenetic relationship between mineralisation and the effect of B-metasomatism on the 
physicochemical properties of the host rock. In the Achmmach prospect, tourmaline alterations 
exert a clear structural control on the mineralisation (Mahjoubi et al. 2016). By altering the 
mechanical behaviour of the hosted schist, tourmaline alteration has allowed a local shift from 
a ductile deformation to brittle fracturing, thus generating open spaces where the main Sn 
mineralisation was precipitated. In the Panasqueira deposit, wolframite precipitation is 
controlled by the release of Fe in the fluid due to the tourmalinisation of the host rock 
(Lecumberri-Sanchez et al. 2017). Thus, the W-ore grade can be seen as positively correlated 
with the quantity of magmatic fluid interacting with the schist. 

The permeability has been recognised as a dynamic parameter, evolving in response to 
tectonism, fluid production and mineralogical reactions (Ingebritsen & Appold 2012; 
Ingebritsen & Gleeson 2015; Weis 2015). Depending on the reaction’s stoichiometry and on P, 
T and water/rock ratio (W/R) conditions, alteration implies texture and volume changes (ΔV) 
that may significantly affect the total solid volume of the rock and thus, impact its permeability 
(Putnis 2002, 2015; Pollok et al. 2011; Jonas et al. 2014). Recent studies on greisenisation 
highlight the impact of this feedback phenomena on both the fluid flow and the location of the 
mineralisation (Launay et al. 2023). From the examples previously exposed, the feedback 
between boron alteration and permeability appear to be a key process during mineralisation 
stages. At Panasqueira, if the tourmalinisation decreases the permeability of the altered schist, 
ore deposition will be limited by the amount of Fe contained in the vein-wall surface. But, if 
the permeability increases, the fluid is able to interact with a greater volume of fresh Fe-rich 
rocks, triggering more wolframite deposition (with respect to the W concentration in the fluid). 

Batch experiments on tourmalinisation reaction provide essential information on the 
required geochemical conditions for the alteration to develop, such as T or the boron 
concentration in the fluid (see chapters II to IV). However, they don’t allow the quantification 
nor the observation of the coupling between hydrodynamics and chemistry. In open systems, 
the altered lithologies are controlled not only by the stability fields of the considered minerals, 
but also by the THMC (Thermo-Hydro-Mechano-Chemical) behaviour of the environment. 
Those feedback and their effect can be observed and monitored during percolating experiments. 
To date, only Launay et al. (2019) have realised such an experiment to reproduce a perigranitic 
environment, in order to study the relationship between the permeability of a granite and its 
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greisenisation at 300°C. Other examples are focused on carbonation and serpentinisation of 
ultramafic core, up to 280°C (e.g. Peuble et al. 2015, 2019; Osselin et al. 2022). 

In this chapter, we present the result of the first reactive percolation experiment 
performed on a spotted schist core. The rock, naturally tourmalinised was infiltrated with a 
B(OH)3 brine at 300°C for 6 weeks. Permeability changes were monitored and the petrographic, 
textural and chemical evolution of the post-experiment cores, as well as outlet fluids 
composition were analysed in order to decipher the complex reactive transport couplings of the 
B-metasomatism. 

 

I- Material and methods  

A) Starting material 
1/ Petrology 

The spotted schist used as core material for this experiment was sampled at the contact 
of the W-mineralised veins of Panasqueira ore deposit. Here, the schist underwent important B-
metasomatism resulting in the formation of tourmalinite (tourmaline + quartz) (Codeço et al. 
2017; Lecumberri-Sanchez et al. 2017; Launay et al. 2018). The wall-rock is affected by the 
intense tourmalinisation up to 3 cm from the contact with the vein. Consequently, the core was 
sampled at 5 cm from the contact, where the spotted schist is only partially tourmalinised (Fig. 
4.1). 

 

Figure 4.1: Macroscopic view of the initial spotted schist. The section is perpendicular to the foliation. 
On this sample, the intense tourmalinisation spreads to less than 2 cm. The round shape represents 
the contours of a core drilled perpendicularly to this plane.  
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X-ray diffraction (XRD) characterisation of the spotted schist was carried out with a 
Bruker AXS D8 Advance diffractometer (BRGM; Bragg-Brentano scan, Cu-Kα radiation with 
λ = 1.54059Å, 2θ range from 4 to 84° with 0.03° steps). Three different thin sections of the 
schist were realised and analysed through optical microscopy, SEM imaging (coupled with EDS 
analysis) and electron microprobe. Modal composition was obtained from SEM image analysis. 
One to three panoramas were realised at random location, on each three thin sections, using the 
SmartStitch software (v01.02.13). This allowed the collection of hundreds of images over a 
regular grid with a constant pixel resolution of approximately 0.33 µm. Then, ImageJ software 
was used to reconstruct the panoramas and analyse the pixel value distribution. Using optimised 
brightness and contrast, coupled with EDS determination, the panorama, were thresholded into 
6 parts, corresponding to porosity, quartz, tourmaline, muscovite, biotite and others (siderite, 
oxides, apatite). This methodology was applied on the globality of the panoramas in order to 
obtain a global modal composition. It was also applied on distinct crop zones of 500x500 µm, 
representing only the schist matrix or the quartz or carbonate spot (see description thereafter). 
In order to ensure the accuracy of the global mineral proportion in the starting material, the 
modal composition deduced from the panorama was compared to a modal composition from 
the whole rock analysis, combined with a mean mineral formula calculated from EPMA 
measurements. The calculated composition differs from the image analysis by a few percent, 
increasing the biotite (from 18 to 21 wt%) and quartz (from 30 to 33 wt%) content and 
decreasing the muscovite content (from 35 to 31 wt%) (Table 4.1). 

 

2/ Petrophysical properties 

In order to characterise the petrophysical properties of the spotted schist, Mercury Intrusion 
Porosimetry (MIP) analysis were performed on several samples of different sizes. However, 
these measurements did not allow the porosity of the sample to be quantified. Indeed, it appears 
that the porosity observed by SEM imaging is not connected by pores in the size range of those 
studied by MIP. In order to acquire even a vague idea of the porosity of the spotted schist, we 
used a batch image processing method based on the protocol of Buckman et al. (2017). SEM 
panoramas, acquired for modal composition determination, were thresholded to retain only 
pixels representing the porosity. A python code (named thereafter "PorosCount") was then 
created and applied to the obtained binary image in order to calculate the percentage of porosity 
on a surface defined by the user. This surface is automatically repeated over the whole image 
following a diamond grid. The code returns a spreadsheet containing the coordinates of the 
centre of each surface, as well as its porosity value. An application of this method is presented 
in the Appendix A16. The study of these data allows us to determine the average porosity of 
the sample on a 2D plane, as well as its distribution. Although this method allows for a quick 

Schist texture 
Recalculated from whole 

rock composition
n

Mean sd Mean sd Mean sd Mean sd
Biotite 20.6 (5.3) 16.1 (2.3) 13.5 (4.5) 18.3 (4.5) 21.3
Muscovite 43.4 (2.6) 11.5 (1.8) 24.8 (5.1) 35.2 (5.1) 30.6
Siderite / Oxide 1.4 (0.7) 1.5 (0.4) 36.6 (2.5) 3.3 (2.2) 2.4
Tourmaline 15.2 (3.8) 11.2 (2) 10.9 (3) 13.5 (3) 12.7
Quartz 19.4 (2.2) 59.6 (3.8) 14.3 (5.7) 29.7 (4.7) 33

Global

30 11 5

Matrix Quartz spot Carbonate spot

Table 4.1: Mass fractions of the minerals determined by image analysis for the spotted schist in its 
entirety and for specific textures in it.  
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and clear visualisation of the porosity, it is highly dependent on the resolution of the SEM image 
and does not reflect the 3D architecture (pore volume, connectivity) of the spotted schist. Micro-
tomography imaging was also performed on the spotted schist in order to obtain a 3D vision of 
the porosity. However, this technique was unsuccessful as the biotite display important rim 
effect, thus blurring the neighbouring voxels representing porosity. 

 

B) Reactive percolation experiments 
1/ Experimental setup 

The experiment used a core (diam. 5.6 mm, length 40.7 mm) drilled on a plane perpendicular 
to the foliation of the spotted schist. The first injected solution was prepared by dissolving boric 
acid (B(OH)3) crystals in 1L of ultrapure water in order to reach a boron oxide concentration in 
the fluid ([B2O3]fl) = 2.40 wt%. In order to reduce possible alteration of the core during heating 
of the autoclave, the solution was injected only after reaching the targeted temperature. As the 
entirety of this solution was consumed after 829 h of the experiment, a second identical solution 
was prepared, with a [B2O3]fl = 2.36 wt%. 

 

The following description of the home-made permeameter used for the reactive 
percolation experiment, comes from Osselin et al. (2022). The complete apparatus is 
represented in Figure 4.2. It consists in a large volume (1 L) autoclave connected to a piston-
pump (PMHP 100-500 from TOP Industry) controlling the confining pressure using deionised 
water as the confining fluid. The core itself is inserted in a gold tube working as a jacket which 
transmits the confining pressure. At both ends of the core, two stainless steel plugs are added 

Figure 4.2: Schematics of the permeameter by Osselin et al. (2022) 
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to connect with the inlet and outlet capillaries using Swagelok tube fittings. The conical shape 
of the plugs allows for an even distribution of the flow at the inlet and outlet. The sample is 
connected to two more pumps controlling the inlet and outlet pressure and ultrapure water is 
injected in the circuit during heating. The autoclave is heated externally by a cylindrical oven 
controlled with an Eurotherm regulator. Experimental temperature is measured inside the 
vessel, next to the core, using an internal sheathed type K thermocouple and is known with an 
uncertainty < 10°C. Temperature fluctuations during the experiments were limited to 2°C. 

The system works at temperature up to 400°C and confining pressure up to 500 bars. In 
this study, the experiment lasts nearly 37 days (877 h) with the temperature and confining 
pressure maintained at 300°C and 300 bars. As clogging during the experiment may occur fast 
(Osselin et al. 2022), the injection was controlled by imposing a constant pressure difference 
between the inlet and outlet of the core, in order to avoid an uncontrolled increase of pressure 
in the case of complete clogging when the flow rate is imposed. Thus, the outlet pressure was 
set at 200 bars and the inlet pressure was modified to maintain a flow rate around 8.4×10-3 

mL/h, allowing collecting enough material to sample the fluid every 24 h. The flow rate, inlet 
and outlet pressure, temperature and confining pressure were recorded with a frequency of 1 
data point per second for the whole duration of the experiment, by using the software 
Eurotherms iTools Engineering Studio (v 9.84). Those parameters were also manually read 1 
to 3 time per day, the value reported corresponding to a mean over 1 to 2 h. Due to storage 
memory problems, the time flow rate record was not automatically saved from the hours 16 to 
272 and 300 to 527. As such, the manual readings were used instead. The time-dependent 
permeability was calculated from Darcy’s law: 

𝑘𝑘 = 𝑄𝑄
𝑆𝑆
∗ ∆𝑥𝑥
∆𝑃𝑃
∗ 𝜂𝜂  (Eq. 1) 

k the Darcy’s permeability (in m²) is determined by the dimensions of the core: S its section 
(≈ 2.46×10-5 m2) and Δx its length (m); by ΔP, the imposed pressure difference between inlet 
and outlet (Pa) and Q is the corresponding flow rate (m3/s), and by the water viscosity. This 
last was calculated from the IAPWS-97 equation (Huber et al. 2009) as 9.32×10-5 Pa.s. 

 

2/ Geochemical relevance of the condition 

This experiment aims to study the coupling between physicochemical processes, at the 
core scale, during boron metasomatism in a perigranitic environment. The experimental 
conditions were chosen in order to obtain the best compromise between reality and 
experimental constraint. Hydrothermal tourmalinisation occurs over a large range of P-T 
(summarised in van Hinsberg et al. 2011). As such, the P-T conditions were constrained by the 
limit of the experimental apparatus. Despite several attempts to perform reactive percolation 
experiments at 400°C, none have been successful. The main issue was the corrosion of the inlet 
capillary, at just a few centimetres from the autoclave. This may have been caused by the strong 
thermal gradient between the autoclave and the exterior (from 400 to 50°C in less than 6 cm), 
increasing drastically the reactivity of the fluid in this section. Only one attempt lasted longer 
than 12 h, a brief summary is presented in the Appendix A17 as it gave insights into what was 
observed in the successful experiment. In order to stay in a range of condition for which 
standard molal thermodynamic properties of charged aqueous species can be calculated using 
the revised HKF equations, the temperature was decreased to 300°C and the confining pressure 
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was set to 300 bars. Those conditions can be naturally attained above the roof of a magmatic 
intrusion, emplaced at very shallow condition and are still within the stability domain of 
tourmaline, as inferred by its natural formation in low P-T environments (Henry & Dutrow 
1996, 2012; Henry et al. 1999). 

