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La premiére référence a 1’lle de La Réunion dans les archives européennes de navigation
remonte a 1502, sur le planisphére de Cantino (une compilation de différentes cartes du
monde réalisée par des explorateurs portugais). Il est cependant trés probable que I’ile fut
connue précédemment des navigateurs arabes, africains et indiens. Il aura fallu ensuite
attendre plus d’un siécle, jusqu’a la colonisation de I’ile (alors nommée 1’ile Bourbon) par les
frangais entre 1642 et 1663, pour trouver trace de descriptions sommaires du volcan actif de

I’1le, le Piton de la Fournaise (Lénat, 2016 et références incluses).

C’est a la lecture de documents publiés (ou non) a partir de 1755 que I’on peut trouver trace
de descriptions précises et de dessins détaillés du Piton de la Fournaise et de ses activités
éruptives, notamment avec le premier rapport d’une visite du sommet du PdF par Andoche
Dolnet de Palmaroux, le 20 Septembre 1751 en compagnie d’un groupe de locaux et
d’esclaves (d’apres d’Herguerty, 1755). Les travaux d’autres auteurs comme Crémont (1770)
ou Guettard (1757) ont été historiquement compilés par A. Lacroix (1925, 1936, 1938) ainsi
que plus récemment (Stieltjes & Moutou, 1989 ; Lénat, 2016 et références incluses). Un des
plus reconnu de ces auteurs des 18 et 19°™ siécles fut Bory de Saint-Vincent dont le nom
fut d’ailleurs donné a un des deux cratéres principaux du cone actif, et a qui I’on doit une des

premiéres cartes des alentours du PdF (Bory de Saint-Vincent, 1804), présentée ci-dessous

(Figure 1).

Piton Haiiy Piton Chisny

Piton de la Fournaise Enclos Fouqué
Figure 1: Carte des alentours du volcan de la Fournaise (source : Lénat, 2016 d'aprés Bory de

Saint-Vincent, 1804)
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On y voit notamment déja décrits des édifices excentriques comme le Piton Chisny ou le Piton
Haiiy, ainsi que le tracé de la coulée de lave de I’éruption de 1802 au sein de I’Enclos Fouqué.
De tels travaux, compilés régulicrement, permettent une connaissance partielle de 1’histoire
éruptive du Piton de la Fournaise entre 1755 et 1981, année de la premiére éruption décrite,
surveillée et enregistrée par 1[’Observatoire Volcanologique du Piton de la Fournaise
(Bachelery, 1981 ; Chevallier et al., 1981). L’installation de I’observatoire a Bourg Murat
(Plaine des Cafres, La Réunion) faisait en effet suite a I’éruption hors Enclos d’Avril 1977

dont les coulées de laves avaient partiellement détruit le village de Sainte Rose (Fig. 2).

Figure 2: Photo d'archive de la coulée de 1977 atteignant l'église de Sainte

Rose (www.manature974.canalblog.com)

Cette éruption de 1977, dont les coulées ont pu atteindre le village de Sainte Rose et
notamment 1’église du village, que 1’on voit ici étre touchée par la coulée de lave (rebaptisée
depuis « Notre Dame des Laves »), est symptomatique des risques liés aux éruptions hors
Enclos du Piton de la Fournaise.

En effet, ces éruptions hors Enclos, malgré leur faible proportion (6 occurrences documentées
en 1708, 1774, 1776, 1800, 1977 et 1998) dans 1’activité moyenne du Piton de la Fournaise (1
a 2 éruptions annuelles), comportent les risques les plus importants pour les habitants des
villages alentours et des infrastructures.

Malgré cet état de fait, connu et encore récemment démontré (voir Di Muro, 2012 & 2015 ;
Michon et al., 2015), les éruptions (ainsi que 1’activité des édifices) hors Enclos, donc
excentrées par rapport au sommet du Piton de la Fournaise, restent relativement peu étudiées

par rapport a celles qui interviennent régulierement au sein de I’Enclos Fouqué.



Northing (km, UTM 40S)

Pourtant, les densités de cones volcaniques, répertoriées dans la Figure 3, montrent bien que,
tout lelong de la structure orientée nord-ouest sud-est (la « NW-SE Rift Zone »),
d’importants édifices se sont construits autour d’emplacements comme celui de la Plaine des
Sables. En effet, cet ancien centre éruptif du Piton de la Fournaise, avant son déplacement
vers ’est matérialisé par différentes structures d’effondrement comme celle ayant créé
I’Enclos Fouqué (Bachelery, 1981 ; Lénat, 2016 et références incluses), est caractérisé par la
présence de certains des plus gros édifices polygéniques observables sur le Piton de la

Fournaise (a I’exception de 1’édifice actuel), comme le Piton Haiiy ou le Piton Chisny.
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Figure 3: Carte de concentrations des cones volcaniques (a) et schéma structural des alentours du Piton

de la Fournaise (b); d'apres Michon et al. (2015)

Ces édifices de gros volume sont associés a de nombreux dépdts de lapilli (Bachelery, 1981;
Principe et al., 2016 ; Morandi et al., 2016), lesquels recouvrent toute la Plaine des Sables et
lui donnent son nom. Ce régime éruptif impliquant des fontaines de laves est bien plus violent
que ce qui peut €tre observé habituellement au sein de 1’Enclos (Staudacher et al., 2016 et
références incluses). 1l est aussi a noter que 1’activité sismique la plus profonde a tendance a
s’¢loigner vers 1’ouest par rapport au Piton de la Fournaise comme le montre la Figure 4 pour

les éruptions d’Avril 2007 (Fig. 4a) et celles de Mai 2016 (Fig. 4b).
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Figure 4: Sismicités associées aux éruptions du Piton de la fournaise datant d'Avril 2007 (a) et de Mai

2016 (b). source: WebObs (OVPF-IPGP)

En plus des observations sur la répartition des édifices (Fig. 3) et sur la sismicité (Fig.4), des
différences de composition de produits éruptifs existent entre les éruptions au sein de 1’Enclos
et a D’extérieur de ce dernier. En effet, 4 groupes de compositions sont typiquement
rencontrées dans les produits volcaniques sur I’ile de La Réunion (Fig. 5). Le groupe des
« Steady State Basalt » (SSB), globalement des basaltes transitionnels, domine I’activité
récente du PdF (< 4000 ans) laquelle se traduit principalement par des éruptions a I’intérieur
de I’Enclos. Le groupe des laves anormales (« Abnormal Group », AbG) montre des
compositions chimiques spécifiques, trés rarement observées a I’intérieur de 1’Enclos Fouqué
(cratére Hudson en 1998 d’aprés Bureau et al., 1998a et cratére Formica Léo d’aprés
Boudoire et al., in prep), mais qui, par contre, caractérisent les produits émis hors Enclos le
long de la NW-SE Rift Zone, et notamment sur la Plaine des Sables comme I’indique la

composition pour le Piton Chisny sur la Figure 5.
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Figure 5: Diagramme MgO vs CaO/Al203 pour des produits du Piton de la Fournaise ainsi que du Piton

des Neiges, d'apres Pichavant et al. (2016) et références incluses.

Etant donné I’homogénéité isotopique des laves réunionnaises (Fisk et al., 1988; Graham et
al., 1990; Bosch et al., 2008 ; Vlastélic & Pietruszka, 2016), les différences de composition
entre les groupes de laves ont généralement été attribuées a des processus magmatiques
intervenant au sein du systéme d’alimentation. Le cas des AbG suscite actuellement un grand
intérét et différents modeles ont été proposés pour expliquer ces compositions. Notons
toutefois que les différents modéles font intervenir des concepts totalement différents. En
effet, Kornprobst et al. (1984), puis Albarede et al. (1997) et Famin et al. (2009) ont proposé
que de telles compositions proviennent d’un fractionnement profond de clinopyroxéne (%
olivine) au sein des magmas primitifs. Par contre, Villemant et al. (2009) et Salaiin et al.
(2010) interpretent le groupe des AbG comme le résultat d’un processus d’assimilation de

cumulats a olivine par des liquides magmatiques plus ou moins différenciés.

Le seul cas des AbG souligne la nécessit¢ de la réalisation d’études de pétrologie
expérimentale sur des compositions du Piton de la Fournaise. Des ¢études de ce type ont déja
porté sur des produits de La Réunion, principalement du Piton des Neiges. Cependant, elles
ont été réalisées, soit a pression atmosphérique (Tilley et al., 1971 ; Villeneuve, 2000), soit a

haute pression mais en absence de constituants volatils (H20, CO2) ajoutés (Fisk et al.,
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1988). La question se pose donc de I’applicabilité de telles expériences pour contraindre
I’évolution des magmas réunionnais (Pichavant et al., 2016). Ce probleme se pose tout
particulierement dans le contexte de fonctionnement d’un volcan actif qui demande d’intégrer
au mieux les différents jeux de données (pétrologiques, géophysiques, géochimiques) dans

une démarche globale de surveillance au service de la prévision.

C’est dans ce cadre que le travail de thése a été réalisé. Il comprend trois objectifs
principaux : (1) la réalisation d’une étude expérimentale représentative du systeme
d’alimentation du PdF dans son ensemble, a partir d’'un matériel de départ de composition
typique de SSB et dans des conditions de pression, température, fO2, et de teneurs en volatils
(H20, CO2) réalistes ; (2) une étude pétrologique d’un échantillonnage représentatif de
roches plutoniques réunionnaises pouvant servir de guide comparatif aux résultats
expérimentaux et (3) I’obtention d’une base de données volcanologiques, pétrologiques et
géochimiques significative sur le groupe des AbG permettant de confirmer son existence dans

le systeme d’alimentation du PdF.

Les résultats seront présentés par type d’approche. Tout d’abord, 1’étude volcanologique sera
détaillée puis, dans un second temps, I’étude pétrologique des roches plutoniques. La
présentation des résultats expérimentaux se fera en deux volets, correspondant chacun aux
différents niveaux, superficiel ou profond, du systéme d’alimentation du Piton de la

Fournaise.



CHAPITRE I : “Approche volcanologique - Etude
volcano-stratigraphique et pétrologique d’édifices
volcaniques de la Plaine des Sables et de leurs produits
associés”
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Résumé

Ce chapitre se présente sous la forme d’un article synthétisant les principaux résultats
volcanologiques, volcano-stratigraphiques, pétrologiques et géochimiques obtenus lors de
I’étude des édifices volcaniques polygéniques de la Plaine des Sables (PdS) : le Demi-Piton,
le Piton Haiiy et le Piton Chisny, ainsi que des produits hawaiiens récents (spatters, coulées et
lapilli) qui leur sont associés. Les observations et descriptions présentées ici, ainsi que
I’échantillonnage des produits éruptifs analysés, ont été réalisées durant deux missions de
terrain (Octobre-Novembre 2013 et Février 2015) axées autour de cet ancien centre éruptif du
volcan du Piton de la Fournaise qu’est la Plaine des Sables (ile de La Réunion, Océan Indien).
Une stratigraphie détaillée et mise a jour de chacun de ces 3 édifices polygéniques, faisant
partie des plus volumineux observés sur le massif de la Fournaise avec le Piton de la
Fournaise ss, a pu tre proposée ainsi qu’une nouvelle version de la carte volcanologique de la
Plaine des Sables récemment proposée par Principe et al. (2016). L obtention de données
géochimiques originales a permis de valider et de confirmer les nombreux épisodes éruptifs
impliqués dans la construction de ces 3 spatter-ramparts, certains provenant clairement de
magmas de compositions chimiques différentes. Les analyses en roche totale réalisées dans le
cadre de cette étude montrent bien que les produits éruptifs de la Plaine des Sables ont des
compositions distinctes des compositions généralement impliquées dans I’activité éruptive du
Piton de la Fournaise. En effet, les produits de la PdS montrent de fortes teneurs en MgO (8-
11%) ainsi que de relativement faibles rapports CaO/A1203 (0.65-0.78), ce qui, associé a des
enrichissements en K20 et en éléments traces incompatibles, permet de les définir comme des
magmas du groupe anormal (« Abnormal Group », AbG). Néanmoins, quelques échantillons
avec des compositions de type « SSB », comparables a ceux généralement émis lors des

éruptions modernes du PdF, ont été aussi rencontrés.

L’analyse des compositions des verres silicatés des différents dépdts de lapilli de la Plaine des
Sables, que ce soit en ¢léments majeurs a la microsonde électronique ou en €léments traces au
Laser ICP-MS, s’est révélée primordiale durant cette étude. En effet, en plus de permettre la
validation et la confirmation des corrélations volcano-stratigraphiques effectuées a partir des
observations et descriptions de terrain, les différentes compositions de verres silicatés
obtenues ont pu étre classées en 4 groupes compositionnels dont 3 correspondent a des
compositions de verre silicatés encore inconnues ou trés rarement rencontrées dans les

produits réunionnais (Piton de la Fournaise et Piton des Neiges). Notamment, les lapilli du
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Piton Chisny, émis lors d’un épisode de fontaine de lave trés violent (un des plus violents de
ceux du PdF), sont associés aux compositions de verre silicatés les plus primitives (8,55 a
8,74% MgO pour un rapport CaO/Al1203 de 0,79-0,82) de celles analysées jusqu’alors dans
les produits €ruptifs du massif de la Fournaise. Des verres silicatés ayant des compositions
typiques de I’AbG (6,55 a 8,29% MgO pour des rapports CaO/Al1203 de 0,68 a 0,72) ont
aussi ¢été analysés. De telles compositions impliquent deux processus de fractionnement
distincts : un fractionnement systématique de 1’olivine et un fractionnement profond du
clinopyroxéne dans le cas des magmas de compositions caractéristiques de 1’AbG.