The B(OH)3-rich fluid used in the experiment is similar to the fluid used to study 
tourmaline stability during batch experiments (Morgan & London 1989; von Goerne et al. 1999; 
Chapter II, III and IV). By using boric acid crystal to add boron in the fluid, we ensure acidic 
condition favourable to tourmaline formation (Morgan & London 1989). The fluid 
concentration was chosen to be the highest possible while staying below the saturation at 25°C. 
This limit is required in order to avoid any precipitation of sassolite (B(OH)3(s)) in the inlet 
pump and capillary leading to a uncontrolled modification of the boron budget and a potential 
clogging. Compared to the stability results obtained in batch experiments (Chapters II and III), 
the solution concentration ([B2O3]fl) = 2.40 wt%) may be too low for tourmaline to crystallise. 
However, by working as an open system, local high concentration can be reached and thus 
altered the rock. If tourmalinisation occurs, the natural presence of tourmaline in the core will 
promote overgrowth of experimental tourmaline rather than nucleation. This allows increasing 
the kinetic of the tourmaline-forming reaction (Lasaga 1998) and also to easily check if those 
took place. Based on natural (Baksheev et al. 2009; van Hinsberg et al. 2011b; Dutrow & Henry 
2016, 2018) and experimental studies (von Goerne et al. 1999; Setkova et al. 2019; Chen et al. 
2021; Chapter II, III and IV), tourmaline fibers overgrowth should be observed on the <c+> 
end of the natural crystals.  

 

3/ Fluid and mineral analysis 

As mentioned before, the outlet fluid was sampled roughly every 24 h (maximum interval 
≈ 60 h) for chemical analysis and the samples were stored in a fridge at 4°C right after sampling 
and until analysis. After sampling the fluid, the outlet pump was emptied, cleaned with ultrapure 
water and then replenished with 10 mL of ultrapure water before reconnecting it with the 
experiment. The fluid analyses were performed after the end of the experience by the DEPA 
laboratory (cofrac accreditation n° 1-0251) of the BRGM (Orléans, France). Before analysis, 
the samples were heated at 25°C in order to dissolve crystals that precipitated due to the low 
temperature of the fridge and then filtrated with 0.45 µm filters in order to remove the remaining 
particles. The cations Al, B, Co, Mn, Ni, Zn, Ti, and Br were analysed by ICP/MS (ref. NF EN 
ISO 17294-2), and Ca, K, Fe, Mg, Na, and SiO2(aq) by sequential ICP/AES (ref. NF EN ISO 
11885). Cl analysis was performed on an Ionic Chromatography with a Dionex Ionpac AS11-
HS column (ref. NF EN ISO 10304-1). The dissolved inorganic carbon (DIC) was analysed 
with a Shimadzu TOC-L series. The obtained data are then rescaled by the dilution factor 
corresponding to the 10 mL of ultrapure water left in the pump after a sampling, in order to 
obtain the actual outlet concentrations. 

After the end of the experiment, the core was retrieved and cut axially in half. A polished 
section was realised with one of the halves for SEM examination coupled with EDS analysis, 
cathodoluminescence, RAMAN spectroscopy and microprobe analysis. The other half was sent 
to the SARM (Service d’Analyses des Roches et des Minéraux, Nancy, France) for whole rock 
analysis along with the sample of the starting spotted schist. 
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II- Results 

A) Panasqueira spotted schist 
1/ Petrography 

The spotted schist is a rock affected by the contact metamorphism caused by the 
Panasqueira magmatic intrusion. As reported by Codeço et al. (2017), it is coarser than the 
Beira schist from which it derives and presents porphyroblastic textures, with black quartz spots 
and white carbonate spots (Fig. 4.1). The spots are slightly flattened and highlight the main 
foliation. The sample is also crossed by quartz veins, up to a millimetre thick, and very thin (< 
50 µm) carbonate veinlets. Some of the carbonate spots and veinlets are slightly oxidised, 
giving them a reddish colour. Microscopic and SEM observation show that the carbonate spots 
are frequently attached on the border of the quartz spots and sometimes overlay them (Fig. 
4.3A, B). The matrix is globally homogeneous, no layering inherited from the Beira schist is 
observed, and the largest crystals are aligned with the foliation (Fig. 4.3). As reported in Table 
4.1 and shown in Figure 4.3C, the rock is essentially composed of white mica (35 %), quartz 
(30 %), biotite (18 %) and tourmaline (14 %), along with minor phases (3%) including 

Figure 4.3: (A) General view of the spotted schist with black quartz spot and white spot and veins of 
carbonate. (B) Zoom on a contact between quartz spot (bottom-left side), carbonate spot (top-left side) 
and the matrix (right side) from the general view. (C) Mineralogical map of (B), created under 
ImageJ, using elemental maps. Albite, in red with white outline, are essentially located inside the 
quartz spot. 
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carbonate, apatite, Fe-Ti oxides, albite, beryl and rare sulfurs (pyrite, arsenopyrite, sphalerite, 
chalcopyrite).  

The diffractogram analysis allowed the characterisation of the white micas as muscovite 
2M1, and confirmed the presence of quartz, albite and rutile in the rock. Tourmaline could not 
be identified because of overlapping with the muscovite signal. Instead of biotite, characteristic 
peaks of chlorites are present and interpreted either as chamosite (Fe2+

5Al(AlSi3O10)(OH)8) or 
clinochlore (Mg5Al(AlSi3O10)(OH)8), depending of the database used for the identification. 
However, microscopic and SEM observations, as well as microprobe analyses, confirm the 
presence of biotite and not chlorite. 

The schist matrix is essentially composed by muscovite (43 %) and biotite (21%) 
subhedral crystals of less than 20 µm long (Fig. 4.4A). Largest crystals (< 100 µm) are generally 
in the near vicinity of the quartz spot and veins. Distancing from those spots decreases the 
number of large crystals and increases the proportion of phyllosilicates with altered textures. 
Those altered crystals have xenomorph shape and microporous texture (Fig. 4.4A). For both 
muscovite and biotite, few subhedral crystals present a bright thin rim. Tourmaline composes 
approximately 15 % of the matrix minerals and this proportion is negatively correlated with the 
amount of biotite. Tourmaline forms prismatic subhedral to euhedral zoned crystals, with some 
sections > 100 µm long (Fig. 4.4A). The majority have concentric zonation with a bright core 
(not always visible) surrounded by darker zones and a light outer rim. Some of the crystals 
display a bright outer rim on the faces perpendicular to the elongation. Those bright zones can 
also be penetrative in the tourmaline, probably sealing fractures and are interpreted as a late 
tourmaline crystallisation stage. All tourmaline contains solid inclusion of quartz principally 
and apatite and Fe-Ti oxides more rarely (Fig. 4.4A). Modal composition obtained by image 
analysis on individual crop zone shows that the proportion of tourmaline is negatively 
correlated with the proportion of biotite. Finally, the quartz present sharp geometric texture 
(Fig. 4.4A), mainly due to the presence of so many subhedral mineral. It is in intergrowth with 
the tourmaline and frequently present xenomorphic shape at the contact with biotite. Apatite 
appears as round-shaped crystals with a diameter inferior to 15 µm, all over the schist matrix. 
Fe-Ti oxides are large euhedral crystals with a Ti-rich xenomorphic core, unevenly distributed 
in the matrix. 

Quartz spots vary in size, with a diameter ranging from 500 µm to 2 mm. The largest 
ones frequently display concentric shape in their centre, formed by large xenomorph quartz 
crystals and large subhedral to euhedral biotite and muscovite (> 100 µm, Fig. 4.4B). Beryl is 
only present in those concentric shape and contains many round quartz inclusions (Fig. 4.4B). 
All quartz spot contains every mineral observed in the matrix, cemented by multiple quartz 
grains whose rims are marked by a porous trail (Fig. 4.4C). Tourmalines present the exact same 
texture as those observed in the matrix, but are generally smaller. As highlighted by the 
mineralogical map (Fig. 4.3C), the spot contains a lot of albite relics compared to the matrix. 
Those grains form xenomorphic inclusions in the porosity formed between the quartz grains 
(Fig. 4.4C). 



Chapter IV: Dynamic visualisation of fluid-rock interaction in a perigranitic environment 

131 
 

Carbonate spots are of the same range of size as the quartz spots and overlay the 
muscovite, quartz and biotite present in the matrix. Carbonates are xenomorph and are formed 
in the space between grains, thus surrounding the original minerals (Fig. 4.4D). Tourmaline is 
unaffected by this transformation, and the carbonate forms straight contact with it. 

 

2/ Chemical composition 

All the mean compositions tables for the spotted schist mineral are in Appendix 18 and 
the details of the analyses are available in Appendix A19 to A22. In order to verify the 
relationship between texture and chemical composition, biotite and muscovite were divided into 
four groups: subhedral crystals of the matrix, altered crystal of the matrix, rim and crystals in 
quartz spot and vein. The biotite of the spotted schist is rich in Fe and can be described as a 
solid solution between siderophilite (KFe2Al(Al2Si2O10)(OH)4) and annite 
(KFe3(AlSi3O10)(OH)4) (Fig. 5A). There is no particular difference between the textures 
considered, except for a few rims which have a composition richer in Mg and Si (Fig. 5A, B). 
For the white micas, the subhedral crystals are all close to the pure muscovite pole 
(KAl2(AlSi3O10)(OH)2), whereas the rims tend toward the celadonite pole 

Figure 4.4:SEM images of characteristic textural features in the starting spotted schist. (A) View of 
the matrix. The altered white micas are identified by their xenomorphic contours and the alteration 
following the cleavage planes. (B) Image of the centre of a quartz spot, highlighted by the presence 
of large crystals of biotite, white micas and sometimes beryl (dark grey). (C) Zoomed observation in 
the quartz spot with some relics of albite. All the matrix minerals are present, surrounded by quartz. 
Porosity highlights the intergranular space between the quartz grains. (D) Image of a carbonate spot. 
Tourmaline are clearly visible, whereas other mineral show xenomorphic contours with the 
carbonate. Abbreviations: Alb = albite; Bt = biotite; Brl =beryl; Ms alter. = altered muscovite; Ms 
sub.= subhedral muscovite; Poros. = porosity; Qtz = quartz; Tur = tourmaline. 
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(K(MgFe3+[])(Si4O10)(OH)2) (Fig. 5C). Altered muscovite and those contained in quartz spots 
have an intermediate composition between these two end-members. These compositions are 
consistent with previous analyses of wall-rock samples from the Panasqueira veins (Codeço 
2019), although the phengitic component is not represented in our analysis of the white micas. 
Thus, the composition of biotite and white micas can be considered homogeneous in the spotted 
schist, with some variations highlighted by an enrichment in Mg (Fig. 5A, D). 

Carbonates are siderite (FeCO3), with variations in Mn content depending on their origin 
(Fig. 5E). The carbonates in the veins contain virtually no Mn or Mg and are aligned with the 
siderite-magnesite joint. Most of the spots are enriched in Mn from the edge to the core. The 
Mg content is constant and the Mn content in the central part of the spot may account for 1/3 
of the proportion of divalent cations in the carbonate. 

As mentioned previously, tourmalines from the spotted schist are zoned (Fig. 6A) and 
those zonations can be divided into 6 subsets, shown in the diagram in Fig. 6B. Based on the 
content of site Y and site X, tourmalines belong to the alkali group and plot within the field of 
tourmaline from metasedimentary rocks (Fig. 6C, D). The ratio at. Fe/(Fe+Mg) ratio of 
tourmalines is stable, around 0.5, while the Na content in site X varies from 0.7 to 0.4 apfu. 
These characteristics mean that tourmalines can be considered as a solid solution between 
dravite and schorl (Fig. 6E), with variations in Na and Al related to the alkali-deficient exchange 
vector (NaY2+ → [ ]XAl, where Y2+ stand for divalent cations in the Y site; Fig. 6F). All these 
observations are consistent with those made previously by Codeço et al. 2017 and Launay et al. 
2018. Distinguishing the zonation reveals three subsets of composition. Firstly, the zonations 
at the core of the crystals (Core 1, Core 2 and Intermediate) and Rim 2 form a compact group 
characterised by an at. Fe/(Fe+Mg) =0.43 and an at. [ ]X/([ ]X+Na) between 0.3 and 0.45. Rim 
1 represents the compositions closest to the alkali-deficient tourmaline range (Al-rich and Na-
poor), with an at. [ ]X/([ ]X+Na) ≈ 0.5. Conversely, the compositions identified as Late are the 
richest in Na and their ratio at. Fe/(Fe+Mg) varies between 0.44 and 0.54. 
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(Henry and Guidotti 1985; Hawthorne and Henrys 1999; Trumbull and Chaussidon 1999; Henry et al. 
2011) 

Figure 4.5: Composition of biotite (A, B), white 
micas (C, D) and carbonate (E) from the spotted 
schist. Dashed lines in (A) separate the range of 
composition of biotite as a function of the annite 
(Ann), phlogopite (Phl), siderophillite (Sd) and 
eastonite (Eas). Lines in (D) represent the solid 
solution between muscovite (Ms), phengite (Ph), 
ferri-muscovite (Fe-Ms), aluminium-celadonite 
(Al-Cd), celadonite (Cd).  
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Figure 4.6: (A) SEM image of a zoned tourmaline in the spotted schist. (B) Schematic representation of 
the tourmaline zonation. (C to F) Composition of the different zonations in natural tourmaline and report 
of two experimental tourmaline compositions obtain in this study. (C) Al-Al50Fe50-Al50Mg50 ternary 
diagram, coupled with the petrogenetic classification (after Henry & Guidotti, 1985) Grey area represent 
tourmaline composition inside the Beira schist reported by Codeço (2019) and Launay et al (2017). The 
light grey represents rim compositions and the dark grey represent the core compositions (D) Ca-X-site 
vacancy-Na(+K) ternary diagram (after Hawthorne & Henry, 1999). (E) Fe-Mg Tourmaline 
classification. Drv = dravite, Foi = foitite, Mg-Foi = magnesiofoitite, Srl = schorl. (after Henry et al. 2011) 
(F) Ca+Na+Fe+Mg+Mn vs VIAl+1.33Ti representation allowing the observation of three classical 
tourmaline substitutions (after Trumbull & Chaussidon, 1999). 
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3/ Petrophysical properties 

Previous MIP work on the pore characterisation of metamorphic rock reservoir highlighted 
the low porosity present in the schists (Bagde 2000; Zeng et al. 2022). However, none of those 
studies questioned their results in terms of connectivity. By performing MIP analysis on 
samples of different sizes, we measured a porosity 20 times greater in the sample crushed 
between 1 to 5 mm than in the sample with fragments > 10 mm. Consequently, not only is the 
schist very poorly porous, but the porosity is not connected on the scale of pore diameters 
investigated (here > 6 nm). Applying the Python code “PorosCount” on the spotted schist 
allowed to measure a global porosity of 2.3 %. This value must be considered as a maximum 
limit, since it includes the porosity resulting from the pulling out of certain minerals during the 
creation of the thin sections. The porosity is generally associated with the muscovite presenting 
altered texture or, as mentioned before, between the quartz grains (Fig. 4.7). Pore rarely exceeds 
1µm of diameter and the majority is inferior to 0.33 µm, as they only represent one-pixel size. 

 

B) Reactive percolation experiment 
A summary of the settings for the experiment is reported in Table 4.2. All images of the 

experimental product are parallel to the fluid flowing from top to bottom. 

Figure 4.7: SEM (Inlens) image of the 
porosity inside the spotted schist matrix, 
generally located around and within 
altered phyllosilicates and between the 
quartz grains. 

Temperature
Duration (days _ hours)
Fluid composition 2.40 wt% B2O3 2.36 wt% B2O4

Core length (cm)
Core diameter (cm)
Flow rate (mL/h)
Water / rock (cm3)
Initial mineral composition
Identified neoformed minerals

300

8.4×10-3

4.07

678.5 / 1.0

Fay, Tur, ? (fibrous mineral)
white micas, Qtz, Bt, Tur, Sid, Apt, Alb, Fe-Ti ox, Brl

0.56

37 _ 877

Table 4.2: Summary of the settings for the reactive percolation experiment. 
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1/ Permeability evolution 

The evolution of the permeability and the inlet pressure during the experiment are 
reported in Fig. 6. Attempts to measure permeability before the start of the experiment were 
unsuccessful. Hence, we consider the sample permeability to be lower than 2×10-20 m2, the 
lowest permeability value measured with this experimental device (Panasqueira unaltered 
granite by Launay et al. 2019). In order to force the fluid to circulate in the rock core, the 
injection pressure was set at 280 bars. This pressure not only ensures a high ΔP between the 
two pumps managing fluid circulation, but also reduces the effective pressure (difference 
between the pressure in the environment and the pressure inside the pores of the rock) received 
by the sample (Fig. 4.8A). However, these conditions did not allow the fluid to circulate through 
the sample and the permeability measurements do not reflect the petrophysical properties of the 
sample. After 38 hours, the fluid suddenly began to circulate through the sample. Due to this 
rapid increase in permeability (Fig. 4.8B) and in order to maintain a constant flow rate, the inlet 
pressure had to be lowered from 280 to 202 bar in the space of 24 hours (Fig. 4.8A). From hours 
62 to 624 (26th day), the calculated permeability remained at a plateau value of around 1.7×10-

16 m2 (Fig. 4.8B). From day 26, the calculated permeability began to decrease very slightly. This 
decrease became increasingly significant from the 33rd day (812 h) and 2 days later (860 h) the 
fluid stopped circulating in the rock. The system became completely impermeable again, 
despite a return to the initial ΔP conditions (Fig. 4.8A). Investigation of the capillaries after the 
experiment revealed that this apparent drop of permeability was due to the formation of a clog 
inside the outlet capillary. 

Figure 4.8: (A) Variation of the different 
pressures during the experiment. Pconf and Pout 
were maintained at 300 and 200 bars respectively 
and Pin was changed in order to maintain a 
constant flow. (B) Variation of the permeability as 
a function of time. Manual readings are reported 
where automatic  ones failed to register. 
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2/ Macroscopic observations  

Figure 4.9A is a photo of the inlet end of the gold capsule containing the spotted schist 
still installed in the experimental device. During the experiment, the gold capsule became 
deformed and showed numerous concave patterns all over its surface. Large depressions start 
at the beginning of the core and develop in the direction of fluid flow. These structures, 
sometimes ramified, are penetrative up to 4 mm into the sample and indicate the development 
of wormholes inside the core. (e.g. (Szymczak & Ladd 2009; Vialle et al. 2014). Throughout 
the first centimetre of the core, there are also small pits on the surface of the capsule, suggesting 
a negative of the original spots in the spotted schist. The inlet end of the core takes on a brick-
red tone and a muddy texture, making the original textures of the spotted schist unrecognisable 
(Fig. 4.9B). The inlet section is uneven, deeper on the sides and particularly above the 
wormholes formed by the jacket. The outlet section is unaffected by these changes, with the 
original texture still fully visible (Fig. 4.9C). Those observations indicate significant dissolution 
processes at the start of the fluid circulation through the rock and a focus of those reactions on 
the border of the core. 

 

3/ General organisation of the alteration 

Figure 4.10A is a reconstructed SEM view of the core of which was applied the "PorosCount" 
code in order to visualise the general organisation of the porosity (Fig. 4.10B). Zones with less 
than 5% porosity are considered to be no different to the original mottled shale and are shown 
in black. The more porous zones are concentrated at the edges of the core, particularly near the 
inlet. Extending up to 2 mm into the core, their surface area tends to diminish closer to the 
outlet. In the first 2 centimetres, porosity is organised around large rounded zones (Fig. 4.10C) 
between 500 µm and 2 mm in diameter and characterised by porosity ranging from 60 to 90%. 
Around these rounded zones, porosity drops sharply to around 25% and remains constant for 
several 100s of micrometres, then gradually decreases to < 5% (Fig. 4.10D). 

Figure 4.9: (A) Photo of the inlet end of 
the gold jacket containing the core after 
the experiment and still attached to the 
apparatus. At the intersection between the 
steel plug and the core, dissolution pits 
and wormholes are visible and are 
highlighted by the jacket deformation.  
(B) Photo of the inlet section of the core. 
(C) Photo of the outlet section of the core. 
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In the last few centimetres of the core, porosity is more limited, appearing only around the 
quartz veins intersecting the edges of the core. Elemental mapping of a space containing a zone 
of high porosity and an unaltered zone (Fig. 4.10D) shows that porosity is directly correlated 
with Si concentration (Fig. 4.10E). Indeed, the areas with abnormal porosity compared with the 
original rock are completely depleted of quartz. The rounded areas where porosity is 
concentrated are therefore former quartz spots, and the surrounding areas correspond to the 
schist matrix initially containing around 20 wt% quartz. The carbonate spots only show 
alteration when they are adjacent either to the porous zones described above, or to the edge of 
the capsule. These alterations are generally associated with an average porosity of 8%. 

 

1/ Mineralogical evolution 

The transition from an unaltered spotted schist matrix to a quartz-free matrix takes place 
in less than 100µm, in which the quartz becomes increasingly rounded until it disappears 
completely (Fig. 4.11A). This absence of quartz also concerns solid inclusions in tourmalines, 
white micas, biotite and beryl. Apart from this absence of quartz, no other mineralogical or 
textural changes are present in the matrix located far from the border of the core. Dissolution 
also affects all the quartz veins intersecting the edge of the core, whose individual quartz grains 
become rounded and non-joining. In the innermost parts (> 1 mm from the edge of the core), 
dissolution is less intense and is mainly concentrated in the intergranular spaces. In areas of 
high porosity or close to (< 50µm) the edge of the capsule, the biotite develops xenomorphic 
contours and alters along its cleavage plane. In the large crystals that make up the core of the 
old quartz spots, the contours of the white micas begin to alter and sometimes show overgrowth 
appearing brighter under SEM observation (Fig. 4.11B). This overgrowth also forms around 
the bites and along their cleavage planes, highlighting the ghosts of fully altered crystals. 
Overall, the tourmaline is little affected by the alteration of the schist, and the few, limited 
textural variations observed are located in areas of high porosity. The smallest crystals present 
in the zones of high porosity close to the inlet (Fig. 4.10C) show dissolution pits that can 
penetrate up to 1 µm into the mineral (Fig. 4.11C). Further downstream (Fig. 4.10D), the 
tourmalines no longer show dissolution figures, but fibrous overgrowth of 1 to 2 µm, parallel 
to the elongation axis of the crystals (Fig. 4.11D). Due to the small size of the tourmaline 
overgrowth, only two microprobe analysis gave coherent composition. Represented in Fig. 4.6C 
to F, the experimental tourmaline compositions belong to the alkali-deficient group, close to 
the foitite end-member (see Appendix 18). From a distance of 1.5 cm from the inlet, the 
tourmalines no longer show any particular textures. Cathodoluminescence observations 
confirmed the presence of beryl in the centre of high porosity zones and kaolinite in altered 
quartz veins (see Appendix 23). 

Figure 4.10: (A) SEM panorama of the reacted core. (B) Porosity map of the reacted core obtained 
through image analysis. (C) SEM image of a large high porosity (in black) zone located near the inlet 
of the core. (D) SEM image of a high porosity zone and the matrix around it. (E) Elemental mapping 
of Si acquired on (D). (F) SEM image of a carbonate spot near the outlet of the core, presenting 
mineralogical changes on its right border. All images are oriented in the same way, with the inlet 
upward and outlet downward. 
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In order to gain a better understanding of the alteration sequence affecting the carbonate 
spots, we first focus on the one located furthest down the core, in the zones of weak alteration 
(Fig. 4.10F). Its right edge, close to the border of the core, shows the presence of brighter 
minerals identified as the olivine end-member fayalite (Fe2SiO4), and is associated with a more 
pronounced porosity. This mineralogical transformation also propagates along the quartz vein 
intersecting the spot, which is in the process of dissolution. Figure 4.12A shows that the 
fayalitisation of the siderite occurs by pseudomorphism and proceeds by a reaction interface 
moving through the parent carbonate. The composition of the fayalite (Table 4.3, Appendix 
A24 for detailed compositions) also contains Mn (tephroite, Mn2SiO4) and Mg (forsterite, 
Mg2SiO4) and the resulting solid solution can be described as a Fa85Tep10Fo5 (Fig. 4.12B). The 
sum of the oxide composition of fayalite is around 95 % instead of 100%. This difference may 
be caused by the presence of a non-analysed element, such as boron, or by the presence of 
microporosity as often observed during pseudomorphism reaction (Putnis 2002, 2015; Jonas et 
al. 2014). We also suspect that due to the low temperature of the experiment, the crystallised 
olivine may contain invisible inclusions of hydrated minerals such as serpentine. In the most 
upstream parts, this neoformed fayalite is itself transformed into a fibrous mineral aggregate 
less than 0.5 µm long. This transformation is only visible when the fayalite is in contact with a 
zone of high porosity (Fig. 4.12C). These fibers then replace the fayalite contained in the contact 
zone between the two spots and crystallise around the minerals still present (tourmaline, white 