L’analyse de tels verres silicatés de composition chimique typique du groupe AbG représente
une avancée fondamentale pour la validation de I’existence (encore discutée par certains
auteurs) de magmas de composition AbG au sein du systéme d’alimentation du Piton de la
Fournaise, démontrant ainsi I’importance du fractionnement profond de clinopyroxéne dans
I’histoire magmatique de ce dernier, malgré la prédominance de ’olivine dans les produits

éruptifs.
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Abstract The volcanostratigraphy and chemistry of recent products of the Plaine des Sables
(PdS), a former eruptive center of Piton de la Fournaise (PdF) volcano in La Réunion Island
(Indian Ocean), are described. New field observations combined with original geochemical
data lead to the proposition of a revised and improved volcanological map and stress the
specificity of magma series recently erupted on the PdS. Three of the most voluminous
polygenetic volcanic edifices in the modern eruptive history of PdF belong to the PdS: Demi-
Piton, Piton Haily and Piton Chisny. The detailed stratigraphy of each of these 3 edifices has
been worked out. The eruptive activity is typically Hawaiian, yielding the whole range of
deposits from spatters, lava flows and lapilli. The 3 edifices were constructed as spatter-
ramparts (or -cones). Their construction and evolution involve numerous eruptive episodes
which tap several chemically distinct magma batches. Bulk rock major and trace element
analyses show that the PdS products are atypical on the PdF. Most have high MgO (8-11
wt%) and low CaO/A1203 (0.65-0.78); enrichment in K20 and incompatible trace elements is

marked, all these characteristics being diagnostic of the Abnormal Group (AbG) magma
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series. Few samples have bulk rock compositions similar to the Steady State Basalts (SSB)
that dominate the present-day eruptions of PdF. Major and trace element analysis of glasses in
lapilli samples defines 4 main compositional groups. Among these, 3 correspond to
compositions so far unknown as glasses on the PdF. This includes AbG-type glasses (MgO =
6.55-8.29 wt%; CaO/AI203 = 0.68-0.72) from Piton Haily and Piton Chisny, and primitive
glasses (MgO = 8.55-8.74 wt% MgO; CaO/AlI203 = 0.79-0.82) from Piton Chisny, these
latter associated with a highly energetic lava fountaining episode. Olivine is the only
phenocryst phase systematically present in PdS products. Yet, two fractionation mechanisms
are identified from our data, one based on olivine and the other on clinopyroxene. Olivine
fractionation is ubiquitous whereas cryptic clinopyroxene fractionation is associated with the
AbG signature. The discovery of AbG-type glasses is decisive proof that the AbG series
represent a specific magma type on the PdF.

Keywords: Piton de la Fournaise, Plaine des Sables, volcanostratigraphy, AbG-type glasses,

clinopyroxene fractionation

1 Introduction

Since 400 ka until today, the Piton de la Fournaise has been highly active and is one of
the best examples of basaltic shield volcanoes worldwide (Lénat, 2016 and references
therein). In the recent activity (i.e., since the last ~ 40 ka), the most frequently erupted
products are defined as “Steady State Basalts” (SSB). This first compositional group
corresponds to transitional (tholeiitic to alkaline) basalts with a restricted compositional range
(49-50 wt% Si02; 5-7 wt% MgO; 0.75-0.85 CaO/Al203). In the same period, the second
most abundant products emitted are olivine-rich basalts and picrites (44-45 wt% SiO2; 8-28
wt% MgO; 0.75-0.85 CaO/Al203), often associated with high magma production rates and
large volume eruptions (e.g., in 2007). These lavas, named “Oceanites” when MgO > 20 wt%
(Lacroix, 1923), are characterized by the presence of a variable but elevated (5-60%)
proportion of olivine crystals and, consequently, by high whole-rock MgO contents. They are
now consistently interpreted as reflecting the accumulation of olivine xenocrysts in a SSB-
type liquid (Lacroix, 1923; Albarede, 1997; Villemant et al., 2009; Boivin & Bachelery, 2009;
Welsch et al., 2009). Both SSB and Picritic products are found emitted principally inside the

Enclos Fouqué.



A third group occurs among products of the recent activity, the Abnormal Group (AbQG). It is
characterized by mixed geochemical characteristics (45-47 wt% Si02; 8-11 wt% MgO; 0.60-
0.80 CaO/Al203), with enrichments in Fe, Mg, Ti, Na, K, and depletions in Ca. Since
Reunion lavas are isotopically very homogeneous (Albarede et al., 1997; Vlastélic et al.,
2005; 2007; 2009; Bosch et al., 2008; Pietruzka et al., 2009; Vlastélic & Pietruszka, 2016),
the different groups of PdF lavas above must be generated inside the volcano’s plumbing
system. Concerning the AbG group, various petrogenetic models have been proposed. AbG-
type compositions have been suggested to result from clinopyroxene (+/- olivine)
fractionation at depth (Kornprobst et al., 1979; Albaréde et al., 1997; Famin et al., 2009).
Alternatively, assimilation of olivine-rich cumulates by evolved melts (similar to the
“Pintades” lavas) would yield AbG-type compositions (Villemant et al., 2009; Salaiin et al.,
2010). The main difference between these two models is that the former postulates the
existence of AbG-type melts in the PdF plumbing system whereas, according to the latter,
there is no need for exotic melt compositions since the evolved melts would represent
fractionation products from SSB lavas. Another point is that the AbG group is still poorly
documented, being represented by only a few eruptive products and a limited number of
geochemical analyses (Bulk Rock analyses principally). The available data suggest that AbG-
type products are rarely observed inside the Enclos Fouqué (e.g., Hudson eruption, early 1998
activity), but rather are found at eccentric cones outside the Enclos Fouqué and at recent
cones west of the main central cone.

In this context, the aim of our study was first to complete the volcanological and petrological
data characterization of the 3 main edifices of the PdS, and to propose a revised and improved
volcanological stratigraphy and map, providing us a solid stratigraphic position of each
deposit analyzed in this study. Indeed, in a second time, by studying these three edifices
which all host AbG-type compositions, a mineralogical and geochemical database on AbG
products has been developed. This has led to a more precise definition of this group of lavas

and in particular to the demonstration of the existence of AbG-type melts on the PdF.

2 Geological setting & volcanological context
The La Reunion island is located in the south-west of Indian Ocean (21°10°S,

55°30°W), around 800 km off the Madagascar eastern coast (Fig.la). La Réunion is a
volcanic oceanic system situated at the end of a hotspot track (Duncan et al., 1989;
Bonneville, 1990), which includes the Deccan flood basalts erupted 65 Ma ago (Chenet et al.,
2007). The island’s shape is that of an oval (50 km by 70 km) elongated in a northwest-
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southeast direction (Fig.1b). It represents the subaerial part (only 3% of the total volume,
according to de Voogd et al. 1999) of a large volcanic edifice, 220-240 km in diameter and 7
km in height, sitting on the oceanic floor at 4 km below sea level (Lénat et al., 2016; and
references therein).

Two juxtaposed volcanoes compose the island (Fig.1b): the Piton des Neiges to the NW and
the Piton de la Fournaise to the SE (Lacroix, 1923; 1939). There is also an old hypovolcanic
intrusive system buried under the eastern flank of the Piton de la Fournaise (Rangon et al,
1989) which has been attributed to a third volcano, named “Les Alizés” (Malengreau, 1995;
Malengreau et al., 1999; Lénat et al., 2001; 2012a; Gailler et al., 2009; Gailler & Lénat, 2010;
2012; Smietana, 2011; Lénat, 2016). Some 3.3 Ma old pillow-lavas deposits have been
associated with the Les Alizés volcano (Smietana et al., 2010). Yet, the existence of the Les
Alizés volcano is still debated (Lebas, 2012; Salvany et al., 2012).

The Piton des Neiges activity began 5 Ma ago on the sea floor (Gillot et al., 1994). The oldest
sub-aerial deposits are 2.2 Ma old (McDougall, 1971) and the activity ended 29 ka ago
(McDougall, 1971; Quidelleur et al. 2010). A younger age has been obtained on pyroclastic
deposits from Piton des Neiges (12 + 3ka using the U-Th method; Deniel et al., 1992) but is
not considered here as it appears questionable (see Salvany et al. 2012). An evolution from
basaltic shield stage (between 2.2 and 0.4 Ma) to differentiated alkaline strato-volcano stage
(between 350-400 and 29 ka) has been recognized in the eruptive history (Smietana, 2011;
Lénat et al., 2016 and references therein). Since its last period of activity, the Piton des Neiges
volcano has been deeply eroded, explaining the three 10 km-wide depressions named the
Cilaos, Mafate and Salazie “Cirques”.

The Piton de la Fournaise (PdF) has been active since 535 ka (Gillot & Nativel, 1989; Kluska,
1997). Its first stage of activity (530 to 400 ka) is characterized by the emission of feldspar-
rich basalt to mugearite flows, grouped into the “Pintades” or “Plagioclase-Ultraphyric
Basalts” lava unit (Bachélery, 1981; Bachelery and Mairine, 1990; Mairine and Bachg¢lery,
1997; Merle, 2010; Valer et al., 2015). The origin of these differentiated lavas is still debated,
and they could represent alternatively either an initial alkaline phase of the Piton de la
Fournaise or the last eruptive stage of the Les Alizés volcano (Smietana, 2010; Valer et al.,
2015). Since 400 ka until today, the Piton de la Fournaise has been highly active and is one of
the best examples of basaltic shield volcanoes worldwide (Lénat, 2016 and references
therein). Its volcanological history is marked by a series of construction, destruction and
deformation episodes (Bachelery, 1981; Merle et al., 2010; Michon et al., 2016 and references

therein).



The main structure of the present-day volcano is the U-shaped collapse caldera named
“Enclos Fouqué”. This structure is thought to have originated from several caldera collapses
associated with phreatomagmatic eruptions between 4880+35 BP and 2855+35 BP, as marked
stratigraphically by the Bellecombe ash deposits (Bachélery, 1981; Mohamed-Abchir, 1996;
Upton et al., 2000; Ort et al., 2016; Morandi et al., 2016). The Enclos Fouqué collapse caldera
actually delimits the currently active part of the PdF which includes the central cone and
almost all recent eruptions (Fig.1b).

Westwards from the Enclos Fouqué, another collapse caldera, named “Rempart des Sables”,
delimits the “Plaines des Sables” (PdS), the area which forms the subject of this paper
(Fig.1c). The “Rempart des Sables” caldera is associated with the migration of the PdF
volcanic center eastwards from its ancient (between 530 and 60 ka) to the actual location,
around 60-40 ka ago (Bachélery & Mairine, 1990; Gillot & Nativel, 1989; Merle et al., 2010;
Staudacher & Alleégre, 1993; Michon et al., 2016). The PdS, located 5 km west of the PdF
summit, owes its name to a continuous thick (from 10 cm to 1 m) cover of basaltic lapilli,
which contrasts with the generally effusive nature of PdF products. Several cones and
associated lava flows outcrop in the PdS, especially three polygenic volcanic edifices aligned
on a N30~40° axis (Fig.1c) that comprise AbG-type eruption products: the Piton Chisny, the
Demi-Piton and the Piton Haiiy (Bachelery, 1981; Morandi et al., 2016; Principe et al., 2016).
Recent studies have proposed a first volcanological stratigraphy (Morandi et al., 2016) and
volcanological map (Principe et al., 2016) of the PdS. A relative chronology of the main
stratigraphic units has been defined using the Bellecombe ashes (from 4880+35 BP to
2855435 BP) as the main depositional marker (Morandi et al., 2016; Principe et al., 2016).
The “pre-Bellecombe” deposits include monogenic strombolian cones, in part covered by
some Oceanite lava flows and by the Demi-Piton edifice, the latter covered by some reworked
Bellecombe ashes. The post-Bellecombe deposits include the Piton Haiiy products with lava
flows and associated lapilli deposits, and the youngest edifice of the PdS, the Piton Chisny.
The youngest deposits associated with Piton Chisny yield ages of 1105+60 BP (lava down the
Langevin valley, Bachelery, 1981; Tanguy et al., 2011) and 381426 BP (the latest Chisny fall
deposits, Morandi et al., 2016). The whole range of lava flow surface textures known at PdF
are encountered at the surface of the PdS (Principe et al., 2016). Eruptive dynamics of Demi-
Piton, Piton Haily and Piton Chisny ranges from violent lava fountaining (lapilli falls covering
the PdS) to long lasting effusive events (e.g. lava lake from the latest Chisny activity). Recent
studies demonstrate that the PdS has been an area of frequent and sometimes violent eruptive

activity a few hundred years ago. As the most voluminous eruptions occurred on the PdS have
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emitted lava flows able to reach inhabited areas, the PdS is considered as one of the most
potentially hazardous area of the PdF massif (Di Muro, 2012; 2015; Morandi et al., 2016;
Principe et al., 2016).

3 Methods
3.1 Field datas

Stratigraphical relations between volcanic deposits of the Plaine des Sables were
determined on the basis of 75 outcrops descriptions and samples (see Table 1), obtained
during 2 field missions. The main stratigraphical relations are summarized on volcano-
stratigraphical sections (Fig.3, 4 & 5). GPS coordinates of these 75 sampling sites were
measured. These coordinates were used to construct a volcanological map of the Plaines des

Sables (Fig.2), with a Geographical Information System software (ArcGIS©O).

3.2 Analytical techniques

Samples of spatters, scoriae and lava flows were examined in polished thin sections by
optical microscopy. Lapilli were embedded in epoxy resin, and then polished for further
examination and analysis. A few (REU 49, 50, 74) were subjected to mineral separations
using the “float/sink” method with Bromoform (p = 2.89g.mL-1). In order to characterize the
eruption products, different methods, summarized in Table 1 and detailed below, were

implemented.

3.2.1 Scanning electron microscopy

Some representative samples were imaged with a scanning electron microscope (SEM)

using the TESCAN Mira 3 XMU instrument at the ISTO-BRGM laboratory in Orléans.

3.2.2 Bulk rock analyses

Major and trace element bulk-rock analyses were carried out at the Centre de
Recherches Pétrographiques et Géochimiques (CRPG-SARM) in Nancy (France) by
inductively coupled plasma-optical emission spectrometry and -mass spectrometry (ICP-OES
& ICP-MS, Carignan et al., 2001). A total of 29 samples covering the whole range of erupted

products were analyzed (see Table 1).



3.2.3 Electron microprobe analyses

Major elements compositions of mineral phases (all samples) and matrix glasses
(lapilli) were obtained with a CAMECA SX FIVE electron microprobe at the ISTO-BRGM
laboratory. Analyses were performed under 15 kV acceleration voltage, 6 nA sample current,
10 s counting time on peak and 5 s counting time on background. Mineral phases were
analyzed with a focused beam; for matrix glasses, a defocused beam (10um) was used to
minimize alkali migration (Di Carlo et al, 2006). Relative analytical errors are 1% (SiO2,
MgO, Ca0), 1-2% (AI203), 2-4% (FeO, Na20) and 5-10% (Ti02, K20). Chemical zonation
in phenocrysts was documented either from spot (i.e., rim vs core) or scan (i.e., traverses with
steps of 10-20 pum) analyses. Each matrix glass sample was analyzed twice, in order to

constrain the internal compositional variability of each sample.

3.2.4 LA-ICP-MS analyses

Trace elements in matrix glasses were analyzed by laser ablation inductively coupled
plasma-mass spectrometry (LA-ICP-MS). Analyses were performed at the Laboratoire des
Domaines Océaniques (LDO-UMRG6538) laboratory in Brest (France), using a 102-193 ArF
Excimer laser ablation system (Compex Pro) coupled to an Element 2 (double focalization)
ICP-MS system, with helium as the ablation gas for trace elements. Samples were analyzed
using a laser repetition rate of 10Hz, a 60 um laser spot diameters and a pulse energy of 100
mJ (15 J/em ). Measurements were calibrated against two basaltic standards (BIR-1 & BCR2)
and one glass standard (NIST612), using CaO as the internal reference element. Between 2 to
5 measurements was obtained for each glass sample, depending of its crystallinity and

vesicularity.

4 Results

Results presented below include, firstly, volcano-stratigraphic data on the PdS and,
secondly, petrological and geochemical data on selected samples and deposits. Sample

descriptions and types of analyzes performed are summarized on Table 1.
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4.1 Volcanological and stratigraphic results

4.1.1 Volcanological map

A revised volcanological map of the PdS is proposed (Fig. 2). It draws on previous
maps and correlations (Bachelery, 1981; Morandi et al., 2016; Principe et al., 2016) and
integrates our new field data, notably detailed volcano-stratigraphic informations and
correlations on the Demi-Piton (Fig. 4), Piton Haiiy (Fig. 5) and Piton Chisny (Fig. 6). The
field-based informations have been greatly aided by glass chemical analyses (details provided
below) which have been obtained systematically on lapilli samples. These served to
crosscheck and confirm the stratigraphical attributions.

The PdS is largely covered by deposits associated with the “Piton Chisny” and “Aubert de la
Rue” activity in the central to southern part of the studied area (Fig. 2). Erupted products
includes spatters (units cl, 2, 3, 4, aub in Fig. 2), lava flows (c2a, b, ¢, d; c3a, b, c; aubl,
aub2) and lapilli (c2lap, c3lap, rw). The whole range of deposits from Hawaiian-type activity,
from explosive (lapilli deposits associated with violent lava fountaining) to effusive (thin
.pahoehoe lava flows associated with long lasting effusive eruptions, see Fig. 3 for description
.of typical deposits) is encountered. Drill cores in the western part of the PdS have found
reworked lapilli over thicknesses exceeding 1 meter (Morandi et al., 2016). This reworked
material comes from lava fountaining activity on Piton Chisny (units c2lap, c3lap).

The central part of the studied area is made principally of the Demi-Piton spatter-rampart
(dpl, 2). This asymmetric structure is what remains after a syn- to post-depositional collapse
event that has affected the edifice (see also Fig. 4). Lapilli associated with the upper deposits
of the Demi-Piton (dp2 unit) have been sampled on the northern slopes of the rampart
(sampling point #37 on Fig. 2), although this is the only example of lava fountaining activity
found associated with the Demi-Piton. In the same way, no lava flow could be observed from
the Demi-Piton, this type of activity being probably covered, either, on the east, by other pre-
Bellecombe lava flows (ocl, 2) or, on the west, by Chisny lava flows (c2b,c; #c3a, b) and the
reworked lapilli (rw).

In the north part of the studied area, the Haiiy spatter-cone is relatively well preserved. Up to
3 spatter deposits can be distinguished (h1, 2, 3) despite a syn- to post-depositional collapse in
the northwestern flank. Lapilli deposits associated with the stratigraphic unit h2 (h2lap) are
found on the southwestern and southeastern slopes, as well as lava flows associated with the

stratigraphic unit h3 (h3a). The collapse cirque contains a strombolian cone (h4) and small



associated lava flows (h4a, b). The Haiiy lava flows are probably in large part covered by the
Chisny lava flows (c3a, b), and the reworked lapilli cover (rw), locally by lapilli deposits
(c2lap).

All 3 polygenetic centers record syn- to post-depositional destabilization and/or collapse
events as evidenced by the cl and hl units (respectively for Chisny and Haiiy). Both
correspond to tilted and displaced blocks of spatter, rafted by a syn-depositional flank
collapse (Sumner, 1998). Moreover, 3 collapse cirques (for Chisny more a rock slide scarp)
occur near the summit of each edifice.

There are 3 major lapilli deposits respectively associated with units h2, c¢2, c3. Among these,
the c2lap deposit shows an important extension, being found on the slopes of Piton Haily and
so more than 1 km from a potential eruptive vent. This deposit marks the most violent lava
fountain episode in the recent activity of the PdF. It has been used as a major stratigraphic
marker in the PdS (Morandi et al., 2016; Principe et al., 2016).

Below, the detailed stratigraphic relations of the 3 main edifices are presented, from the oldest

to the youngest.

4.1.2 Demi-Piton: detailed stratigraphy

Only the western flank of the Demi-Piton is preserved (Fig. 2). This particular
structure offers a north-south cross-section inside the edifice (Fig. 4a, b). The basal spatter is
covered by (1) post-Bellecombe deposits (ocl, 2), (2) the Bellecombe ash deposit (Bac) and
(3) an important unit of reworked lapilli (rw, see Fig. 4b). Nevertheless, 2 lapilli deposits were
found under the reworked layer. From base to top, this includes a lapilli deposit of unknown
stratigraphic attribution (unsp, Fig. 4b; sample REU-01A, Table 1; 3) and a lapilli deposit
which is associated (by making use of the glass chemical data) with the Chisny activity
(c3lap; sample REU-01B; Table 1; 3).

The detailed stratigraphic section of the edifice is shown on Fig. 4c. It specifies the different
types of spatter deposits encountered within the 2 main stratigraphic units, dp1, dp2. These
are separated by a discontinuity level of altered lapilli with hints of paleo-soil (Fig. 4b, ¢). The
dpl unit (minimum thickness of 40 m) is mostly composed of hardened, welded and well
compacted spatter deposits (Fig. 4d, e). One exception is a red tephra associated with lava
fountaining observed just at the bottom of the discontinuity between dpl and dp2 (Fig. 4j).
The base of dp1 (thickness ~ 20 m) is made of a hardened, red spatter (sample REU-02, Table

1; 2) with coalesced spatter levels (Fig. 4f). This coalescence results from syn- to post-
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depositional compaction and welding of hot juvenile clasts during a rapid accumulation of
spatter (Sumner, 1998). The transition between clasts outlines can be observed (Fig. 4f). At
the top of this red coalesced spatter deposit, a black spatter (5-10 m thick) with numerous
(0.5-2 m thick) coalesced spatter levels is described (Fig.4 d; e). These levels are continuous
all along the edifice (Fig. 4e) and are named “clastogenic flows” since they are difficult to
distinguish from intercalated lava flows (Sumner, 1998). The top part of the dpl unit is
composed of a welded, red spatter deposit (Fig. 4g), with some well compacted and stratified
levels (Fig. 41).

The dp2 unit is composed of sintered, fractured and fluidal clasts spatter deposits less
agglomerated and compacted then the dpl components (Fig. 4c). The upper deposits include a
I m thick lapilli deposit (sample REU-37, Table 1; 3) with, on the top, a distinctive level of
strongly welded red lapilli (Fig. 4k) that forms the surface of the main part of the western
flank (sample REU-15, Table 1; 2). This is one of our two PdS samples where clinopyroxene
phenocrysts are present (Table 4), and found crystallizing together with olivine phenocrysts.
Dunitic xenoliths (Fig. 4h) occur all along the dp1 and dp2 units.

Overall, the structure of the polygenetic spatter-rampart with compacted and coalesced levels
in the basal unit (dp1) and less welded and compacted upper deposits (dp2) is typical of large

volume spatter edifices (Sumner, 1998).

4.1.3 Piton Haiiy: detailed stratigraphy

Deposits associated with the Piton Hally are divided in 4 stratigraphic units (hl, 2, 3,
4, Fig. 2). Deposits of unit hl, the first episode of construction of the edifice, are localized in
the northern part of the PdS (Fig. 2; 5b, g). They are mainly composed of very oxidized,
altered red spatters (sample REU-45; Table 1; 2). Typical outcrops of hl deposits consist in
spatter megablocks, most of them rafted during a syn-depositional flank collapse of the hl
edifice. These megablocks are the only remnants of the h1 products. This explains why, in the
thalweg between Piton Haiiy and Demi-Piton, Haiiy deposits (unit h2) are observed directly
above spatter deposits from the dp2 unit (Fig. 2; 5c-g).
Deposits of unit h2 are found mostly at the base of the main spatter cone edifice (Fig. 2). They
consist of successive lapilli deposits and clastogenic flows (Fig. 5c). These h2 deposits are
continuously observed from the foot of the eastern flank (Fig. 5h, 1) to the thalweg between
Piton Hailly and Demi-Piton (Fig. 5d-g). Lapilli deposits associated with the h2 unit can reach

thicknesses of ~2-3 m (Fig. 5c, h). At least 3 episodes of lava fountaining with intercalations



of “clastogenic flows” can be recognized (h2lap1, 2, 3, Fig. 5¢). In each lapilli deposit, levels
rich in bombs and fluidal clasts are observed (Fig. 3j), in relation with variations of the
fountaining regime. The h2 lapilli directly cover the pre-Bellecombe oceanite lava flows (oc,
Fig. 2) on the northeast part of the PdS near the foot of the eastern flank of Piton Hally (Fig.
5i). Dunitic xenoliths (Fig. 3c) are found in the h2 deposits. The reworked lapilli cover (rw,
Fig. 2) near Piton Haiiy is made of h2 lapilli, either alone or mixed with c2 deposits (Fig. 3k).
The main topographic structure of Piton Haiiy is the result of the construction of an important
spatter-cone edifice associated with the h3 stratigraphic unit (Fig. 2). This spatter-cone is
composed of several spatter episodes which are difficult to distinguish individually because
their textures (fluidal clasts coalesced to clastogenic flows) are similar. In addition, the flanks
of the edifice are affected by numerous fractures that result from post-depositional flank
destabilizations and render correlations uncertain. The h3 spatters overlay the h2 deposits, as
observed on the southern flank and up to the eastern flank of Piton Haily (Fig. 5c-g).

A major cirque is observed on the western flank of the edifice (Fig. 2, 5a, b), a consequence
of a syn to post-depositional flank collapse of the spatter-cone h3. The center of the cirque is
occupied by a small strombolian cone (unit h4, Fig. 2; 5a, b; sample REU-30, Table 1, 2)
which has emitted 2 lava flows (h4a, b, Fig. 2; sample REU-32B, Table 1, 2). These h4
deposits are interpreted to have originated from a post-collapse strombolian activity. The
laminated pahoehoe h4 lava flow (Fig. 3n) is the second rock from our sample set that
contains clinopyroxene phenocrysts (sample REU-32A, Table 1, 4). The reworked lapilli
cover is encountered in the inner slopes of the cirque, as well as, locally, a lapilli layer

belonging to the c2 unit (sample REU-32A, Table 1, 3).