Figure 4.11: SEM images of the reacted core. Their position in the core is indicated in Figure 4.10. 
(A) Transition from an unaltered matrix to a porous matrix without quartz. (B) Large crystals of 
biotite and muscovite in a high porous zone. Biotite is altered in its centre, following the cleavage 
planes. Muscovite have xenomorphic contours and present a thin bright overgrowth. (C) Tourmaline 
crystal near the inlet end of the core presenting dissolution pits on one end. (D) Tourmaline 
longitudinal section in a high porous zone located further down compared to (C), with a fibrous 
tourmaline overgrowth developed on one end. 
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micas and biotite). This fibrous mineral is also found at the centre of all the areas of high 
porosity. For those not associated with fayalite, the fibers form small aggregates in the middle 
of the porosity formed by the dissolution of quartz. For those associated with fayalite, in 
addition to the aggregates, the fibers grow around the other minerals (Fig. 4.12D). When the 
mineral begins to dissolve, the fibrous mineral outlines its former contour and grow into the 
newly formed porosity. Microprobe analysis performed on those fibers, show the same 
chemical properties as in the biotite and white micas overgrowth. This mineral is characterised 
by approximately 30 wt% FeO, 28 wt% SiO2, 20 wt% Al2O3, 6 wt% MgO and 2 wt% MnO for 
a total around 86 wt% (Table 4.3, Fig. 4.12E, detailed compositions in Appendix A25). 
RAMAN analyses carried out on these aggregates did not make it possible to identify the 
mineral because of its low crystallinity. Considering that the core was injected with a B-rich 
solution, diverse B-bearing minerals were considered as a potential candidate to match the 
fibers composition. However, it contains too much Fe and not enough Al to be an alkali-

Figure 4. 12:(A) SEM image showing highlighting 
the presence of a dissolution-precipitation front 
between the original siderite and the neoformed 
fayalite. (B) Fayalite composition in the Fe-
Mn50Fe50-Si50Fe50 ternary diagram. (C) SEM image 
showing the transition from fayalite to the fibrous 
mineral when approaching the high porosity zones. 
(D) SEM image showing the fibrous mineral 
growing around tourmaline and muscovite and 
filling the porosity caused by muscovite dissolution. 
(E) Si-Al-Fe+Mg ternary diagram showing the 
composition of the fibrous mineral and overgrowth 
over biotite and muscovite along with tourmaline 
and serpentine end-members. The three groups have 
similar proportion in Si, Al and Fe. 
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deficient tourmaline, there is too much Si and the sum Fe+Al is too low to be a grandidierite 
((Mg, Fe)(AlFe3+)3(SiO4)(BO3)O2). As those fibers are an alteration product from olivine, 
serpentine composition, such as an amesite (Mg2Al(AlSiO5)(OH)4), berthierine 
((Fe2+,Fe3+,Al)3(Si,Al)2O5(OH)4) and chrysotile (Mg3(Si2O5)(OH)4)were also considered but 

are too poor in Si to explain the experimental compositions.  

 

2/ Chemical evolution 

The whole-rock analysis of half the core shows few significant differences with the 
composition of the initial spotted schist (Table 4.4). Given the heterogeneity of the rock and the 
fact that the fluid contained only water and boron, any over-concentration of less than 5 wt% 
in a major element is accounted for as mineralogical differences between the two samples. The 
only notable differences show depletion in SiO2 (49.9 instead of 58.9 in the mottled schist) and 
an enrichment in volatile elements (loss on ignition representing 9.2 wt% versus 3.4 wt% 
initially) in the core compared to the spotted schist.  

Twenty-four aliquots of outlet fluid were sampled at different times over the entire 
experiment. The data yield the average concentration of the effluent between two sampling 
events. The results for B, Na, Al, SiO2(aq), K, Mn and Fe are presented in Figure 4.13 and take 
into account the dilution correction. Concentration of the first fluid sample should be considered 
as a minimum bracket, because of the presence of ultrapure water injected during the heating 

Mineral
n
SiO2 24.94 (2.69) 27.69 (4.6)
TiO2 0.16 (0.26) 0.20 (0.3)
Al2O3 0.39 (0.44) 20.80 (7.96)
FeOtotal 60.19 (5.24) 30.35 (4.88)
MgO 2.05 (1.02) 5.70 (1.93)
MnO 7.20 (3.58) 1.60 (0.74)
CaO 0.07 0.12 (0.05)
Na2O 0.10 0.13 (0.08)
K2O 0.13 (0.1) 0.47 (0.89)
Cl b.d.l 0.08 (0.07)
F b.d.l b.d.l
Total 94.70 86.29
Si 0.91 (0.08)
Ti 0.00 (0.01)
Al 0.02 (0.02)
Fe 1.84 (0.22)
Mg 0.11 (0.06)
Mn 0.22 (0.11)
Ca 0.00
Na 0.01
K 0.01 (0)
Cl
F
O 4.00
Fay% 0.85 (0.06)
Teph% 0.10 (0.05)
Forst% 0.05 (0.03)

22
Fayalite Fibrous mineral

57

Table 4.3: Average composition of the 
neo-formed fayalite and fibrous mineral. 

Rock 
Spotted 
schist Exp. Core

SiO2 % 58.88 49.95
Al2O3 % 18.92 21.36
Fe2O3tot % 6.96 7.21
MnO % 0.14 0.14
MgO % 2.44 2.57
CaO % 0.24 0.20
Na2O % 0.47 0.52
K2O % 5.24 5.53
TiO2 % 0.91 0.94
P2O5 % 0.18 0.15
PF % 3.36 9.23
Total % 97.72 97.80
H2O tot % 2.21 3.6
FeO % 4.48 4.82
S tot % 0.03 0.05
B µg/g 4480 5230
Table 4.4: Result for the major elements of the 
whole rock analysis of the spotted schist and 
the experimental core. 
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and remaining in the capillaries and sample before the first injection of the solution. 
Consequently, this sample is more diluted than the others, but as the total volume of water is 
unknown, it was also corrected on the basis of 10 mL. Raw concentrations and corrected ones 
for all elements are presented in Appendix 26. Analysis for Ti, Br and DIC concentrations were 
below detection limits in all the samples. 

 Boron concentration is mostly conserved during the totality of the experiment, reflecting 
no to little B-bearing mineral precipitation or dissolution. Outlet concentrations of Na, Al, K, 
Mn and Fe are systematically higher than the injected amount by one or two orders of 
magnitude. Al, K and Fe remain globally constant over the time of the experiment with the 
exception of the last sample showing a sharp decrease in Fe and more slightly in Al. Without 
any following samples, it is difficult to assess if this drop corresponds to a general tendency or 
an isolated value. Mn and Na concentration decrease over time and reach a total drop of nearly 
one order of magnitude at the end of the experiment. Finally, SiO2(aq) is the most concentrated 
element in the outlet fluid after B. Its concentration rises quickly during the first week and 
reaches a plateau value around 6.5×10-3 mol/L for the rest of the experiment. 

The behaviour of those elements is directly correlated to the reactions impacting the core. All 
the elements are rapidly enriched in the output solution and vary little over the course of the 
experiment, indicating that the various forms of alteration observed have taken place throughout 
the experiment. The high concentration in SiO2(aq) is supported by the intense quartz leaching 
observed in the core. K reflects the biotite and muscovite dissolution, along with Al which is 
also impacted by the fibrous mineral precipitation. Mn is mainly concentrated in the carbonate 

Figure 4.13:Outlet fluid composition in Al, B, Mn, Na, K, SiO2(aq) and Fe during the experiment, 
compared to the concentration measured in the two starting fluid 
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spot, but is not entirely conserved during the fayalitisation. Consequently, Mn concentration in 
the fluid is dependent of the carbonate spot alteration and the slight decrease observed indicate 
a reduction of this alteration over time. Albite and tourmaline are the only mineral containing 
Na as a major element. Tourmaline remain globally stable during the experiment, whereas albite 
is either totally dissolved or transformed into kaolinite. As such Na concentration in the fluid is 
a proxy for albite alteration and indirectly for the quartz spots and veins dissolution as the albite 
is mainly found in those textures. The decrease of Na in the outlet fluid show that the dissolution 
of the spots and veins took place during the firsts weeks. After the complete leaching of the 
spot, only the matrix (containing very few relics of albite) and the veins were subject to quartz 
dissolution. This resulted in a decrease of the Na concentration in the fluid.  

 

III- Discussion 

A) Permeability evolution 
1/ A highly impermeable schist 

As predicted by the study of its petrophysical properties, the spotted schist is a highly 
impermeable rock due to its low to no porosity with a diameter superior to 6 nm (detection limit 
of the MIP). We can question whether those petrophysical properties are inherent to the schist 
or if it is the result of the B-metasomatism impacting the spotted schist. Bagde (2000) performed 
MIP measurement on three different schists: a quartz micaschist, a quartz micaschist with quartz 
veins and a biotite schist. The result shows that the porosity is ranging from 1.37 to 1.93 % in 
biotite schist and is lower in quartz micaschist, the minimum being in the sample with quartz 
veins where the porosity ranges from 0.07 to 1.4 %. Those results are confirmed by Zeng et al. 
(2022) study, finding an average porosity of 1.46 % in a micaschist, with a pore radius generally 
inferior to 0.5 µm. However, as mentioned before, none of those studies questioned their results 
in terms of pore connectivity. With regards with our MIP measurements, those values might be 
dependent of the total available surface of the sample in contact with mercury during the 
analysis. Nevertheless, the values are in good agreement with the ones determined by water 
absorption at atmospheric pressure (Barros et al. 2014; Rao et al. 2022). Thus, the schist, 
without hydrothermal alteration, is already a weak porous media, with a probable low 
permeability. In unfractured metamorphic rocks, the permeability is generally considered to be 
ranging from 1×10-21 to 1×10-17 m2 (Ingebritsen & Appold 2012). Launay et al. (2019) measured 
the permeability of different rock samples from Panasqueira in a heated Paterson apparatus 
equipped with a pore-fluid pressure system enabling measurements under P-T conditions. 
Measurements performed on the Beira schist allowed the estimation of permeability around 
1.52×10-20 m2 at 400°C. 

The unaltered Beira schist is a metasedimentary rock mainly composed of biotite-
chlorite, quartz, sericite and albite (Launay et al. 2018). In the spotted schist near the 
mineralised veins, albite is only present as inclusions in the quartz spots and veins and biotite 
is no more the main constituent of the rock. Furthermore, in the matrix, biotite proportion tends 
to be lower where tourmaline is more concentrated. Those observations are in favour of 
replacement reactions implying the consumption of biotite and albite to form tourmaline. 
Lecumberri-Sanchez et al. (2017) already proposed such reactions but considered Na as 
provided by the fluid and not by the mineral. By considering the two end-members annite (R1) 
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and siderophilite (R2) and a variant of R1 with no albite (R3), three tourmalinisation reactions 
can be written (Table 4.5). All of them implies that Al3+ and B(OH)3 are provided by the fluid 
and that K+ remains in the fluid as no potassic feldspar have been observed in the spotted schist. 
Based on the intergrowth between quartz and tourmaline in the rock, the Si consumed in R3 is 
considered as an aqueous species (H4SiO4). The relative volume change ΔV (%) induced by 
these reactions can be calculated from the stoichiometric coefficients and molar volumes of the 
solid phases (Pollok et al. 2011). Calculations were performed using the molar volumes of 
minerals in the online thermodynamic database Thermoddem (Blanc et al. 2012a), except for 
schorl, whose properties came from van Hinsberg & Schumacher (2007). The calculated 
volume changes for each tourmalinisation reactions are summarised in Table X. Reaction R1 
and R3 are characterised by volume increase of 30 and 114 %, whereas R2 does not induce 
volume changes. This suggests that tourmalinisation reactions have impacted the petrophysical 

properties of the spotted schist, by closing the already low porosity. 

 

2/ Vein opening through hydraulic fracturing 

Porosity mapping (Fig. 10B) in the core after the experiment shows clearly that quartz 
dissolution is concentrated in the edge of the sample. The center of the core remains largely 
intact, even in the vicinity of the injection zone. The evolution of permeability reflects an abrupt 
transition from a totally impermeable system to one whose high permeability remains constant 
for over 24 days, despite the formation of porosity in the sample. These observations suggest 
that permeability measurement does not correspond to a pervasive circulation of the fluid 
through the rock but to the channelling of the fluid between the sample and the Au-jacket. At 
the beginning of the experiment, in order to force the fluid to percolate into the sample, the 
injection pressure was set to a high ΔP between the two pumps (ΔP = 80 bar) while minimising 
the effective pressure (Peffec = Pin – Pconf=20 bar). The latter can have a major impact on rock 
permeability. For example, subjecting spillites and epidosites to effective pressures to 50 MPa 
at room temperature is known to reduce their permeability by up to 80% (Brett-Adams et al. 
2021). However, the low Peffec fixed in this experiment was not sufficient enough to increase 
significantly the permeability of the schist. Instead, the Pfluid building up at the entrance of the 
core was high enough to overcome the difference with Pconf, thus, it is allowing the fluid to 
create a detachment between the sample and the Au jacket. Once open, this path remained 
unchanged for the entirety of the experiment. The permeability measured in this experiment 
therefore does not reflect variations in the petrophysical properties of the rock, but rather the 
dimensions of the detachment. Unintentionally, this experiment reproduces a vein opening 
through hydraulic fracturing with the associated wall-rock alteration. 