4.1.4 Piton Chisny & Aubert de la Rue : detailed stratigraphy

Piton Chisny, with spatter deposits more than 100 m thick (Fig. 6¢) is the main
polygenetic center of the PdS (Fig. 2). As Piton Chisny corresponds to the last volcanic
activity on the PdS, the Chisny deposits (spatters, lava flows, lapilli and reworked lapilli)
cover the older deposits from either Demi-Piton or Piton Haiiy. More than 2/3 of the PdS area
(Fig. 2) is covered by the Piton Chisny edifice and its products. The complete spectrum of
deposits associated with Hawaian-type eruptions is encountered around Chisny (see Fig. 3).
This polygenetic spatter-rampart is made of 4 stratigraphic units (cl, 2, 3, 4, Fig. 2, 6). The
Aubert de la Rue spatter and lava field (aub, Fig. 2) forms a structure separate but close and

which is considered as the fifth and last stage of activity of Piton Chisny.

33



At the foot of the northern and eastern flanks of Piton Chisny, spatter deposits associated with
the c1 unit are observed (Fig. 3h; Fig. 6b, c, f, g). These are welded and stratified products
with agglutinated fluidal clasts (Fig. 3h; sample REU-69A, Table 1, 2). Clasts of that type are
associated with medium cooling (both AT and AT/t) and accumulation rates of magma
fragments emitted from the inner to the outer portion of a basaltic lava fountain (Sumner et
al., 2005). This unit includes intercalated (or clastogenic) lava flows; dunitic xenoliths are
quite common (Fig. 6¢). The spatter constructed during the cl stage was largely dismantled
by a syn-depositional collapse flank. Indeed, numerous rafted blocks of c1 spatter are found at
the foot of the northern flank of Piton Chisny, embedded in lava flows from younger (c2 and
c3) stratigraphic units (Fig. 2; Fig. 6g). Neither lava flow nor lapilli deposits of the cl stage
are found around Piton Chisny.

The spatter associated with the second unit ¢2 can be observed at the foot of the northern
flank of Piton Chisny (Fig. 6d, e; sample REU-68, Table 1). It forms the base of the western
flank of the spatter-rampart (sample REU-64A, Table 1; Fig. 2). These c2 spatter deposits
consist of black brittle clasts (lapilli & bombs) barely compacted and agglomerated (Fig. 3f,
g). Clasts of that type are associated with high cooling and medium accumulation rates of
magma fragments emitted from the outer portion of a basaltic lava fountain (Sumner et al.,
2005). Up to 4 lava flows were emitted during the c2 stage (c2a, b, c, d, Fig. 2). Texturally,
they range from a thin pahoehoe (c2c in Fig. 2; Fig. 31) to a chaotic lava flow rich in dunitic
xenoliths (c2d in Fig. 2; Fig. 30). A major lava-fountaining episode is also associated with c2
(c2lap in Fig. 2). In fact, lapilli deposited from that episode are observed all over the PdS: (i)
at the foot of the north flank of Piton Chisny (sample REU-65, Fig.2; Table 1, 3), (ii) under c2
lava flows (sample REU-41, Fig.2; Table 1, 3), (iii) intercalated between c2 lava flows (REU-
74, Fig. 2; Table 1-3), (iv) on the slopes of Piton Haiiy (samples REU-32A, 34, 36 Fig.2;
Table 1, 3) and (v) at the foot of the “Rempart des Sables” (samples REU-55, 70, Fig.2; Table
1, 3). From a petrographic point of view, the c2lap lapilli samples (e.g., REU-34) are
characterized by micro-dunitic xenoliths and olivine macrocrysts. Field relationships (c2lap
either covered by or intercalated between c2 lava flows) imply that lava fountains and lava
flows were synchronous. The architecture of c2 products is consistent with an eruptive fissure
oriented ~ N30° (in the alignment of the Chisny-Demi Piton-Haiiy edifices) but fissures
oriented N120° were also observed north of Piton Chisny (Fig. 2).

The main part of the Chisny edifice is made of spatter deposits associated with unit c3 (Fig. 2;
Fig. 6b, c, e, g). This spatter corresponds to sintered, fractured and agglutinated fluidal red
clasts (Fig. 3e; samples REU-60A, 61C, 71A, Table 1, 2). Clasts of that type are associated



with medium cooling and accumulation rates of magma fragments emitted from the inner to
the outer portion of a basaltic lava fountain (Sumner et al., 2005). An important clastogenic
flow (c3b, Fig. 2) is described on the north-eastern flank, overlying the c1 spatter deposit (Fig.
2; Fig. 6a, b) and giving to the spatter-rampart Chisny its curved shape (Fig. 2; Fig. 6a, b).
Intercalated lava flows (or clastogenic flows; sample REU-71B; Table 1, 2) are observed, as
well as dunitic xenoliths and ballistic blocks (0.5-1 m size), some of them being doleritic (Fig.
3¢, d). The numerous dense blocks found on the lower slopes of Piton Chisny (Fig. 3i) are
interpreted as disaggregated and gravitationally entrained ballistics related to the c3 stage of
activity. Up to 3 lava flows are emitted during the ¢3 stage (c3a, b, ¢). They cover important
surfaces on the PdS, e.g. lava flow c3a extends up to the northern end of the PdS (Fig. 2).
Lapilli belonging to the c¢3 unit are found either below the lava flows (c3b: samples REU-
59A, REU-66, Table 1; c3c: samples REU-48, REU-57, Table 1) or intercalated between two
of them. Therefore, the lava fountaining activity responsible for spatter construction and the
emission of lava flows were synchronous.

At the summit of the Piton Chisny, a small spatter deposit (sample REU-62; Table 1, 2) with
an intercalated lava flow (or a clastogenic flow; REU-63, Table 1) defines the c4 unit (c4; Fig.
2). This spatter is made of sintered and fractured fluidal clasts, barely agglutinated. Clasts are
less altered and more reddish than the c3 spatter deposits. Ballistic blocks are absent; a few
dunitic xenoliths were found. No other type of deposits (e.g., lava flows or lapilli deposits)
has been observed within the c4 unit.

At the center of the curved spatter-rampart of Piton Chisny, a spatter characterized by black
clasts with a fluidal texture is described (Fig. 2; Fig. 6a, b). This crater, named Aubert de la
Rue (aub in Fig. 2), has contained an ancient lava lake (Bachelery, 1981) and fed a lava field
(aubl, 2, Fig. 2). It is considered as the last stage of activity of Piton Chisny. Spatter-cones of
unit aub consist of agglutinated and partially coalesced splashed fluid clasts, e.g. cowpats
(Fig. 3a, b; sample REU-75; Table 1, 2). Clasts of that type are associated with low cooling
and low to medium accumulation rates of magma fragments issued from the inner portion of a
basaltic lava fountain (Sumner et al., 2005). Among the 2 lava flows associated with the aub
spatter, the oldest (aubl; Fig. 2) extends to the southern end of Demi-Piton toward the north,
and to the end of the PdS toward the south. The youngest flow (aub2, Fig. 2; sample REU-58,
Table 1) bypasses the northern flank of the aub spatter and follows the base of the eastern
flank of Piton Chisny to the south scarf of the PdS (Fig. 6a, b). The aub lava flows cover the
c3-related flows (Fig. 2).
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The polygenetic Piton Chisny spatter-rampart shows many fractures (Fig. 2) and also rock
slides (Fig. 6a, b) which indicate partial destabilization of its eastern flank, mainly constructed
from deposits of the c3 unit. Nevertheless, Piton Chisny shows little evidence for collapse of
the edifice. Syn- to post-depositional collapse is clearly more important on the Demi-Piton
and Piton Hally (e.g. the north-south cross-section of Demi-Piton and the collapse cirque at

the summit of Piton Hatiy).

4.2 Petrological and geochemical data

Selections of representative analyses are given in Table 2 (bulk-rock data), Table 3
(major and trace element compositions of matrix glasses) and Table 4 (mineral phases). The
complete dataset used to construct Figures 7-9 is compiled in the Supplementary Data (Table

S1).

4.2.1 Bulk rock data

Major and trace element bulk-rock analyses are available for 29 samples (Table 1 &
S1). They encompass the different types of products (lapilli, lavas flows, spatter clasts),
stratigraphic units and polygenetic centers on the PdS (2 samples from Demi-Piton; 4 from
Piton Haily; 19 from Piton Chisny). Only the h3 unit is missing from our dataset. Two
samples from units with undetermined stratigraphic attribution (ol, pds, Fig. 2) have been also
analyzed. Finally, 2 samples are from eruptions of PdF (within the Enclos Fouqué) in
November and December 2009 (unit pdf2009). These are used below as reference for SSB
lavas. Compared to these 2 reference compositions, the PdS samples are compositionally
different. Most are enriched in Fe2O3(tot), MgO, K20, TiO2, Ba, Ni, Sr, Cr, Zr and depleted
in Si02, CaO, Cu and Sc (Fig. 7a). Only the sample from the dp2 stratigraphic unit, which
has low MgO and high CaO, as well as elevated Cu and Sc, approaches the 2009 (SSB)
samples. However, both Cr and Ni are more strongly depleted in the dp2 sample than in the
reference SSB (Table 1).
Apart from the low MgO (6.00-8.00 wt%) and high CaO (11.1-11.4 wt%) group which
includes the two 2009 and the dp2 samples and is, by definition, representative of the SSB,
the second group (which comprises most samples) has variable MgO (8.2-11.3 wt%) and low
CaO (9.3-10.3 wt%), typical of the Abnormal Group (AbG). It can be subdivided in two
subpopulations, one with low (8.2-9.4 wt%) and the other with high MgO (10.0-11.3 wt%),

CaO being approximately constant. The two subpopulations include samples from the same



units (e.g., c2, ¢3). Previous work has stressed the importance of olivine accumulation at PdF
(Villemant et al., 2009) and it is most likely that the MgO dispersion in the bulk rock data
(Fig. 7a) reflects (at least in part) such a mechanism (see for example the c3 data points).

In the Sc/Yb vs. CaO/AI203 diagram (Fig. 7b), the bulk rock data define a single variation
trend. The 2009 samples have high CaO/A1203 (0.80-0.82) and Sc/YDb (~16) and they plot at
the “primitive” end of the trend. The “evolved” end (CaO/AI203 = 0.65-0.68; Sc/Yb ~12) is
defined by several samples from the 3 main edifices on the PdS. Such a trend of decreasing
Sc/Yb with decreasing CaO/Al203 is indicative of clinopyroxene fractionation (Albarede et
al., 1997). In the The La/Yb vs. CaO/Al203 diagram (not shown) which provides a
complementary indication for clinopyroxene fractionation, the bulk rock data define a single
slightly negative trend from the SSB samples at the lower end (La/Yb ~8) to samples from
Demi-Piton, Piton Haiiy and Piton Chisny samples at the higher end (La/Yb ~12-15). We
conclude that the bulk rock data indicate different degrees of clinopyroxene fractionation

between samples.

4.2.2 Glass compositions

Major and trace element compositions of matrix glasses have been determined on a
total of 24 lapilli samples representative of the 3 main polygenetic centers and stratigraphic
units on the PdS (1 dp2, 9 h2, 9 c2, 4 ¢3 and 1 sample from a stratigraphically unspecified
lapilli deposit, unsp). Matrix glasses of the 2 pdf2009 scoriae have also been analyzed for
reference. The data (Table 3) are plotted in Figure 8b-f. The SEM picture of a representative
lapilli sample is shown (Fig. 8a) to document the crystallinity (proportion and size of crystals)
of the analyzed products. In most cases, glass pools are large enough for LA ICP-MS
analysis. The only exception is sample REU-37 (unit dp2, Table 3) whose glass Ni
concentration markedly exceeds the whole-rock value (Table 2) suggesting some crystal
contamination.

The MgO vs. CaO/Al203 plot (Fig. 8b) enables 4 compositional groups of glasses to be
defined. (1) Glasses from the 2009 eruption have low MgO (6.14-6.29 wt%) and moderate
CaO/AI203 (~0.80). In the other diagrams, the two 2009 glasses are specific, being
characterized by low compatible and incompatible trace element concentrations (Fig. 8d, e),
and also by the lowest La/YDb ratios (Fig. 8f). The dp2 glass plots close to the 2009 samples
(Fig. 8b) although it has different incompatible trace element contents (Fig. 8e). It is also

reminded that the dp2 glass analysis is somewhat uncertain because of crystal contamination.
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(2) Glasses from the c2 unit form a tightly defined group with the highest MgO contents of
the dataset (8.53-8.74 wt%) and moderate CaO/AI203 ratios (0.79-0.82). This group displays
primitive characteristics on all diagrams such as high compatible elements (Fig. 8d), low
incompatible elements (Fig. 8c, ) and La/Yb (Fig. 8f). (3) Glasses from the h2 and c3 units
have the lowest CaO/AI203 ratios of the dataset (0.67-0.74) and are characterized by a
significant dispersion in MgO contents (6.29-8.37 wt%). This group has the highest
incompatible element concentrations (Fig. 8c, €) and the highest La/Yb ratios (Fig. 8f) of the
dataset (the dp2 sample being excepted). It is also characterized by moderate to strong
depletions in compatible elements (Fig. 8d) compared to group (2). (4) A single composition
plots separate from all the others on several diagrams (sample REU-1B, Fig. 2; Table 3). It
corresponds to the stratigraphically unspecified lapilli unit (unsp), at the base of the deposits
covering the eastern flank of Demi-Piton (see Fig. 3b) and has the highest CaO/AI203 ratio
(0.85) of the glass dataset.