In order to translate the flow rate into a fluid velocity comparable to natural data, it is 
necessary to estimate the surface area crossed by the fluid. In our experiment, this corresponds 

ΔV (cm3/mol) ΔV (%)

(R1) 1 KFe3AlSi3O10(OH)2 + 1 NaAlSi3O8 + 3 B(OH)3(aq) + 4 Al3+
(aq) + 2 H2O → NaFe3Al6Si6O18(BO3)3(OH)4 + K+

(aq) + 11 H+
(aq) + 76.3 + 30

(R2) 3 KFe2Al3Si2O10(OH)2 + 2 NaAlSi3O8 + 6 B(OH)3(aq) + 1 Al3+
(aq)  → 2 NaFe3Al6Si6O18(BO3)3(OH)4 + 3 K+

(aq) + 8 H2O + 9.4 + 1

(R3) 1 KFe3AlSi3O10(OH)2 + 3 B(OH)3(aq) + 5 Al3+
(aq) + Na+

(aq) + 3 H4SiO4(aq)  → NaFe3Al6Si6O18(BO3)3(OH)4 + K+
(aq) + 2 H2O + 15 H+

(aq) + 176.4 + 114

Tourmalinisation reaction

Table 4.5: Molar volume changes (ΔV) induced by tourmaline-forming reaction. Calculated with 
Thermoddem and data from van Hinsberg & Schumacher (2007). 
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to the section of the channel formed between the Au tube deformed by the Pfluid and the core 
acting as an impermeable medium, i.e.: 

𝑆𝑆𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =  𝜋𝜋 ∗ ((𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + ℎ)2 − (𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)2)  (Eq. 2) 

This means determining h, the gap formed between the core and the jacket. Fluid flow, 
under our experimental conditions, can be simplified as laminar fluid flow between two infinite 
parallel planes (linked to the core's cylindrical shape), caused by a pressure gradient. This 
configuration assumes that the gap h is constant on both sides of the core and along the entire 
length of the core. The flow, which can be calculated using the Couette-Poiseuille or Poiseuille 
plane model, is dependent on h, the distance between the two planes, such that: 

𝑄𝑄 = −2
3
∗
𝑙𝑙�12ℎ�

3

𝜂𝜂
∗ ∆𝑃𝑃
∆𝑥𝑥

     (Eq. 3) 

With Q the flow rate (m3/s), ΔP the pressure difference between outlet and inlet (Pa), η the water 
viscosity (9.32×10-5Pa.s), Δx the length of the core (4.01×10-2 m) and l the width along z, 
considered here to be equal to the perimeter of the core (1.76×10-2 m). For the calculation, the 
flow rate corresponds to an average of the flows recorded by the pumps between days 22 and 
26, and ΔP is therefore set at 2×10-5 Pa. This period corresponds to the permeability plateau at 
1.7×10-16 m2, before the effects of clogging affect the recordings. For those conditions, the space 
between the core and the jacket is estimated to be equal to 1.4×10-6 m, implying a channel 
section equal to 5×10-8 m2. Consequently, the fluid velocity in the channel during the 
experiment is estimated to be around 4×10-3 m/s.  

Zhou et al. (2007) study on the Cu-Au skarn and vein-type deposits of the Anhui Province 
(South China) reported that magmatic ore-forming fluids were channelled upward into faults, 
tiny fractures/veins and porous media with calculated velocities of 1.4 m/s, 1 to 1×10-6 m/s and 
4×10-7 to 5×10-7 m/s, respectively. Fluid flow determined in veins in Sn-W deposits using 
crystal growth bands are around 1×10-4 m/s (Sizaret et al. 2009; Mahjoubi et al. 2016; Launay 
et al. 2018). Launay et al. (2018) performed a coupled textural and chemical study on 
tourmaline growth bands at Panasaqueira to constrain fluid flow in mineralised veins and 
altered wall-rock. The velocities obtained are in the same order of magnitude (10-4 to 10-3 m/s) 
than the calculated velocity in the channel and highlights a transport of metals in veins, largely 
dominated by advective processes (Dolejš 2015). Fluid flow in the altered wall-rock is slower 
and more pervasive (10-6 to 10-5 m/s), suggesting that element transport through the 
metasedimentary host rock was dominated by diffusion processes limited to the alteration halo. 
This distinction made in natural systems between the vein dominated by advection (high fluid 
velocity) and the wall-rock dominated by diffusion (low fluid velocity) is also valid in our 
experiment and explain the mineralogical evolution and organisation observed in the core. 

 

B) Mineralogical evolution and alteration pattern 
1/ Alteration reactions  

The main form of alteration visible in the core is the intensive leaching of quartz by the 
injected solution. Experimental studies of Pichavant (1983) and Mar’ina et al. (1999) on quartz 
solubility indicate that the presence of, and increase in the concentration of H3BO3 (0 to 30 wt% 
B2O3) in solutions as well as temperature (400 to 700°C) and pressure (1 to 1.4 kbars) increase, 
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enhance substantially the quartz solubility. Hence, at 400°C and 1.4 kbars, the quartz solubility 
in pure H2O is around 2.4 g/L, whereas with 3.4 wt% B2O3 in the fluid the solubility ranged 
between 3.3 and 4.1 g/L. Study on the boron speciation in the system Na2O–B2O3–SiO2–H2O 
also reports this increasing solubility of quartz in B(OH)3 solution but was unable to identify 
any B-Si aqueous complex, probably due to a too weak RAMAN signal (Smirnov et al. 2005). 
Due to the quartz leaching, the outlet fluid is quickly enriched in SiO2(aq) and reach a plateau 
value. This behaviour can be explained either by a constant dissolution of the quartz during the 
experiment, implying that the concentration of the outlet solution is near csat the saturated 
concentration, or either by the constant precipitation of Si-bearing mineral. Three Si-bearing 
minerals were identified. (i) Among the reaction observed in the core, the fayalitisation of the 
siderite requires a contribution in SiO2. The reaction is located near fluid pathways such as 
quartz veins or spots undergoing dissolution or near the border of the core. Siderite spots inside 
the core without any connection to such zones do not show any sign of alteration despite being 
in contact with quartz. As such, the fayalitisation is triggered by the interaction between the 
siderite and a SiO2(aq)-bearing fluid, as written in the following reaction: 

2 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹3 + 𝐻𝐻4𝑆𝑆𝑆𝑆𝑆𝑆4 (𝑎𝑎𝑎𝑎) → 𝐹𝐹𝐹𝐹2𝑆𝑆𝑆𝑆𝑆𝑆4 + 2 𝐶𝐶𝐶𝐶2(𝑎𝑎𝑎𝑎) + 2𝐻𝐻2𝑂𝑂 

However, the decreased of Mn in the fluid over time shows that the carbonate spot 
alteration is more and more limited during the experiment, an evolution that is not reported on 
the SiO2(aq) evolution. (ii) The fibrous mineral also contains Si in its composition, however, 
without proper identification it is hard to tell if its formation requires the consumption of SiO2(aq) 
from the fluid. (iii) Finally, as the experiment stopped due to a clog, we considered the potential 
precipitation of amorphous silica in the outlet capillary. PHREEQC simulations with the 
Thermoddem database (V1.10, Blanc et al. 2012) were run with the SiO2(aq) concentration 
measured at 200 bars, the pressure set by the outlet pump. The clog in the capillary was located 
outside of the autoclave, but near enough to be warmer than ambient temperature. Thus, a 
temperature of 40°C was set for the calculation. The saturation index curve calculated shows 
that amorphous silica is near equilibrium (SI ~0.4) with the outlet solution. Consequently, the 
precipitation of amorphous silica inside the capillary caused the concentration of the outlet fluid 
to be capped. 

The alteration of the siderite into fayalite raises the problem of the CO2 behaviour during 
the experiment. DIC measurement in outlet fluid are below the detection limit and no phases 
seem to incorporate carbon. It is possible that the stockage condition or/and the elapsed time 
between the sampling and the analysis have not allowed to preserve the DIC in the sampling 
tube. The DIC could also be transformed into organic molecules after the sampling. Another 
possibility is the formation of graphite instead of CO2 during the fayalitisation. Indeed, fayalite 
formation from carbonate at a fixed temperature can be achieved either by decreasing PCO2 or 
by an important reduction of the environment (French 1971; Frost 1979). This second option 
implies a two-step reaction where firstly siderite reacts with quartz and vapour to form grunerite 
(Fe7Si8O22(OH)2), graphite and O2 and then grunerite transformed into fayalite, quartz and 
vapour (Bonnichsen 1975; Frost 1979). However, the presence of grunierite, graphite or 
localised oxidation has not been found and, consequently, does not allow us to confirm the 
occurrence of those reactions.  
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2/ Longitudinal Vs Radial alteration fronts 

The organisation of the alterations is directly dependent on the relationship between 
chemical reaction and mass transfer. This relationship can be visualised through the Damköhler 
number , 𝐷𝐷𝐷𝐷 = 𝑘𝑘

𝑣𝑣𝑣𝑣
, with k the intrinsic reaction rate of a given reaction, v the fluid velocity from 

Darcy’s law and c the solubility of the mineral in pure water (Osselin et al. 2016). If the reaction 
rate is very fast, nearly instantaneous, relative to the rate of transport (large Da), then fluid and 
rock are essentially in chemical equilibrium at any given point along the flow path (local 
equilibrium condition) (Ague 2014). In the case of a fluid flow inside a fracture, Szymczak & 
Ladd (2011) define the penetration length lp of the unsaturated fluid as 𝑙𝑙𝑙𝑙 ∝ 𝑄𝑄

2𝑘𝑘(𝑆𝑆)
, with Q the 

flow rate, k the reaction rate and S the reactive surface area. In the case where Da is important, 
the unsaturated fluid is not able to penetrate deep inside the fracture because of the quick 
saturation in reactant near the fluid inlet. After a fast initial dissolution, the whole sample 
dissolves slowly, forming sharp solute and geochemical front on localised areas. On the other 
hand, a small Da corresponds to situations where the fluid velocity is more important than the 
reaction rate. As such, the system remains permanently out of equilibrium and the whole sample 
dissolves almost uniformly. Returning to the example of the fluid flow inside a fracture, the 
unsaturated fluid, in a low Da system, could penetrate deep inside the fracture (Szymczak & 
Ladd 2009).  

At the beginning of the experiment, the fluid velocity was really low, almost nil, due to 
the impermeable nature of the spotted schist. The fluid reacted with the inlet section of the core 
in accordance to the reaction rate but quickly reached near saturation condition due to the non-
renewal of the fluid. By approaching saturation, the dissolution rate of the minerals sharply 
drops (Szymczak & Ladd 2011) and resulted in a static system between the fluid and a barely 
altered rock. The channel formation drastically enhances the flow rate of the fluid and focused 
the majority of the flow in it, while most of the pore space is eventually bypassed. New 
alteration fronts are developed and can be classified into two groups with different behaviours 
in accordance to their Damköhler number.  

In the border of the core, directly at the contact with the channel, the dissolution of 
quartz impacts the whole length of the core. The fluid is considered to be far-from equilibrium 
due to the high fluid velocity. Solutes (essentially SiO2(aq)) are mobilised through advection and 
are unable to precipitate in the lower part of the sample, resulting in their exit from the system 
(net mass loss in SiO2 reported in the whole rock analysis). In this reaction-limited environment 
(small Da), only dissolution occurs and forms a longitudinal alteration front. The fluid is 
gradually charged with solute as it moves through the channel toward the outlet. Its 
concentration slowly tends toward saturation, implying a decrease in distance to equilibrium. 
The result is a high level of dissolution near the inlet, which decreases the closer the fluid get 
to the outlet (Fig. 4.10A, B). The channel is not the only part of the core whose behaviour is 
explained by a small Da. Quartz spots and veins are characterised by a more important reactive 
surface area compared to the quartz contained in the matrix. As such the dissolution of those 
areas is easier and results in the creation of high flow zone inside the core. The flow rate in 
these zones remains slower than in the channel. Those conditions allow the other primary 
minerals to dissolve but also the neoformed fibrous mineral to precipitate (Fig. 4.12D). 
Tourmaline seems to be the only mineral whose reaction rate is fast enough to dissolve near the 
inlet (Fig. 4.11C) and still precipitate further down the core as an overgrowth (Fig. 4.11D). 
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In the matrix, the quartz dissolution allows the fluid to percolate inside the core. The fluid 
velocity is significantly lower, leading to a transport-limited regime and more localised 
reactivity. This result in the formation of sharp radial alteration front on localised areas (Fig. 
4.11A). The alteration of the primary minerals occur more locally, as an interface controlled 
process (Ruiz-Agudo et al. 2014), close to equilibrium, with the neoformed minerals 
precipitating at the same location as the dissolution occurred. The fayalitisation of the siderite 
is a perfect example of such reaction where the synchronisation of the reaction fronts forms 
pseudomorphic mineral replacement. In those environments solutes are mobilised through 
diffusion. The development of those radial alteration fronts is facilitated by the formation of the 
high porous zone inside the matrix. Those zones serve as new pathways for the unsaturated 
fluid to percolate in the core and improve fluid flow locally resulting in the formation of an 
alteration front parallel to the fluid flow.  