Glasses from group (1) are, by definition, representative of the SSB lava group. They plot
together with other glasses from 1998-2008 eruption products (Fig. 9a, b). However, the 3
other groups of glasses have strongly unusual compositions, so far unknown for glasses on the
PdF. Glasses from group (2) have MgO clearly higher than SSB glasses from the 1998-2008
eruptions. In the same way, the group (4) glass has a CaO/Al203 ratio higher than all 1998-
2008 glasses. But the most interesting group with respect to the existing glass database on the
PdF is clearly group (3). With its low CaO/AI203, high MgO and K20 and high incompatible
trace element contents, group (3) has attributes typical of the AbG group (Fig. 9). Therefore,
this group provides the first examples of the existence of magmatic liquids with an AbG
signature on the PdF.

As for the whole-rocks, the glass data provide evidence for two fractionation schemes, the
first involving olivine and the second clinopyroxene. Evidence for the involvement of olivine
(either fractionation or assimilation) comes from MgO, TiO2 as well as the compatible and
incompatible elements (Fig. 8b-e). On those different diagrams, the glass data are found
spread on a single trend. Group (2) glasses define the “primitive” and the 2009 and dp2
glasses the “evolved” end (although the 2009 glasses have particularly low Ba and the dp2
glass should be treated with caution for reasons given above). In the same way, evidence for
the involvement of clinopyroxene comes from the La/Yb vs. CaO/Al203 plot (Fig. 8f). On
this representation, the most “evolved” compositions, thus indicating a clear signature of
clinopyroxene fractionation, is marked in the group (3) glasses whereas the 2009 and the

groups (2) and (4) glasses show a minimal influence of clinopyroxene fractionation. It is



emphasized that glasses with a clear clinopyroxene fractionation signature (group (3)) come
from 2 of the main volcanic centers on the PdS (h2 from Piton Haily and c3 from Piton
Chisny). Therefore, this fractionation signature is neither specific of a particular volcanic

structure nor of a period of activity.

4.2.3 Mineral phases

In all deposit types (spatters, flows, lapilli) on the PdS, the only phenocryst phase (size
> 70-100 um) is olivine. Phenocrysts of clinopyroxene (generally smaller in size) were
observed in 2 deposits, in the welded lapilli at the top of Demi-Piton (REU-15, Table 1, 4)
and in one lava flow associated with the h4 unit on Piton Hailiy (REU-32B, Table 1, 4).
Microphenocrysts of olivine, clinopyroxene and/or microlites of plagioclases were also
observed in the lapilli (see Fig. 8a). Spinels occur as inclusions in olivine phenocrysts but also
in isolation in the matrix. Representative compositions of these different mineral phases are

given in Table 4.

4.2.3.1 Olivines

The olivine phenocryst data in Table 4 were obtained on 3 lapilli deposits: one
associated with the ¢2 unit (REU-74, Table 1) and 2 with the h2 unit (REU-49, REU-50,
Table 1). Mineral separation yielded olivine as the only silicate crystal. The Fo range (71.7-
88.8, Table 4) matches that classically accepted for olivine on the PdF (69-87, see Boivin &
Bachelery, 2009). In detail, olivines from Piton Chisny (REU-74) have average Fo (~86+0.5)
higher than olivines from Piton Haiiy (average Fo 84~85). Olivine CaO contents are relatively
high (~0.25 wt%), consistent with a magmatic origin. The Fe/Mg zonation is limited to +/-
0.2-1.5 Fo units. Ca and Ni zonations, either normal or inverse, and also a few normal Cr
zonations, have been observed. Fe/Mg equilibrium between olivine and matrix glass has been
evaluated for the 3 lapilli samples REU-74, REU-49 and REU-50 (Table 4) by using a Fe-Mg
Kdol/liq of 0.33 (Brugier et al.,in prep) and a proportion of 18% Fe20O3 (Pichavant et al.,
2016). In the 3 samples, the analyzed olivines have Fo contents both higher and lower than
expected at equilibrium with the glass. These observations emphasize the variability of the
olivine population in the same lapilli deposit. Olivines crystallized from a range of melt

compositions, both more and less evolved than their corresponding matrix glass.
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4.2.3.2 Clinopyroxenes

Clinopyroxene phenocrysts in REU-32B (Table 4) are augites with Mg# ranging from
74 to 79, variable Al1203 (2.85-6.37 wt%) and TiO2 (1.47-2.97 wt%) and Cr203 (up to 0.29
wt%). Core-rim zonations (Mg, Fe, Al, Ti) have been observed. Such clinopyroxene
compositions are similar to those analyzed in deposits associated with volcanic edifices in the
N120 rift zone (Boudoire et al., in prep) and in werhlitic xenoliths on the PdS (Brugier et al.,
in prep). Microphenocrysts in REU-15 are compositionally similar (6, 7, Table 4). The
microphenocryst analyzed in REU-49 (1, Table 4) is a subcalcic augite with a low Mg# (66.9)
and high A1203 (10.43 wt%) and TiO2 (3.93 wt%), reflecting crystallization from an evolved
melt. Calculated Mg# of clinopyroxene in equilibrium with REU-49 glass or REU-32B and
REU-15 bulk rocks, based on an experimental Fe-Mg Kdcpx/liq of 0.28 (Brugier et al., in
prep), are higher than the analyzed crystals (Table 4). This suggests that the analyzed

clinopyroxenes crystallized from melts more evolved than the matrix glasses.

4.2.3.3 Plagioclases

Plagioclase microlites have been analyzed in the matrix of one lava flow from the h4
unit (REU-32B, Table 4). The 2 compositions given represent the compositional extrema, and
they extend from labradorite (An60) to andesine (An45). They have K20 content increasing
with decreasing An suggesting that the compositional range can be attributed to crystallization
from a variably evolved magma. These plagioclase An contents agree with the data (Boivin &

Bachelery, 2009) for plagioclases in recent PdF lavas (An74 to An46).

4.2.3.4 Spinels

The 4 compositions given (Table 4) encompass the wide range of spinel compositions
found in PdS deposits. One (5, REU-74, Table 4) has high Mg# (64.7), low Cr# (26.3) and
Ti02 (1.54 wt%), typical of Mg-chromites found as inclusions in olivine phenocrysts. The 3
others represent spinels observed either as inclusions or microphenocrysts isolated in the
matrix. They are characterized by lower Mg# (56 to 44) and higher Cr# (52 to 55) and TiO2
(2.46 to 4.25 wt%), suggesting that they crystallized from melts different (more evolved ?)

than the Mg-chromites. Only weak core-rim zonations (86, Table 4) have been found.



5 Discussion

5.1 Volcanological evolution of the “Plaine des Sables”

The main volcanological achievements of this study include the production of detailed
stratigraphic sections for each of the 3 main polygenic centers of the PdS (Fig. 4-6) and the
proposition of a volcanological map (Fig. 2). These new data, although in general agreement
with previously published volcanological reconstructions of the PdS (Bachélery, 1981,
Morandi et al., 2016; Principe et al., 2016), bring significant improvements that are
underlined below.

Firstly, some stratigraphic attributions have been revised, such as for the deposits from the
thalweg between Demi-Piton and Piton Haiiy. The spatter deposit covering the north flank of
Demi-Piton was previously associated with the first stage of activity of Piton Haiiy (Principe
et al., 2016). It is now forming part of the dp2 unit (Fig. 2). The succession of lapilli deposits
— clastogenic flows, previously described as reworked alluvional deposits (Principe et al.,
2016), is clearly associated with the h2 unit (Fig. 5c-g).

Secondly, the stratigraphy of Piton Chisny has been refined. Principe et al. (2016) have
distinguished 1 “Proto-Chisny” and 3 Chisny eruptive phases, the Aubert de la Rue lava field
(named “Gueules Rouges”) being the third and last episode. In comparison, in this study, the
construction of the primary Chisny rampart is proposed to involve up to 4 stratigraphic units,
and a fifth stage of activity is marked by the Aubert de la Rue spatter cone (see Fig. 2, 6). This
new interpretation leads to changes in the stratigraphic attribution of deposits (especially lava
flows) that are clearly visible in the new volcanological map. Essentially, the new model
proposed for Piton Chisny is that the spatter-rampart is made from spatter deposits associated
with 2 stratigraphic units, c2 and c3 (Fig. 2, 6). Previously, it was thought to be constructed
from a single stratigraphic unit, the ”Proto-Chisny”, the eastern flank of the edifice being
covered by spatter deposits associated with the “Gueules Rouges” unit (Principe et al., 2016).
Such a covering of the eastern flank is not confirmed in this study and, globally, a minor
importance is attributed to the fifth stage of Piton Chisny activity, the Aubert de la Rue spatter
and lava field. The lava flow which extends to the northern limit of the PdS, previously
attributed to the “Gueules Rouges” unit (Principe et al., 2016), is attributed to the Chisny unit
c3a in the map (Fig. 2).

The lapilli deposits associated with the c2 unit (c2lap) originated from one of the most

energetic lava-fountaining events on the PdF (Morandi et al., 2016). The demonstration, from
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the glass chemical data, that the c2lap unit extends up to the internal slopes of the Piton Hatiy
cirque (REU-32, Fig. 2) allows to push the limit of the c2lap deposit by more than 400 m to
the north, compared to Morandi et al. (2016). In addition to its large extension, the c2lap
deposit is apparently very homogeneous (always composed of non-altered cm-sized well-
sorted black lapilli with relatively variable ash component), and the c2lap samples are
chemically tightly grouped (Fig. 8b-f). Considering the large extension of c2lap deposits and
their thickness (1.5-2 m at the base of Piton Chisny, REU-65, Fig. 2; 57 and 17 cm at
distances of respectively 1.1 km and 1.7 km from the eruptive center, Morandi et al., 2016),
the c2 lava-fountain can be compared with lava fountains on Hawaii such as during the
Kilauea Iki eruption of 1959-1960. The 440 m high lava fountain of Kilauea Iki’s 3rd eruptive
phase has been associated with a 76 cm thick lapilli deposit located 900 m from the vent
(Richter et al., 1970); the 580 m high lava fountain of the 15th eruptive phase produced the
most extended deposits, with 30 cm thick deposits found at distances of more than 2 km from
the vent (Parfitt, 1998). Even if such lapilli deposits are clearly dependent on local factors
(topography, wind regimes), thus making such first-order comparisons risky, we estimate that
the c2lap lava fountain was more than 400 m high and, as such, is comparable to the highest
class of Hawaiian lava fountaining proposed by Houghton et al. (2016). Such high lava
fountains have been described to be active for periods ranging from a few hours to more than
a day (see Houghton et al., 2016 for a review). Therefore, our data confirm that the c2 lava
fountaining event was the most (or one of the most) energetic, but also the most voluminous
and probably the highest lava fountaining event on the PdF massif (Morandi et al., 2016;
Principe et al., 2016). It is also noteworthy that the erupted melts were relatively primitive,

since the group (2) has the highest MgO concentrations of the glass dataset (Fig. 9a).

5.2 [Evolution of individual edifices

The 2 stratigraphic units defined for the Demi-Piton (dpl, dp2, Fig. 2, 4) show
contrasted bulk rock compositions (Fig. 7). The dpl sample has a typical AbG signature
whereas the dp2 sample is similar to differentiated SSB (Fig. 9a). No lapilli sample was
analyzed in the dpl unit but the matrix glass in the dp2 lapilli (keeping in mind the
contamination problem noted above) plots together with evolved glasses from the 1998-2008
eruptions (Fig. 8, 9), consistent with the evolved SSB signature of its corresponding bulk
rock. Therefore, in the case of Demi-Piton, there is a good correlation between the

volcanological observations and the chemical data. Both suggest 2 distinct periods of



construction of the spatter-rampart, the first marked by AbG-type and the second by
differentiated SSB-type magmas. Since an evolution from dpl to dp2 compositions would be
difficult to explain by crystal fractionation and/or assimilation of phenocryst phases in a
single magma chamber (see the fractionation vectors in Fig. 9a), it is most probable that
different magma batches were involved. Following eruption of the dpl AbG-type unit, the
Demi Piton feeding system was recharged with a slightly differentiated SSB-type magma,
probably during the quiescence period marked by hints of a paleo-soil. Clinopyroxene
fractionation is strongly marked in the dpl composition (Fig. 7b). In contrast, the magma
involved in the dp2 activity has high CaO/Al203 and Sc/YDb ratios, indicating a minimal
importance of clinopyroxene fractionation. Clinopyroxene microphenocrysts in the REU-15
sample (Table 4) have lower Mg# than compositions at equilibrium with the matrix glass,
suggesting that they crystallized from cold and differentiated parts of the shallow plumbing
system.