 

Conclusion 

 This study presented the result of a reactive percolation experiment of a B(OH)3 brine 
at 300°C and 300 bars in a natural spotted schist in order to study the dynamic of the B-
metasomatism. Due to the very low permeability of the rock and the low effective pressure 
fixed in the first days, the fluid was able to create and focus into a channel between the Au 
jacket and the core. Thus, the permeability measured in this experiment does not reflect 
variations in the petrophysical properties of the rock, but rather reproduces a vein opening 
through hydraulic fracturing with the associated wall-rock alteration. General observations and 
analysis of the core and outlet fluid after the experiment show a sharp increase in porosity along 
the channels due to quartz dissolution. Caused by the presence of B(OH)3 in the fluid, this 
alteration is the only one affecting both the whole rock composition and the outlet fluid.  

The localisation of the alteration is controlled locally by the relationship between the reaction 
rate and the fluid velocity. High flow zones, such as the channel, form a longitudinal alteration 
front where quartz leaching is predominant. In this reaction-limited environment, the solutes 
are mobilised through advection and leave the core without being able to precipitate further 
down. Alteration of the schist matrix corresponds to low flow zones where the limited transport 
by diffusion allows the formation of a sharp radial alteration front. The alteration of the primary 
minerals occurs more locally, forming interface coupled dissolution-precipitation (e.g. the 
pseudomorphism of siderite into fayalite). The different regimes described in this experiment 
(high flow zone dominated by advective processes Vs low flow zone dominated by diffusion 
processes) correlate well with the vein and wall-rock alteration described in natural 
environment.  
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Recent advances in the metallogeny of hydrothermal ore deposits implies the combination 
of fluid flow simulations with thermodynamic modelling. This methodology, applied by 
Launay et al. (2023) highlight that by modifying the petrophysics properties of the host rock, 
alteration constitute both a physical and chemical driving force during the ore deposit 
formation. Tourmaline is an emblematic mineral of the magmatic/hydrothermal transition, 
present from the late stage of magmatic crystallisation to the low temperature metasomatism. 
Applying the methodology of Launay et al. (2023) on tourmalinisation would allow us to 
understand how this alteration impact its hydrothermal environment. Thus, the tourmaline 
would provide not only information on the physico-chemical conditions of its environment, but 
also on the feedback phenomena controlling the fluid flow and the location of mineralisation. 
Such development requires (i) a good implementation of the alteration in batch equilibrium 
simulation and (ii) quantitative laws describing the effect of the alteration on the 
permeability of the rock. Research on this last point is quite recent and remains to be fully 
explored, through reactive percolation experiments at “high temperature”, up to 400°C. But, in 
the case of tourmaline, even the first condition is far from being completed. As explained 
previously, the lack of calibrating data on tourmaline stability, notably concerning the boron 
concentration in the system, is a barrier to its use in thermodynamic modelling. The few 
experimental constraints already existing on the subject are mainly focusing on Fe-free systems 
at high temperature (> 500°C) and present some inconsistencies depending of the fluid 
composition used.  

In this PhD, we used experimental technic in order to investigate the two missing 
requirements for tourmalinisation to be used in coupled numerical model. 

In a first time, we have complemented and provided new experimental constraints on the 
boron concentration of the fluid at equilibrium ([B2O3]fluid_EQ) with tourmaline and cordierite 
and tourmaline and biotite at 200 MPa and 400, 500 and 600°C, under fO2 controlled conditions. 
The major findings are listed below: 

 Under moderately oxidising conditions (NNO+0.8 to NNO+1.9), the assemblage 
cordierite + albite + andalusite react to tourmaline + quartz for [B2O3]fluid > 3.4 wt% at 
600°C and for [B2O3]fluid > 2.1 wt% at 500°C. At 400°C, tourmaline appears for 
[B2O3]fluid > 2.0 wt% but smectite replaces cordierite in the reacting assemblage. 
Experiments under strongly oxidising conditions (NNO+5.3) show that [B2O3]fluid 

necessary for tourmaline to appear does not vary significantly with fO2. 
 

 Under moderately oxidising conditions (NNO+1.0 to NNO+2.6), the assemblage biotite 
+ albite + andalusite + quartz reacts to tourmaline + K-feldspar for [B2O3]fluid > 2.0 wt% 
at 600°C and for [B2O3]fluid > 1.1 wt% at 500°C. At 400°C, tourmaline appears for 
[B2O3]fluid > 2.9 wt% but chlorite and illite replace biotite in the reacting assemblage. 
 

 In both experiments, tourmaline growth follows two supersaturation regimes (local and 
bulk) of tourmaline-forming components in the fluid. 
 

 In both experiments, tourmaline displays significant chemical variation (especially on 
the at. Ca/(Ca+Na) ratio) inside a same charge. This reflects changes in tourmaline 
nucleation and growth mechanisms during the experiments, controlled by the evolution 



General conclusions 

158 
 

of fluid composition and the level of supersaturation of the tourmaline-forming 
components. 
 

 Our determinations of [B2O3]fluid at equilibrium with tourmaline and cordierite and 
tourmaline and biotite are globally in good agreement with previous experimental 
tourmalinisation studies but the comparison also highlights the potential effect of other 
variables such as the fluid chemistry (pH and alkali chloride concentration) on 
tourmaline stability. 
 

 The low boron concentration range required to form tourmaline from cordierite or from 
biotite is consistent with compositional constraints from natural hydrothermal fluids and 
peraluminous melts.  
 

 Despite being in good agreement, within errors, the two most complete and recent sets 
of standard thermodynamic properties for tourmaline end-members yield to large 
differences in the [B2O3]fluid_EQ calculated at high temperature. Therefore, the 
experimental results provided by this study can provide new, more refined constraints 
on the thermodynamic properties of tourmaline. However, lack of solution model for 
chemically complex tourmalines prevent more detailed comparison with the 
experimental results. 

 

In a second time, the PhD deals with a dynamical approach of boron metasomatism in 
perigranitic environment by performing a reactive percolation experiment on a spotted 
micaschist from Panasqueira, infiltrated with a B(OH)3 brine at 300°C for 5 weeks. The 
objective was to determine quantitative laws describing the effect of the alteration on the 
permeability of the rock. Due to the very low permeability of the rock and the low effective 
pressure fixed in the first days, the fluid was able to create and focus into a channel between 
the Au jacket and the core. Thus, the permeability measured in this experiment does not reflect 
variations in the petrophysical properties of the rock, but rather reproduces a vein opening 
through hydraulic fracturing. Despite not answering the primary objective, this experiment 
allowed to reproduce in a controlled environment the dynamic of wall-rock alteration in natural 
environment. The localisation of the alteration is controlled locally by the relationship between 
the reaction rate and the fluid velocity. High flow zones, such as the channel, form reaction-
limited environment where the solutes are mobilised through advection and leave the core 
without being able to precipitate further down. Alteration of the schist matrix corresponds to 
low flow zones where the limited transport by diffusion allows the formation of a sharp radial 
alteration front. 
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Appendix A1 
Tourmaline classification by Henry et al. (2011) 

  

Name (X) (Y3) (Z6) T6O18 (BO3)3 V3 W

Alkali-group
Dravite Na Mg3 Al6 Si6O18 (BO3)3 (OH)3 (OH)
Schorl Na Fe3 Al6 Si6O18 (BO3)3 (OH)3 (OH)
Elbaite Na Li1.5Al1.5 Al6 Si6O18 (BO3)3 (OH)3 (OH)

Povondraite Na Fe3+
3 Fe4

3+ Mg2 Si6O18 (BO3)3 (O)3 O
Oxy-dravite Na Al3 Al4Mg2 Si6O18 (BO3)3 (O)3 O

Oxy-schorl Na Al3 Al4Fe2
2+ Si6O18 (BO3)3 (O)3 O

Olenite Na Al3 Al6 Si6O18 (BO3)3 (O)3 (OH)

Buergerite Na Fe3+
3 Al6 Si6O18 (BO3)3 (O)3 (OH)

Calcic-group
Uvite Ca Mg3 MgAl5 Si6O18 (BO3)3 (OH)3 (OH)
Feruvite Ca Fe3 MgAl5 Si6O18 (BO3)3 (OH)3 (OH)

Vacant-group
Foitite []X Fe2Al Al6 Si6O18 (BO3)3 (OH)3 (OH)
Magnesio-foitite []X Mg2Al Al6 Si6O18 (BO3)3 (OH)3 (OH)
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Appendix A2 : Fluid inclusion studies compilation  
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Appendix A3 
Average composition of starting cordierite, plagioclase and andalusite 

 

  

Starting product
n

Mean Sd Min Max Mean Sd Min Max Mean Sd Min Max
SiO2 49.49  (0.298) 49.00 50.10 67.91  (0.808) 64.22 69.08 36.21 (0.278) 35.82 36.82

TiO2 0.08  (0.052) 0.05 0.12 0.02  (0.012) 0.01 0.04 0.06 (0.007) 0.05 0.06

Al2O3 33.45  (0.171) 33.15 33.74 19.76  (0.433) 18.12 20.60 63.38 (0.258) 62.91 63.69

FeOtotal 3.21  (0.129) 2.91 3.46 0.10  (0.043) 0.06 0.15 0.28 (0.053) 0.21 0.38

MgO 11.06  (0.709) 10.35 12.11 b.d.l 0.05 (0.011) 0.03 0.07
MnO b.d.l 0.05  (0.041) 0.00 0.09 b.d.l
CaO 0.05  (0.021) 0.04 0.08 0.58  (0.262) 0.24 1.49 b.d.l

Na2O 0.18  (0.029) 0.12 0.25 10.79  (1.84) 0.85 11.85 b.d.l

K2O 0.06  (0) 0.06 0.06 0.67  (2.928) 0.05 15.90 b.d.l

Total 97.60 99.89 99.97
Si 5.02  (0.042) 4.95 5.08 2.98  (0.013) 2.94 3.00 0.98 (0.006) 0.97 0.99
Ti 0.01  (0.004) 0.00 0.01 0.00  (0) 0.00 0.00 0.00 (0) 0.00 0.00
Al 4.00  (0.021) 3.96 4.04 1.02  (0.015) 1.00 1.06 2.02 (0.008) 2.01 2.03
Fe 0.27  (0.011) 0.25 0.29 0.00  (0.002) 0.00 0.01 0.01 (0.001) 0.00 0.01
Mg 1.67  (0.099) 1.57 1.82 b.d.l 0.00 (0) 0.00 0.00
Mn b.d.l 0.00  (0.002) 0.00 0.00 b.d.l
Ca 0.01  (0.002) 0.00 0.01 0.03  (0.013) 0.00 0.06 b.d.l
Na 0.04 (0.006) 0.02 0.05 0.93  (0.157) 0.08 1.03 b.d.l

K 0.01  (0) 0.01 0.01 0.04  (0.166) 0.00 0.95 b.d.l
Fe/(Fe+Mg) 0.14 (0.010)

Ca/(Ca+Na) 0.14 (0.046) 0.03 (0.015)

n = number of analyses. b.d.l. = below detection limit.

Cordierite
23

Plagioclase
32

Andalusite
14
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Appendix A4 
Average composition of starting tourmaline  

Starting 
tourmalinea

n
SiO2 36.21 (0.49) 35.67 (0.6) 35.77 (0.52) 35.60 (0.29)

TiO2 0.35 (0.15) 0.67 (0.11) 0.69 (0.11) 0.74 (0.16)

Al2O3 35.64 (0.43) 34.18 (0.4) 34.23 (0.3) 32.94 (0.55)
FeO 9.89 (0.7) 9.43 (0.52) 10.06 (0.49) 11.65 (0.79)
MgO 2.95 (0.3) 3.94 (0.38) 3.49 (0.21) 3.06 (0.52)
MnO 0.14 (0.01) 0.17 (0.04) 0.17 (0.03) 0.19 (0.05)
CaO 0.09 (0.07) 0.13 (0.08) 0.11 (0.03) 0.21 (0.09)

Na2O 1.53 (0.1) 1.90 (0.1) 1.86 (0.06) 1.84 (0.08)

K2O 0.08 (0.01) 0.07 (0.01) 0.09 (0.01) 0.11 (0.01)

B2O3
b 10.65 10.55 10.56 10.42

H2O
c 3.67 3.64 3.64 3.59

Total 101.20 100.35 100.66 100.36
Site T
Si 5.91 (0.05) 5.88 (0.06) 5.90 (0.04) 5.94 (0.04)
Al 0.09 (0.05) 0.12 (0.06) 0.10 (0.04) 0.06 (0.04)
Site Z
Al 6.00 6.00 6.00 6.00
Site Y
Al 0.76 (0.05) 0.53 (0.05) 0.54 (0.04) 0.41 (0.07)
Ti 0.04 (0.02) 0.08 (0.01) 0.09 (0.01) 0.09 (0.02)
Fe 1.35 (0.1) 1.30 (0.07) 1.39 (0.07) 1.62 (0.11)
Mg 0.72 (0.07) 0.97 (0.09) 0.86 (0.05) 0.76 (0.13)
Mn 0.00 (0.01) 0.00 (0) 0.00 (0.01) 0.00 (0.01)
Site X
Ca 0.01 (0.01) 0.02 (0.01) 0.02 (0) 0.04 (0.02)
Na 0.48 (0.03) 0.61 (0.03) 0.59 (0.02) 0.60 (0.03)
K 0.00 (0) 0.00 (0) 0.00 (0.01) 0.01 (0.01)

[]X 0.50 (0.04) 0.37 (0.03) 0.38 (0.02) 0.36 (0.04)

B 3.00 3.00 3.00 3.00
OH- 4.00 4.00 4.00 4.00
Total Al 6.85 (0.06) 6.64 (0.07) 6.65 (0.06) 6.47 (0.08)
Fe/(Fe+Mg) 0.65 (0.04) 0.57 (0.04) 0.62 (0.02) 0.68 (0.05)
Ca/(Ca+Na) 0.02 (0.02) 0.04 (0.02) 0.03 (0.01) 0.06 (0.02)

Late
12

(a) The zonation of the starting tourmaline has been simplified into three main zones, common to 
all observed sections. The Late tourmalines correspond to the filling of fractures intersecting the 
3 other zonations. (b) B2O3 calculated assuming 3 apfu. (c) H2O calculated assuming 4 apfu of 

OH-. n = number of analyses.

Core
41

Inner rim
53

Outer rim
55
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Appendix A5 
Evolution of the alloy phase of the NiO-NiPd sensor as a function of log fO2 for every run. The 
dashed line corresponds to the function of Pownceby and O’Neill (1994) linking fO2 and the 
XNi of the sensors at 600°C and 200 MPa. The initial XNi of both pellets is represented by the 
dotted lines and their final composition by the square and circle on the dashed line. In Run 6, 
both pellets migrated toward high fO2 conditions. Consequently, the bracket reported 
encompass every measurement. 
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Appendix A6 
Diffractograms of specific experiments representative of the different phase assemblage 
variation observed in the experiments. A. Total diffractogram and two different zooms (B and 
C) interpreted for the major peaks. 
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Appendix A7 
All diffractograms for starting materials and experimental products. 
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Appendix A8 
Composition of experimental tourmaline from the cordierite-bearing experiments (Chap II). 
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Appendix A9 
Water fugacity and apparent standard Gibbs free energy of B(OH)3 at T and 200 MPa used in 
the thermodynamic calculations. 

 

 

Appendix A10 
Calculated [B2O3]fluid_EQ as a function of temperature for the four tourmaline-forming reactions 
considered (R1, R2, R3, R4, see text) and the two tourmaline thermodynamic datasets used in 
the calculations (solid lines for Ogorodova et al., 2012 (Ogo_2012) and dashed lines for van 
Hinsberg and Schumacher, 2007b (H-S_2007)). Experimental brackets of [B2O3]fluid_EQ from 
this study are shown by solid (tourmaline present) and open (tourmaline absent) symbols. Each 
graphic was realised by using different HKF parameters set for B(OH)3 (Shock et al. 1989; 
Pokrovski et al. 1995; Akinfiev et al. 2006; Wang et al. 2013). 

  

P T f  H2O a

Shock et al. 
(1989)

Pokrovski et al. 
(1995)

Akinfiev et al. 
(2006)

Wang et al. 
(2013)

2000 300 162.78 -1008593.325 -1019566.743 -1018342.128 -1015887.124
2000 350 271.26 -1018357.734 -1033025.278 -1031621.5 -1028910.995
2000 400 404.88 -1028295.53 -1046983.617 -1045385.872 -1042437.533
2000 450 556.61 -1038627.583 -1061597.701 -1059792.514 -1056637.527
2000 500 719.43 -1049310.548 -1076746.291 -1074718.641 -1071378.429
2000 550 886.31 -1060371.831 -1092383.908 -1090118.481 -1086611.034
2000 600 1050.21 -1071828.794 -1108471.973 -1105953.373 -1102294.172

(a) f H2O values from Burnham et al. (1969). (b) ΔappG°B(OH)3 were calculated by Thermo-ZNS, using the HKF parameters 
of the corresponding source.

bars °C bars

ΔappG° B(OH)3 
b

J/mol
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Appendix A11 
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Appendix A12  

n
Mean Sd Mean Sd Mean Sd

SiO2 35.89 (0.47) 35.17 (0.37) SiO2 64.26 (0.45)

TiO2 2.87 (0.09) 3.64 (0.06) TiO2

Al2O3 15.98 (0.27) 14.49 (0.2) Al2O3 18.72 (0.27)

FeOtotal 17.17 (0.39) 21.72 (0.48) FeOtotal 0.22 (0.01)

MgO 12.79 (0.21) 9.40 (0.11) MgO 0.05 (0.02)
MnO 0.18 (0.01) 0.29 (0.05) MnO
CaO b.d.l b.d.l CaO 0.11 (0.02)

Na2O 0.11 (0.02) 0.10 (0.02) Na2O 2.34 (0.38)

K2O 9.49 (0.21) 9.40 (0.08) K2O 12.86 (0.51)

Cl b.d.l b.d.l Cl
F b.d.l b.d.l F
OH a 3.92 (0.03) 3.81 (0.03) Total 98.42

Total 98.99 98.33 (0.71) Si 2.98 (0.01)
Si 2.74 (0.02) 2.76 (0.02) Ti
Ti 0.17 (0) 0.22 (0) Al 1.02 (0.01)
IVAl 1.26 (0.02) 1.24 (0.02) Fe 0.01 (0)

Fe 1.1 (0.03) 1.43 (0.03) Mg 0 (0)
Mg 1.46 (0.03) 1.1 (0.01) Mn
Mn 0 (0) 0.02 (0.01) Ca 0.01 (0)
VIAl 0.18 (0.03) 0.11 (0.01) Na 0.21 (0.03)

Ca 1 K 0.76 (0.03)
Na 0.02 0.02
K 0.92 (0.02) 0.94 (0.01)
Cl
F
H 2 2
Fe/(Fe+Mg) 0.43 (0.01) 0.56 (0.01)

AlTot 1.44 (0.02) 1.34 (0.01)

K-feldspar

23

Biotite
Core Rim

39 9

Starting 
product
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Appendix A13 
Evolution of the alloy phase of the NiO-NiPd sensor as a function of log fO2 for every run. The 
dashed line corresponds to the function of Pownceby and O’Neill (1994) linking fO2 and the 
XNi of the sensors at 600°C and 200 MPa. The initial XNi of both pellets is represented by the 
dotted lines and their final composition by the square and circle on the dashed line.  
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Appendix A14 
Onion ring quench phases in B600-3 (left) and S600-4 (right) 
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Appendix A15 
Composition of experimental tourmaline from the biotite-bearing experiments (Chap III). 
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Appendix A16 
Illustrated workflow for the construction of the porosity map. 
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Appendix A17 
This spotted schist core stayed at 400°C and 450 bars during 22h in the autoclave without any 
circulation of fluid in it. Upon observation, it appears that the carbonate spots are all altered on 
their rim, showing a clear reaction front between the original siderite and quartz and neoformed 
fayalite. The olivine crystallises as a porous material, in replacement of the siderite and extents 
its growth into the porosity left by the quartz. At 400°C, fayalite oxide composition add up to 
100% and shows no trace of alteration. 
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Appendix A18 

 

 

Mineral

n
SiO2 35.54 (1.59) 35.06 (0.93) 37.99 (2.9) 36.05 (1.22) 45.78 (0.67) 46.33 (0.79) 47.84 (0.96) 46.62 (0.84)
TiO2 1.19 (0.12) 1.17 (0.07) 0.87 (0.38) 1.33 (0.15) 0.6 (0.56) 0.54 (0.14) 0.4 (0.17) 0.44 (0.09)
Al2O3 18.85 (0.97) 18.9 (0.71) 16.86 (2) 18.6 (0.69) 33.75 (0.74) 32.44 (1.06) 28.37 (2.96) 32.01 (2.54)
FeOtotal 23.4 (1.47) 23.72 (1.05) 19.52 (4.18) 22.66 (1.29) 1.98 (0.42) 2.19 (0.46) 3.73 (0.99) 2.78 (1.29)
MgO 5.88 (0.66) 5.91 (0.6) 8.28 (2.46) 6.26 (0.44) 1.13 (0.22) 1.64 (0.36) 3.01 (0.97) 1.75 (0.82)
MnO 0.27 (0.08) 0.25 (0.06) 0.27 (0.05) 0.29 (0.07) 0.23 (0.02) b.d.l 0.26 0.24 (0)
CaO 0.05 b.d.l b.d.l b.d.l 0.06 b.d.l b.d.l 0.05
Na2O 0.07 (0.01) 0.07 (0.03) 0.06 (0.01) 0.1 (0.03) 0.65 (0.13) 0.48 (0.13) 0.26 (0.17) 0.49 (0.2)
K2O 9.48 (0.22) 9.49 (0.2) 9.65 (0.32) 9.48 (0.15) 10.19 (0.33) 10.31 (0.35) 10.54 (0.47) 10.44 (0.45)
Cl 0.05 (0.01) 0.06 (0.01) 0.05 0.05 (0.01) b.d.l b.d.l b.d.l b.d.l
F 1.14 (0.67) 1.44 (0.1) 2.79 (1.79) 1.52 (0.42) 1 (0.13) 1.02 (0.17) 2.22 (0.8) 1.13 (0.33)
OH a 3.63 (0) 3.73 (0) 2.54 (0) 3.24 (0) 4.3 (0.22) 4.3 (0.23) 3.79 (0.66) 4.12 (0.3)
Total 99.59 (0.93) 100.33 (1.13) 98.74 (0.64) 99.67 (0.94) 99.43 99.57 100.04 100.18
Si 2.79 (0.12) 2.76 (0.06) 2.95 (0.18) 2.82 (0.07) 3.1 (0.04) 3.14 (0.03) 3.27 (0.08) 3.15 (0.06)
Ti 0.07 (0.01) 0.07 (0) 0.05 (0.02) 0.08 (0.01) 0.03 (0.03) 0.03 (0.01) 0.02 (0.01) 0.02 (0)
IVAl 1.21 (0.12) 1.24 (0.06) 1.05 (0.18) 1.18 (0.07) 0.9 (0.04) 0.86 (0.03) 0.73 (0.08) 0.85 (0.06)
Fe 1.53 (0.1) 1.56 (0.07) 1.27 (0.29) 1.48 (0.1) 0.11 (0.02) 0.12 (0.03) 0.21 (0.06) 0.16 (0.07)
Mg 0.69 (0.07) 0.69 (0.07) 0.95 (0.27) 0.73 (0.05) 0.11 (0.02) 0.17 (0.04) 0.31 (0.1) 0.18 (0.08)
Mn 0.02 (0.01) 0.02 (0) 0.02 (0) 0.02 (0) 0 (0.01) 0 (0) 0 (0.01) 0.01 (0.01)
VIAl 0.53 (0.06) 0.51 (0.03) 0.49 (0.07) 0.53 (0.05) 1.79 (0.05) 1.74 (0.05) 1.55 (0.13) 1.71 (0.13)
Ca 0 0 0
Na 0.01 (0) 0.01 (0) 0.01 (0) 0.01 (0) 0.08 (0.02) 0.06 (0.02) 0.03 (0.02) 0.06 (0.03)
K 0.95 (0.02) 0.95 (0.02) 0.96 (0.02) 0.95 (0.02) 0.88 (0.03) 0.89 (0.03) 0.92 (0.05) 0.9 (0.04)
Cl 0.01 (0) 0.01 (0) 0.01 (0) 0.01 (0)
F 0.29 (0.16) 0.36 (0.02) 0.68 (0.43) 0.37 (0.1) 0.21 (0.03) 0.22 (0.04) 0.48 (0.18) 0.24 (0.07)
H 1.7 1.63 1.31 1.62 1.94 (0.1) 1.95 (0.1) 1.72 (0.28) 1.86 (0.13)
AlTot 1.74 (0.09) 1.75 (0.07) 1.55 (0.21) 1.71 (0.06) 2.69 (0.05) 2.59 (0.07) 2.28 (0.21) 2.55 (0.19)