In the case of Piton Haiiy, the sequence of bulk rock compositions from the hl, h2 and h4
units shows similarities with the Demi-Piton. Indeed, the first (h1) unit is made of a typical
AbG magma, chemically close to dpl (Fig. 7). However, the other compositions differ from
the typical SSB seen on Demi-Piton. Following the h1 unit, the Piton Haily plumbing system
was recharged with the primitive h2 magma batch (see Fig.7a, 9a). The relative positions of
h2 bulk rock and matrix glasses suggest that accumulation of olivine partly controls the h2
whole rock composition (see the fractionation vectors in Fig. 9a). The h4 whole rock is
intermediate between hl and h2 illustrating the significant compositional variability of
magmas on Piton Haiiy. Both the h2 and h4 whole rocks are interpreted as representative of
AbG magma series, despite their medium-high Sc/YDb, Fig. 7b; note that h2 has a low but h4 a
very high La/Yb. This is mainly because the h2 matrix glasses, which are chemically evolved,
record clear evidence for clinopyroxene (and also olivine) fractionation (Fig. 8b-f, 9b). We
also note that the h2 whole-rock composition, although MgO-rich, does not plot on the picrite
trend (Fig. 9a). Both the h2 and h4 samples contain clinopyroxene, as microlites in the former
(REU-49, Table 4) and as phenocrysts in the latter (REU-32, Table 4), interpreted as
crystallization products from cold shallow evolved melts. In the absence of analyses for the h3
unit, we conclude from the available data that Piton Haiiy was constructed from a series of
distinct AbG-type magma batches.

The h2 matrix glasses show a significant internal variability (Fig. 8b-e). If lapilli deposits are
divided in different sub-units (e.g., h2lap 1, 2, 3, Fig. 5c¢), it appears that the chemical

dispersion among h2 glasses is controlled by the stratigraphic position of lapilli samples
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within sub-units. Glass MgO concentrations systematically decrease from base to top. For
example, REU-50 (7.97 wt% MgO) is below REU-51 (7.30 wt% MgO) in sub-unit h2lap 3
(Fig. 5c, Table 3). This chemical heterogeneity indicates a syn-eruptive change in magma
composition, possibly driven by olivine crystallization and fractionation in the plumbing
system. Lava fountains that produced the h2 lapilli deposits were of duration long enough for
variations in glass chemistry to be recorded. This conclusion is corroborated by field
observations indicating variations in the lava fountaining regime (Fig. 5h). In comparison,
there is no indication for a differential influence of clinopyroxene fractionation in the h2 glass
data. They all have nearly constant CaO/Al203 and La/Yb (Fig. 8b, f) and exhibit similar
level incompatible trace element and K20 enrichments in comparison with the 1998-2008
SSB glasses (Fig. 8e, 9b).

Chemical dispersion is even more marked in the Piton Chisny than in the Piton Haiiy. The 5
eruptive units clearly differ from SSB and they plot outside the picrite trend (Fig. 9a). They
exhibit variably marked AbG characteristics, the strongest being for the ¢4 and aub samples
(as well as for one c2), and the weakest for c2 and c3 samples (Fig. 7b; 8f). The chemical
variability seen on Piton Chisny is mainly controlled by dispersion within eruptive units (see
the c2 and c3 units). For bulk rock analyses, effects of olivine accumulation need to be taken
into account (Fig. 7a). For the glass analyses, the contrast between the 2 main lapilli deposits
c2 and c3 is remarkable. Piton Chisny is the only edifice on the PdS showing such a marked
compositional contrast between glasses. The c3 glasses record an evolution similar to that
defined for the h2 glasses, except that the latter extend to more MgO-rich compositions and,
so, overall, olivine fractionation is more marked in the c3 than in the h2 glasses (Fig. 8b-e).
However, both glasses have similar levels of K20 and incompatible element enrichments as
well as comparable CaO/Al1203 and La/YDb (Fig. 8e-f, 9b) and, therefore, they record similar
extents of clinopyroxene fractionation. In contrast, clinopyroxene fractionation is much less
marked in the c2 glass group (Fig. 8f, 9b) which has characteristics typical neither of AbG nor
of SSB compositions. One interpretation consistent with the chemical data would be to
associate the c2 group with SSB, the c2 data representing an example of primitive
compositions uncommon among SSB glasses (Fig. 9a). However, the difficulty with this
interpretation is that the c2 glasses belong to an eruptive unit which includes bulk rock
samples with low CaO/AI203 and Sc/Yb, and high La/Yb, i.e., with clear AbG attributes
(Fig. 7b, 9a and not shown). More work is needed to resolve the affiliation of the c2 glass

group to PdF magma series.



In conclusion, the construction and evolution of polygenic volcanic centers on the PdS stress
the importance of AbG magma series. The 3 main edifices detailed above bear the mark of
AbG compositions being involved in their volcanological history. Clear indication for the
involvement of typical SSB magmas is only seen on the Demi-Piton and, therefore, it is
possible to contrast the role of SSB in the PdS (small importance) and inside 1’Enclos Fouqué
(major importance). Neither Oceanite nor Differentiated series appear to be involved. Each of
the 3 main edifices resulted from several episodes involving discrete magma batches which
bear the mark of complex petrogenetic processes including crystal fractionation and
assimilation, cooling and differentiation as well as recharge by melts of chemically variable

composition.

5.3 Implications for the origin of the Abnormal Group (AbG) magma
series

The origin of the different magma series at PdF is a debated issue (Upton and
Wadsworth, 1965; Ludden, 1978; Kornprobst et al., 1979, 1984; Albarede and Tamagnan,
1988; Fisk et al., 1988; Albaréde et al., 1997; Fretzdorff and Haase, 2002; Vlastélic et al.,
2005; Boivin et Bachelery, 2009; Famin et al., 2009; Villemant et al., 2009; Salaiin et al.,
2010; Di Muro et al., 2014, 2015; Boudoire et al., in prep). Starting from the strong isotopic
homogeneity of PdF lavas (Graham et al., 1990; Albaréde et al., 1997; Fretzdorff & Haase,
2002; Bosch et al., 2008; Vlastélic et al., 2009), the present discussion focuses on mechanisms
of intracrustal differentiation of a presumably single type of parental magma (Albaréde et al.,
1997; Famin et al., 2009; Villemant et al., 2009; Boudoire et al., in prep, Fig. 9a). There is
agreement that the SSB magma series record a mechanism of olivine fractionation (Ludden,
1978; Kornprobst et al., 1979, 1984; Albaréde and Tamagnan, 1988; Fisk et al., 1988;
Albarede et al., 1997, Fretzdorff and Haase, 2002; Vlastélic et al., 2005; Boivin et Bachélery,
2009; Famin et al., 2009; Di Muro et al., 2014, 2015; Pichavant et al, 2016). This trend is
marked by a decrease in MgO associated with a relatively constant CaO/Al203 ratio (Fig.
9a). Evidence that this mechanism is of major importance on the PdF is provided by the SSB
magma series which plot at the evolved end of the olivine control line passing through the
postulated parental magma (Fig. 9a). In our dataset, olivine fractionation is the first of the two
main evolutionary mechanisms identified (see above). Yet, most of our bulk rock
compositions plot outside the “main” PdF trend (defined by the SSB and Oceanite magma

series, Fig. 9a) and, in fact, only our pdf2009 and dp2 whole rock samples have compositions
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along this trend. The Differentiated series corresponds to compositions with < 6 wt% MgO
decreasing together with CaO/A1203 (0.55-0.8) as a result of plagioclase +/- cpx fractionation
(Kornprobst et al., 1984; Albaréde and Tamagnan, 1988; Albaréde et al., 1997; Boivin et
Bachelery, 2009; Famin et al., 2009). In our sample set, only the dp2 glass has a composition
approaching that of the Differentiated series (Fig. 9a, b).

Another evolutionary trend based on early clinopyroxene fractionation has been recognized
for some time on the PdF, as illustrated on Figure 9a (Kornprobst et al., 1984; Albarede et al.,
1997; Boivin et Bachelery, 2009; Famin et al., 2009; Boudoire et al., in prep). However, its
petrogenetic significance and actual importance is still under discussion, mainly because the
number of samples demonstrating this evolution was, until recently, limited (Albarede et al.,
1997; Boivin et Bachelery, 2009; Famin et al., 2009). This trend is characterized by a strong
decrease of CaO/Al203 accompanied by a decrease in MgO (Fig. 9a). It is followed by an
evolution at essentially constant (but low) CaO/AI203 and more strongly decreasing MgO
which corresponds to the transition from clinopyroxene (+/- olivine) to olivine (+/-
clinopyroxene) fractionation. As previously emphasized and shown on Figure 9a, most
samples (whole rocks and glasses) of our dataset fall on this trend, clinopyroxene
fractionation being the second of the two main fractionation mechanisms identified in this
study. It is worth emphasizing here that SSB products show a minimal imprint of this
mechanism. Therefore, and contrary to olivine fractionation which is marked in all magma
series, clinopyroxene fractionation is exclusive of the AbG group.

Different models have been proposed for the origin of the AbG compositions on the PdF.
Most are based on the crystallization of clinopyroxene as a liquidus phase in the deep parts of
the feeding system (Kornprobst et al., 1979, 1984; Albaréde et al., 1997; Boivin et Bachelery,
2009; Famin et al., 2009; Boudoire et al., in prep). In those models, the evidence supporting
clinopyroxene fractionation has mainly come from major and trace element bulk rock
geochemical data (e.g., Albarede et al., 1997). This group of models leads to distinguish
essentially between two main magma series on the PdF, a first with a strong imprint (the AbG
series) and a second with a minimal imprint of clinopyroxene fractionation (SSB and Oceanite
series). This conception has been, however, criticized and other types of models have
explained the AbG compositions on the basis of a single magma series. In the model of
Villemant et al. (2009), AbG compositions are generated as a result of assimilation of olivine
xenocrysts by evolved melts from the Differentiated series. Indeed, one difficulty with the
clinopyroxene fractionation model is that, until recently, experimental evidence showing the

possibility to stabilize clinopyroxene on the liquidus of PdF magmas at reasonable pressures



(< 500 MPa) has been lacking (Fisk et al., 1988; Pichavant et al., 2016). However, recent
experimental results obtained on a typical SSB in presence of volatiles have demonstrated a
strong influence of pressure on phase equilibria (Brugier et al., in prep). Olivine was found to
be the liquidus phase from 1 atm to ca. 350 MPa. Above that pressure, olivine was replaced
on the liquidus by clinopyroxene. These experimental data (Brugier et al., in prep.), plus other
recent analytical data on crystallization pressures of clinopyroxene from fluid inclusions
(Boudoire et al., in prep), clearly strengthen the clinopyroxene fractionation model to explain
the AbG magma series.

In this context, our analytical dataset bring new evidence to be considered in models for the
origin of AbG magmas. On the one hand, our results indicate that AbG-type compositions are
not accidental but, rather, can dominate in certain parts of the PdF such as the PdS. On the
other hand, our data demonstrate the existence of AbG-type liquids on the PdF (Fig. 9).
Therefore, not all AbG magmas can be viewed as heterogeneous magmatic mixtures (e.g.,
Villemant et al., 2009). Some clearly represent magmatic liquids whose origin needs to be
determined. In this respect, the paucity of clinopyroxene phenocrysts in PdS products and on
the PdF in general is one aspect of our results that warrants discussion. Indeed, the
clinopyroxene fractionation model requires crystallization of clinopyroxene in the deep part of
the plumbing system. Yet, clinopyroxene phenocrysts were found in only two of our samples,
and a third contains clinopyroxene microlites. All clinopyroxenes analyzed in this study have
Mg# lower than expected at equilibrium with their matrix glasses. Therefore, these
clinopyroxenes represent late-crystallizing phases, as opposed to the early crystallizing
clinopyroxenes expected to be involved in the clinopyroxene fractionation model. These
observations stress the need for a mechanism of clinopyroxene resorption/assimilation to
explain the disappearance of clinopyroxene phenocrysts in PdS products. In this regard, it is
possible that some glasses in our dataset bear the mark of clinopyroxene assimilation (unsp,

Fig. 9a).

6 Conclusions

The main conclusions of this study are the following:
- We have documented the volcanological history of the Plaine des Sables, an important
episode in the recent activity of the Piton de la Fournaise. The volcanostratigraphy of the

studied area has been revised and improved, and a new detailed (20m scale) map is proposed.
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- Mechanisms of construction and evolution of the 3 main volcanic centers of the PdS (Demi-
Piton, Piton Haily, Piton Chisny), involve several discrete eruptive episodes. Each reflects
multiple and complex magmatic processes such as crystal fractionation and/or assimilation
and recharge of the plumbing system with chemically contrasted melts.

- The eruptive style inside the PdS is typically Hawaiian with the emission of spatters, lava
flows and lapilli deposits from fountaining activity.

- The whole-rock and glass analyses demonstrate that the PdS products are strongly
chemically variable. This diversity is marked both between and within the 3 main eruptive
centers studied.

- The recent PdS products are characterized by the predominance of Abnormal Group magma
series which are found to be present on the 3 main volcanic centers. Other magma series
present on the PdF are either poorly represented (SSB) or totally absent (Oceanite,
Differentiated magma series). The typology of PdS products is in strong contrasts with that
recorded for the activity inside the Enclos Fouqué.

- Two main fractionation processes based on (1) olivine and (2) clinopyroxene have been
identified in the erupted products. Olivine fractionation is ubiquitous whereas clinopyroxene
fractionation is specific of AbG products. The clinopyroxene fractionation mechanism must
be cryptic as clinopyroxene is typically absent as a phenocryst in the erupted products.

- The PdS products contain new types of glasses so far unrecognized on the PdF. This
includes AbG compositions, and also compositions more primitive than glasses from SSB
series.

- The existence of AbG-type glasses and their association with relatively primitive whole-rock
compositions brings decisive support to the proposition that the AbG magma series represent

a specific magma type on the PdF.
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9 Figure captions

Fig.1. (a) Location of La Réunion island in the Indian Ocean. (b) Map of La Réunion island,
based on satellite pictures. The blue line represents the coastal limit of the island. The white
dashed line separates the two main volcanoes on the island: the Piton des Neiges (inactive and
largely eroded) and the Piton de la Fournaise (active since 535.000 years, Gillot & Nativel,
1989). The orange line marks the collapse caldera named “Enclos Fouqué”, which contains
the Piton de la Fournaise volcano and the majority of young deposits (< 40.000 years)
associated with its activity. The 3 main “rift zones” are indicated. The “North East” (N10-25°)
and the “South East Rift Zone” (N160-180°) are similar to Hawaiian rift zones (Michon et al
2015). The “N120 Rift Zone” connects the Piton de la Fournaise and Piton des Neiges
volcanoes. The red rectangle defines the studied area (“Plaine des Sables”, PdS). (c¢) Detailed
DEM (Digital Elevation Model, courtesy of OVPF) of the main morphostructural features of
the PdS. The studied area, slightly colored in red, is limited by two collapse calderas: the
“Rempart des Sables” at the west (black line) and the “Enclos Fouqué” at the east (orange
line). The northern and southern borders of the PdS are 2 slope-breaks (black dashed lines).
The 3 main studied volcanic edifices of the PdS are identified: Piton Haiiy, Demi-Piton and
Piton Chisny from North to South. The “Aubert de la Rue” spatter (and lava field associated)
is the last stage of Piton Chisny activity (Principe et al, 2016).

Fig.2. Volcanological and structural map of the PdS. Stratigraphy and units contours are
constructed on basis of field observations and GPS coordinates, represented on a detailed
DEM. Field-based informations have been crosschecked and confirmed by chemical analyses
of glasses in lapilli samples. Numbers indicated refer to lapilli samples (e.g. “32” for sample
REU-32, Table 1) and the color coding gives the stratigraphic attribution (e.g. numbers 20,
23, 24, 25, 44, 49, 50/51, labelled in blue, indicate lapilli samples that all belong to the h2

unit).

Fig.3. Spectrum of deposits encountered on the PdS. (a) The “Aubert de la Rue” spatter
edifice (stratigraphical unit aub, Fig. 2). This spatter is composed of agglutinated to partially
coalesced splashed fluid clasts, e.g. cowpats. (b) Detailed texture of the splashed fluid clasts
agglutination forming the aub spatter described in (a) (sample REU-75, Table 1). Hammer for
scale. (¢) Dunitic xenolith in spatter deposit from Piton Chisny (unit cl, Fig. 2). Basaltic

coating is present. Coin for scale. (d) Ballistic doleritic block surrounded by spatter deposit



associated with (unit c3, Fig. 2). Hammer for scale. (e) Spatter deposit from unit c3 (Fig. 2)
composed of sintered, fractured and agglutinated scoria clasts. The red colour is due to syn- to
post-depositional thermal alteration. Hammer for scale. (f) Spatter deposit (unit c2, Fig. 2;
sample REU-68, Table 1). This deposit is composed of brittle clasts (bombs and lapilli) very
slightly compacted. The upper level is stratified and composed of bombs. The main part of the
deposit, below the upper level, is composed of barely compacted lapilli, described in (g).
Hammers for scale. (g) Detailed texture of the lower part of the deposit described in (f)
showing black lapilli agglomerated and barely compacted (sample REU-68, Table 1).
Hammer for scale. (h) Spatter deposit (unit cl, Fig. 2; sample REU-69A, Table 1) with in
particular reworked lapilli (sample REU-69B, Table 1) below the spatter deposit. Hammer for
scale. (i) Ballistic block with basaltic coating. Such blocks are found distributed all around the
spatter edifice on the slopes of Piton Chisny (unit c3, Fig. 2). Hammer for scale. (j) Lapilli
and fluid clasts deposit from Piton Haiiy (sample REU-44, Table 1) showing the transition
between lapilli at the base and fluidal clasts (i.e. the big cowpat at the center). Hammer for
scale. (k) Typical lapilli cover on the PdS showing a ~ 50cm thick black lapilli layer (unit c2,
Fig. 2; sample REU-36, Table 1) on top of older reworked lapilli (unit h2, Fig. 2). Hammer
for scale. (I) Thin pahoehoe lava flow (unit c2, Fig. 2; sample REU-73, Table 1). Reworked
lapilli are found below the lava flow. Hammer for scale. (m) Detail of a thin pahoehoe
olivine-rich lava flow (unit ol, Fig. 2). Coin for scale. (n) Laminated pahochoe lava flows
(unit h4, Fig. 2; sample REU-32B, Table 1). Some tunnels are visible. Hammer for scale. (0)
Lava flow rich in dunitic xenoliths (white circles, unit c2, Fig. 2). Hammer for scale. (p)

Pahoehoe lava flow (unit aubl, Fig. 2) covering the spatter deposit from unit ¢3.

Fig.4. (a) Panoramic view of the Demi-Piton. Several stratigraphic levels can be traced from
north to south. (b) Schematic interpretation of the panoramic view (a). The red dashed line
marks the discontinuity between the 2 dpl and dp2 units. (c¢) Stratigraphic cross-section of the
Demi-Piton. Note that the base is not visible. The discontinuity between dpl and dp2 is
represented by a red dashed line. Samples from Demi-Piton deposits (e.g. REU-02, Table 1)
are localized in the section. Letters in italics (from d to k) indicate the locations of pictures (d)
to (k) which describe the spectrum of spatter deposits encountered. (d) Intercalated massive
level, either an intercalated lava flow or a “coalesced” spatter level. Hammer for scale. (e)
North to south view demonstrating the continuity of “coalesced” spatter levels inside the
edifice. Slopes of deposits (~35-40° dip) approach the structural inclination (~30-35°). The

basal stratigraphic units are covered by reworked lapilli. (f) Detailed view of a “coalesced”
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spatter level showing deformed agglutinate with flattening of clasts. Clasts outlines are well
preserved at the base and partially erased in the upper part of the deposit. Pencil for scale. (g)
Spatter deposit with sintered, fractured and agglutinated scoria clasts. The red colour is due to
syn- to post-depositional thermal alteration. Hammer for scale. (h) Dunitic xenolith in spatter
deposit. Basaltic coating is present. Pencil for scale. (i) Alternating scoria spatter deposit (top
of the picture in (g)) and agglutinated lapilli levels. Deposits are strongly bedded. Hammer for
scale. (j) Fluidal clasts. Hammer for scale. (k) Level of strongly welded red lapilli forming the
upper part of the dp2 deposit. A projected dense block (ballistic) is inserted. Hammer for

scale.

Fig.5. (a) Panoramic view from the southeast of the inner part of Piton Haiiy. The volcanic
edifice forms a major cirque, indicating a syn- to post-depositional collapse of the structure.
The center of this collapse cirque is occupied by a strombolian cone and associated lava
flows. (b) Schematic interpretation of the panoramic view (a). The collapsed spatter-cone
corresponds to a unique stratigraphic unit (h3). The internal deposits (strombolian cone and
associated lava flows) define the youngest unit (h4). The reworked lapilli deposit (rw) is seen
at the foot of the southern flank of the cirque together with a small c2lap deposit. Sampling
sites are localized (see Table 1). (c¢) Stratigraphic section of Piton Haiiy as defined in the
thalweg between Demi-Piton and Piton Haiiy (see pictures (d) to (g)). The northern flank of
Demi-Piton (dp2 deposits) is overlaid by 8-10 m of alternating lapilli and lava flows from unit
h2. The contact between dp2 and h2 is exposed; note the lack of h1 deposits at this location.
Spatter deposits associated with h3 unit are observed at the top of the section. The
stratigraphic position of samples is indicated (see Table 1). (d) to (g): Pictures and schematic
interpretations of deposits encountered in the thalweg between Piton Haiiy and Demi-Piton
(see (c)). (d) Picture of the eastern part of the thalweg. Spatter deposits at the west of the view
belong to Piton Haily. The main surface observed is a lava flow from Piton Haily which fits
closely on the slope of Demi-Piton at the east. (e) Schematic interpretation of (d). Lapilli
deposits (h2 unit, REU-20, Table 1) overlay a spatter deposit associated with the dp2 unit.
The spatter deposits of unit h3 are found above the alternating lapilli and lava flows of unit
h2. (f) Picture of the western part of the thalweg showing a lava flow overlying a lapilli
deposit itself covered by a spatter edifice. (g) Schematic interpretation of (f) showing the
h2lap lapilli deposited on a spatter deposit belonging to the dp2 unit, the h2 lava flow above
h2lap and the h3 spatter above the h2 lava flow. A small lapilli deposit of unit c2 is observed
at the foot of the h3 spatter (sample REU34, see Table 1). In the background, reworked lapilli



(rw) are observed and also rafted blocks of hl spatter deposits. (h) Stratified lapilli and bombs
deposit covered by a lava flow, northeastern flank of Piton Hally. Hammer for scale. (i)
Schematic cross section of (h). Unit h2 is formed by alternating lapilli deposits and lava
flows, as in the thalweg between Demi-Piton and Piton Hailly. An older oceanite lava flow
(unit oc) is overlaid by the h2 unit. The stratigraphic position of samples is indicated (see

Table 1).

Fig.6. (a) Panoramic view of the Piton Chisny eastern flank. The center of the picture
corresponds to the Aubert de la Rue (aub) spatter-cone and associated lava flows. The summit
of the Piton de la Fournaise volcano can be seen in the extreme background of the picture. (b)
Schematic interpretation of the panoramic view (a). The curved spatter-rampart edifice is
made of deposits associated with the ¢3 unit (forefront). Deposits associated with the c1 unit
occur at the base of the edifice. The lava flow aubl is directed toward the north. The lava flow
aub2 bypasses the northern flank of the aub spatter and follows the base of the spatter-rampart
to the south part of the lava field. One older lava flow (ocl) and strombolian cones (sc) are
seen in the background. Sampling sites for Piton Chisny deposits (e.g. REU-58; see Table 1)
are localized. (c) stratigraphic section of Piton Chisny. The volcanic edifice is around 100 m
thick. This includes at least 30 m for the bottom unit cl (the base is not observable) and
around respectively 20 and 40 m for units c¢2 and c3. The top unit c4 is the thinnest (< 3 m).
Note that the aub products are not represented on the stratigraphic section; aub deposits
correspond to the last stage of the activity of Piton Chisny. Samples strictly associated with
Piton Chisny deposits (e.g. REU-60; see Table 1) are localized on the stratigraphic section.
(d) to (g): Pictures and schematic interpretations of some outcrops on the western flank of
Piton Chisny. (d) Picture of the northwest flank of Piton Chisny. A spatter deposit is observed
in the foreground, covered by reworked lapilli. In the background, the spatter-rampart belongs
to the c3 unit. (e) Schematic interpretation of (d). The spatter in the foreground is associated
with the c2 unit (Fig. 3f, g). Note the importance of reworked lapilli in the foreground. (f)
Area between northern flank of Piton Chisny and southern flank of Demi-Piton. In the
foreground, a lava flow and some tilted blocks of spatter deposits are observed. In the
background, the c3 spatter rampart is seen. (g) Schematic interpretation of (f). A c2 lava flow
encloses several tilted blocks of spatter deposits from the c1 unit (“rafted blocks”, Sumner,

1998). In the foreground, outcrops of unrafted cl spatter deposits are observed.
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Fig.7. Major elements from bulk rock analysis of PdF deposits (pdf09) and some Demi-Piton
(dpl & 2), Piton Haiiy (h1,2 & 4) and Piton Chisny (c1,2,3,4 & aub) deposits. (a) MgO (wt%)
vs Ca0O (wt%) diagram evidencing 3 compositional groups, classically defined at PdF. Steady
State Basalts (MgO 6~8 wt% and CaO~11wt%) composed of pdf09 and dp2 deposits; some
Picrites (MgO 10~11wt% and CaO 9,4~10,2wt%) composed of Haily (h2 & h4) and Chisny
(c1,c2 & c3) deposits; and compositions of the Abnormal Group (MgO 8,2~9,4wt% and CaO
9,4~10 wt%) containing Demi-Piton (dp1), Piton Haiiy (h1) and Chisny (c1,c2,c3,c4 and aub)
deposits. (b) CaO/Al,O3; vs Sc/YD plot shows a positive correlation between this 2 ratios: ¢3
and pdf09 deposits showing the highest CaO/Al,0O3 and Sc/Yb ratios whereas dpl, hl and c2
characterized the lowest CaO/Al,O3 & Sc/Yb ratios. All the others deposits seems to be

transitional between these 2 poles.