14 18 8 21

Muscovite
Matrix Quartz spots and 

veinsSubhedral Altered Rim
18 21 14 12

Texture

Biotite
Quartz spots and 

veinsSubhedral Altered Rim
Matrix

Mineral

n
SiO2 0.78 (0.89) 0.93 (1.01) 0.97 (0.75)
TiO2 0.39 (0.44) 0.11 (0.02) 0.26 (0.18)
Al2O3 0.56 (0.59) 0.81 (0.7) 0.55 (0.41)
FeOtotal 44.64 (3.86) 51.06 (4.06) 56.58 (2.51)
MgO 3 (0.33) 3.71 (0.48) 3.24 (1.3)
MnO 11.5 (3.43) 4.85 (3.68) 0.32 (0.06)
CaO 0.05 (0.01) 0.05 0.14 (0.13)
Na2O b.d.l. 0.06 0.07
K2O 0.24 (0.25) 0.2 (0.19) 0.25 (0.15)
Cl b.d.l. b.d.l. b.d.l.
F b.d.l. b.d.l. b.d.l.
CO3 

a 36.57 (0) 37.36 (0) 37.44 (0)
Total 96.82 (0) 98.07 (0) 99.59 (0)
Si 0.01 (0.02) 0.02 (0.02) 0.02 (0.01)
Ti 0.01 (0.01) 0 (0) 0 (0)
Al 0.01 (0.01) 0.02 (0.01) 0.01 (0.01)
Fe 0.7 (0.07) 0.79 (0.06) 0.85 (0.06)
Mg 0.08 (0.01) 0.1 (0.01) 0.09 (0.03)
Mn 0.18 (0.05) 0.08 (0.06) 0 (0)
Ca 0 (0) 0 0
Na 0 0
K 0.01 (0.01) 0 (0) 0.01 (0)
Cl
F
C 1 (0) 1 (0) 1 (0)

13 19 6

Texture

Carbonate

Veins

Spots

Core Rim
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Zonation
n
SiO2 36.72 (0.54) 36.49 (0.51) 36.49 (0.4) 36.97 (0.35) 36.66 (0.54) 35.72 (0.79)
TiO2 0.54 (0.21) 0.74 (0.16) 0.61 (0.14) 0.39 (0.17) 0.64 (0.09) 0.62 (0.11)
Al2O3 33.63 (0.62) 32.73 (0.64) 34.09 (0.54) 34.69 (0.52) 33.77 (0.6) 32.23 (1.06)
FeO 8.19 (0.59) 8.67 (0.41) 7.93 (0.56) 7.89 (0.37) 8.15 (0.41) 9.67 (0.86)
MgO 5.53 (0.26) 5.84 (0.24) 5.45 (0.24) 4.94 (0.38) 5.46 (0.19) 5.19 (0.42)
MnO 0.22 0.14 (0.01) 0.17 (0.02)
CaO 0.32 (0.16) 0.24 (0.21) 0.23 (0.1) 0.16 (0.09) 0.16 (0.09) 0.12 (0.04)
Na2O 1.78 (0.05) 2.04 (0.14) 1.91 (0.12) 1.62 (0.14) 2.03 (0.09) 2.31 (0.23)
K2O 0.04 (0.01) 0.06 (0.01) 0.05 (0.01) 0.07 (0.03) 0.08 (0.02)
B2O3

b 10.70 10.66 10.73 10.74 10.70 10.49
H2O

c 3.69 3.68 3.70 3.70 3.69 3.56
Total 101.14 101.31 101.20 101.29 101.33 100.16
Site T
Si 5.96 (0.07) 5.95 (0.07) 5.92 (0.03) 5.98 (0.05) 5.94 (0.05) 5.93 (0.03)
Al 0.05 (0.05) 0.05 (0.06) 0.08 (0.03) 0.03 (0.03) 0.06 (0.05) 0.07 (0.03)
Site Z
Al 6.00 6.00 6.00 6.00 6.00 6.00
Site Y
Al 0.39 (0.07) 0.24 (0.08) 0.44 (0.07) 0.58 (0.08) 0.39 (0.06) 0.24 (0.12)
Ti 0.07 (0.03) 0.09 (0.02) 0.07 (0.02) 0.05 (0.02) 0.08 (0.01) 0.08 (0.01)
Fe 1.11 (0.08) 1.18 (0.06) 1.08 (0.08) 1.07 (0.05) 1.10 (0.06) 1.34 (0.13)
Mg 1.34 (0.06) 1.42 (0.05) 1.32 (0.05) 1.19 (0.09) 1.32 (0.05) 1.29 (0.11)
Mn 0.00 (0) 0.00 (0.01) 0.00 (0) 0.00 (0.01) 0.00 (0) 0.00 (0.01)
Site X
Ca 0.05 (0.03) 0.04 (0.04) 0.04 (0.02) 0.02 (0.02) 0.03 (0.02) 0.02 (0.01)
Na 0.56 (0.02) 0.64 (0.04) 0.60 (0.04) 0.51 (0.04) 0.64 (0.03) 0.74 (0.08)
K 0.00 (0) 0.00 (0) 0.00 (0) 0.00 (0.01) 0.01 (0.01) 0.01 (0.01)
[]X 0.39 (0.03) 0.31 (0.04) 0.36 (0.03) 0.46 (0.05) 0.33 (0.03) 0.23 (0.09)

B 3 3 3 3 3 3
OH- 4 4 4 4 4 4
Total Al 6.44 (0.1) 6.29 (0.12) 6.52 (0.08) 6.61 (0.08) 6.45 (0.09) 6.3 (0.12)
Fe/(Fe+Mg) 0.45 (0.03) 0.45 (0.02) 0.45 (0.02) 0.47 (0.03) 0.46 (0.02) 0.51 (0.04)

Tourmaline

16 9 25 26 27 17
LateRim 2Rim 1Interm.Core 2Core 1
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Appendix A19 
Composition of natural biotite from the spotted schist of Panasqueira. 

  



Appendix 

204 
 

 

  



Appendix 

205 
 

 

 

  



Appendix 

206 
 

Appendix A20 
Composition of natural white micas from the spotted schist of Panasqueira. 
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Appendix A21 
Composition of natural carbonates from the spotted schist of Panasqueira. 
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Appendix A22 
Composition of natural tourmalines from the spotted schist of Panasqueira. 
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Appendix A23 
Cathodoluminescence observations of beryl and kaolinite respectively in the centre of the high 
porosity zone and inside the quartz veins. 

The yellow dots do not correspond to a mineral, they have been observed all over the sample, 
even in the epoxy resin, outside the sample. 
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Appendix A24 
Composition of experimental fayalite from the reacted core of spotted schist. 
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Appendix A25 
Composition of experimental fibrous mineral from the reacted core of spotted schist. 
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Appendix A26 
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Julien FORT 

Tourmalinisation des systèmes hydrothermaux périgranitiques : approche 
expérimentale du champ de stabilité et des dynamiques des processus 

métasomatiques dans les systèmes borosilicatés 
La formation des gisements hydrothermaux dépend essentiellement des propriétés physico-chimiques du fluide et de la roche encaissante 
et des couplages et rétroactions thermiques, hydrauliques, mécaniques et chimiques qui en résultent. L’observation des altérations 
associées aux minéralisations ne permettent qu’une estimation parcellaire de ces phénomènes complexes. Les simulations numériques 
sont donc extrêmement utiles pour évaluer ces couplages, soit en modélisant l'écoulement des fluides et le transfert de chaleur, soit en 
modélisant les équilibres thermodynamiques entre les fluides et les minéraux. Des progrès récents ont permis de combiner ces deux 
types de simulations et les résultats soulignent qu'en modifiant les propriétés pétrophysiques de la roche hôte, l'altération constitue une 
force motrice à la fois physique et chimique lors de la formation des gisements. Un tel développement nécessite (i) une bonne 
implémentation de l'altération dans les simulations d'équilibre an batch et (ii) des lois quantitatives décrivant l'effet de l'altération sur la 
perméabilité de la roche. Cette thèse se concentre sur la tourmaline, un minéral emblématique et omniprésent de la transition 
magmatique/hydrothermale, présent dans les altérations depuis le stade tardif de la cristallisation magmatique jusqu'au métasomatisme 
à basse température. Cependant, le manque de données calibrant la stabilité de la tourmaline est un obstacle à son utilisation dans la 
modélisation thermodynamique. Les objectifs sont donc (i) de fournir de nouvelles contraintes expérimentales sur [B2O3]fluid_EQ, la 
concentration en bore du fluide à l'équilibre avec la tourmaline, (ii) d'évaluer la qualité actuelle de l'implémentation de la tourmaline dans 
les modèles thermodynamiques, et (iii) d'étudier les dynamiques du métasomatisme du bore dans un environnement périgranitique, via 
une expérience de percolation réactive. Les résultats obtenus par expérimentation en batch à 600, 500 et 400°C (200 MPa, en condition 
modérément oxydante) montrent que les équilibres tourmaline-cordiérite et tourmaline-biotite nécessitent un [B2O3]fluide compris entre 8 et 
1 wt%. Les expériences réalisées sur les mêmes assemblages mais avec une chimie des fluides variable (pH et concentration en chlorure 
alcalin) montrent une réduction du [B2O3]fluid_EQ ainsi que d'importantes modifications de texture et de composition. Ces gammes de 
concentrations en bore sont cohérentes avec les contraintes de composition des fluides hydrothermaux naturels et des magmas 
peralumineux. La comparaison entre les résultats expérimentaux et les calculs thermodynamiques du [B2O3]fluid_EQ soulignent les 
limitations des simulations numériques, liées à l'absence de modèle de solution solide pour les tourmalines complexes. L’expérience de 
percolation réactive a été réalisée en infiltrant une saumure de B(OH)3 dans un micaschiste tacheté à 300°C et 30 MPa pendant 6 
semaines. L'organisation globale des altérations est interprétée comme le résultat d'une interaction entre la minéralogie locale et la vitesse 
du fluide, allant d’un lessivage intense dans les zones à fort débit à des pseudomorphose dans les zones à faible débit. 

Mots clés : Systèmes hydrothermaux, Interactions fluide/roche, Pétrophysique, Expérimentation, Modélisation thermodynamique, 
Ressources minérales 

 Tourmalinisation of perigranitic hydrothermal systems: experimental approach to 
the stability field and dynamics of metasomatic processes in borosilicate systems

The formation of hydrothermal deposits depends essentially on the physico-chemical properties of the fluid and the surrounding rocks, 
and the resulting thermal, hydraulic, mechanical and chemical couplings and feedback. Observation of alteration associated with 
mineralisation provides only a fragmentary estimate of these complex phenomena. Numerical simulations are therefore extremely useful 
for assessing these couplings, either by modelling fluid flow and heat transfer, or by modelling thermodynamic equilibria between fluid 
and minerals. Recent advances allowed the combination of those two kinds of simulations and the results highlight that by modifying the 
petrophysics properties of the host rock, alteration constitute both a physical and chemical driving force during the ore deposit formation. 
Such development requires (i) a good implementation of the alteration in batch equilibrium simulation and (ii) quantitative laws describing 
the effect of the alteration on the permeability of the rock. This PhD focus on the tourmaline, an emblematic ubiquitous mineral of the 
magmatic/hydrothermal transition, present in the alterations from the late stage of magmatic crystallisation to the low temperature 
metasomatism. However, the lack of calibrating data on tourmaline stability is a barrier to its use in thermodynamic modelling. Thus, the 
objectives are (i) to provide new experimental constraints on [B2O3]fluid_EQ, the boron concentration of the fluid at equilibrium with tourmaline 
(ii) to assess the actual quality of tourmaline implementation in thermodynamic models, and (iii) to study the dynamic of boron
metasomatism in perigranitic environment, through reactive percolation experiment. The results obtained by batch experimentation at
600, 500 and 400°C (200 MPa, under moderately oxidising condition) show that the tourmaline-cordierite and tourmaline-biotite equilibria
require a [B2O3]fluid ranging between 8 and 1 wt%. Experiments performed on the same assemblages but with varying fluid chemistry (pH
and alkali chloride concentration) show a reduction of the [B2O3]fluid_EQ along with important textural and compositional modifications. Those 
boron concentration ranges required to form tourmaline are consistent with compositional constraints from natural hydrothermal fluids and 
peraluminous melts. Comparison between experimental results and thermodynamic calculations of [B2O3]fluid_EQ highlights the limitations
of numerical simulations, due to the lack of solution model for chemically complex tourmalines. The reactive percolation experiment was
performed by infiltrating a B(OH)3 brine into a spotted micaschist at 300°C and 30 MPa for 6 weeks. The global organisation of the
alterations are interpreted as the result of an interplay between the local mineralogy and the fluid velocity ranging from intense leaching
in the high-flow zones and pseudomorphism in the low-flow zones.

Keywords : Hydrothermal systems, fluid/rock interaction, Petrophysic, Experimentation, Thermodynamic modelling, Economic geology 
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