Fig.8. Matrix glass compositions. Analytical data in Table 3 and Table S1. (a) SEM picture of
lapilli REU-49 (Table 1, 3) showing olivine (30-50 um) and clinopyroxene (< 20 pm)
microphenocrysts, plagioclase microlites and spinels (3-5um). The size of the glass pool is
larger than the laser ablation pit (60 pm). (b) to (f) major and trace element plots. Sample
provenance is indicated (see also Fig. 2). The two SSB reference samples (pdf09) are the
same as in Fig. 7. (b) to (¢) MgO variation diagrams. (b) CaO/AI203 plot showing the 4
groups of glass compositions. (¢) TiO2 plot showing the negative correlation between
incompatible major elements and the glass MgO. (d) Ni plot showing the positive correlation
between compatible trace elements and the glass MgO. (e) Ba plot showing the negative
correlation between incompatible trace elements and the glass MgO. (f) Negative correlation
between La/Yb and CaO/Al203 showing different extents of clinopyroxene fractionation

between samples.

Fig.9. CaO/AI203 vs. MgO plot showing the bulk rock and matrix glass compositions from
the PdS and other eruptions from PdF. PdS samples, pdf09, dpl, dp2, hl, h2, h4, c1, c2, c3,
c4, aub, data from this study (Table 2, 3), bulk-rock and glass data are distinguished; bulk
rock compositions of Réunion lavas, data from Albarede et al., 1997; Villemant et al., 2009;
Salaiin et al., 2010; Di Muro et al., 2015; matrix glasses of products erupted between 1998
and 2008, data from Boivin & Bachelery, 2009; Villemant et al., 2009; Salaiin et al., 2010;
Welsch et al., 2013; Di Muro et al., 2015). (a) CaO/AlI203 vs MgO plot. Three groups of
Reunion lavas, SSB, Picrites, Differentiated lavas are marked in grey and the fourth group

(AbG) in blue. The parental magma composition is from Villemant et al. (2009).



Fractionation trends for olivine and clinopyroxene, represented as black arrows, are
experimentally constrained (Brugier et al., in prep). (b) K20 vs. MgO (wt%) plot showing
compositions of matrix glasses from this study compared to matrix glasses from the 1998-

2008 eruptions. Olivine, clinopyroxene and plagioclase fractionation trends are indicated.
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Figure 8
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Figure 9
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Table 1. Sample details.

Location Strat. Unit Reference Description Analyses
. o c3 REU- 1A  Lapilli EMPA(a) / ICPMS
L t side of Demi-Pit
ower castside oF e Ton unsp. REU- 1B Lapill EMPA(a) / ICPMS
Demi Piton - east cliff dpl REU-02  Welded spatter WR /EMPA(b)
Demi Piton - top dp2 REU - 15 Accretionary lapilli with dense blocks WR /EMPA(b)
Talweg between Demi- Piton and Piton Haily h2 REU - 20  Lapilli EMPA(a) / ICPMS
100m of the junction of forest road and road leading to the cottage o REU-23  Lapili
volcano EMPA(a) / ICPMS
h2 REU - 24a  Lapilli EMPA(a) / ICPMS
Piton Haily - bottom of the eastern flank h2 REU - 24b  Lapill WR
h2 REU - 25  Lapilli EMPA(a) / ICPMS
Piton Haily - strombolian cone h4 REU-30  Scoria WR
. .. c2 REU - 32A  Lapilli EMPA(a) / ICPMS
Piton Hatly - northwestern flank
on Hlatly - nortiwestemn 14 REU-32B Lava flow WR /EMPA(b) / SEM
Piton Haiiy - southwestern flank c2 REU - 34 Lapilli with dunitic inclusions EMPA(a) / ICPMS
. . . 2 REU-36  Lapill EMPA(a) / ICPMS
Talweg between Demi-Piton and Piton H ¢
alweg between Demi-Piton and Piton Hatiy dp2 REU-37  Black lapili EMPA(a) / ICPMS
50m in the north of the forest road before Piton Chisny c2 REU - 41 Lapilli under pahoehoe lava flow EMPA(a) / ICPMS
West of Demi-Piton c3 REU - 42  Lapilli under red chaotic lava flow EMPA(a) / ICPMS
Southwest of Piton Haiiy c3 REU - 43 Lapilli under pahoehoe lava flow rich in olivine EMPA(a) / ICPMS
Piton Haily - northwestern flank h2 REU - 44  Lapilli EMPA(a) / ICPMS
Piton Hatly - western flank hl REU -45  Ogxidized spatter WR
Between Demi-Piton and Piton Chisny c3 REU - 46  Lapilli EMPA(a) / ICPMS
West of Demi-Piton c3 REU - 48  Chaotic pahoehoe lava flow SEM
REU-49  Lapill EMPA(a,b) / SEM / ICPMS
Talweg between Demi-Piton and Piton Haiiy h2 REU-50  Lapilli EMPA(a,b) / SEM / ICPMS
REU - 51  Lapilli EMPA(a) / ICPMS
Pas des Sables c2 REU- 55  Lapili EMPA(a) / ICPMS
West of Piton Chisny c2 REU - 56  Pahoehoe lava flow WR /SEM
Southwest of Piton Chisny c3 REU - 57  Pahoehoe lava flow WR
South of Piton Chisny aub REU - 58  Pahoehoe lava flow WR /SEM
Northeast of Piton Chisny c3 REU - 59A Slabby lava flow WR
. . c3 REU - 60A Red spatter with dense blocks WR
North of Piton Chis;
orfortion i c3 REU - 60B Red spatter with dense blocks WR
Piton Chisny - north flank c3 REU - 61C Lava flow intercalated in red spatter WR
. . c4 REU- 62  Spatter with dense blocks WR
Piton Chisny - t
fon - op c4 REU - 63  Lava flow intercaled in a spatter WR
. . c2 REU - 64A Lava flow intercalated in black spatter WR
Piton Chisny - nortwestern flank
HOTAISTY = ortwestetn 3 REU- 64B Lapill EMPA(a) / ICPMS
c2 REU- 65  Lapilli EMPA(a) / ICPMS
North of Piton Chisny c3 REU- 66  Pahoehoe lava flow WR
c2 REU - 67  Pahochoe lava flow WR /SEM
Piton Chisny - western flank c2 REU - 68  Black spatter WR /SEM
. . cl REU - 69A  Spatter WR
Piton Chisny - eastern flank
HOn ATy - eastet 3 REU- 69B Lapill EMPA(a) / ICPMS
Pas des Sables c2 REU - 70A Lapilli EMPA(a) / ICPMS
pds REU - 70B  Spatter WR
. . c3 REU - 71A  Spatter WR
Piton Chisny - northern flank
ron 1y - TOTHer c3 REU - 71B  Block of degazed lava WR
. . 1 REU-72  Pahoehoe lava flow, rich in ol and with plag WR /SEM
West of Piton Chis © ’
estorTIon LAY 2 REU-73  Pahochoe lava flow WR / SEM
West of Demi-Piton 2 REU-74 Lapili WR/EMPA(a,b) /SEM/
ICPMS
East of Piton Chisny / Aubert de la Rue lava field aub REU - 75  Spatter WR /SEM
. . o pdf09 REU-76 Lappil WR/EMPA(a,b) /SEM/
Piton de la Fournaise - summital activity - Dec. 2009 "SSB-type" ICPMS
eruptions’ . WR /EMPA(a,b) /SEM /
pdf 09 REU - 77  Lappil ICPMS

WR: whole-rock analysis; SEM: sample examined by scanning electron microscopy

EMPA: electron microprobe analysis of (a) glass and (b) mineral phases; ICPMS: glass laser ablation inductively coupled plasma mass spectrometry;

Samples from O.V.P.F.



Table 2. Whole-rock analyses.

Samples REUO2 REU15 REU45 REU24B REU32B REU69A REU67 REU74 REUS56 REU60A REU67 REU62 REU75 REU76 REU77
Strat. Unit dpl dp2 hi h2 h4 cl c2 c2 c2 c3 c3 c4 aub pdf2009  pdf2009
Type spatter ___spatter __ spatter lapilli flow spatter flow lapilli flow spatter flow spatter spatter lapilli lapilli
Major elements (% )

SiO, 46,41 46,44 46,70 46,44 45,54 46,63 47,70 46,70 46,36 46,89 46,78 46,72 47,60 48,75 49,37
ALO; 14,14 14,39 13,78 12,76 13,33 14,01 14,57 13,83 13,23 12,97 14,20 14,35 14,54 13,82 14,40
Fe, 04 12,91 13,50 13,20 13,14 12,94 13,44 13,13 13,20 13,39 13,50 13,17 13,35 13,11 11,78 11,98
MnO 0,17 0,18 0,18 0,18 0,18 0,18 0,18 0,18 0,18 0,18 0,18 0,18 0,18 0,16 0,17
MgO 8,78 6,03 9,06 10,99 10,03 9,34 8,26 9,14 10,32 11,11 8,41 9,00 8,47 7,76 6,79
CaO 9,48 11,14 9,42 9,90 9,38 9,67 9,91 9,05 9,74 9,99 9,67 9,77 9,81 11,20 11,39
Na,O 2,95 2,51 2,86 2,45 2,75 2,74 3,15 2,90 2,64 2,55 3,03 2,52 3,08 2,57 2,71
K,O 1,04 0,77 0,90 0,73 1,06 0,83 0,94 0,91 0,77 0,73 0,91 0,74 0,94 0,67 0,71
TiO, 2,36 3,08 2,76 2,50 2,70 291 2,91 2,68 2,74 2,67 291 2,93 2,88 2,48 2,64
P,0s 0,42 0,36 0,38 0,30 0,49 0,38 0,44 0,39 0,35 0,33 0,44 0,39 0,44 0,29 0,32
LO.L -0,65 0,32 -0,40 -0,73 0,15 -0,24 -0,78 -0,39 -0,73 -0,60 -0,72 -0,03 -0,66 -0,87 -0,79
Total 98,50 98,73 98,83 98,65 98,55 99,87 100,40 98,59 99,00 100,31 98,96 99,92 100,37 98,61 99,69
CaO/AL, 04 0,67 0,77 0,68 0,78 0,70 0,69 0,68 0,65 0,74 0,77 0,68 0,68 0,67 0,81 0,79
Trace elements (ppm)

As <LD. <LD. <LD. <LD. <LD. <LD. <L.D. <LD. <LD. <LD. <LD. <L.D. <LD. <LD. <L.D.
Ba 183,1 166,2 1733 133,0 2343 153,3 180,6 166,1 155,5 136,9 181,3 170,3 179,0 120,7 119,1
Be 1,4 1,2 13 1,1 14 1,1 1,3 1,3 L1 0,9 13 1,2 1,3 1,0 L1
Bi <L.D. <LD. <LD. <LD. <LD. <LD. <LD. <L.D. <LD. <LD. <L.D. <L.D. <LD. <LD. <L.D.
Cd 0,4 0,4 0,2 0,1 0,2 0,2 0,2 0,1 0,2 0,2 0,2 0,3 0,2 0,2 0,2
Ce 56,1 50,2 50,9 422 63,9 48,5 579 50,4 49,2 44,1 58,8 50,7 57,1 39,9 39,8
Co 52,2 473 554 58,1 56,4 53,9 49,3 50,9 61,7 60,3 51,4 55,8 51,0 45,5 39,7
Cr 394,7 33,6 4534 664,1 4934 413,1 336,6 411,0 563,1 590,9 3842 4104 364,1 465,5 230,6
Cs 0,4 0,2 0,3 0,3 04 0,2 0,3 0,3 0,2 0,2 0,3 0,2 0,3 0,3 0,2
Cu 71,2 98,3 76,3 94,0 774 69,6 72,0 73,4 84,8 87,4 74,9 22,1 78,4 1184 1254
Dy 5,6 5.8 5,7 438 55 5,1 5,6 54 54 49 5,7 55 5,6 5.2 52
Er 2,6 2,7 2,7 22 2,4 24 2,6 2,5 2,5 23 2,7 2,7 2,6 2,5 2,5
Eu 24 24 24 2,0 2,5 2,1 24 23 22 2,0 24 22 23 2,1 2,1
Ga 22,1 229 22,3 20,3 22,1 21,5 22,6 20,7 222 20,5 22,5 22,1 22,5 22,2 214
Gd 6,6 6,6 6,5 5,7 6,7 5.9 6,4 6,5 6,1 5,6 6,6 6,3 6,4 6,2 6,1
Ge 1,5 1,6 1,7 1,2 1,5 1.4 1,5 1,2 1,6 15 1,6 1,5 1,5 1,3 1,2
Hf 55 5,1 53 43 6,1 4,7 54 5,1 438 45 5,6 49 55 44 44
Ho 1,1 1,2 1,2 0,9 1,0 1,0 1,1 1,0 1,0 1,0 1,1 1,1 L1 0,9 0,9
In 0,1 0,1 0,1 0,0 0,1 <LD. 0,1 0,0 0,1 0,1 0,1 0,2 0,1 0,1 0,0
La 26,4 23,1 22,8 18,5 294 20,9 254 222 21,6 19,0 25,9 21,9 254 17,2 17,2
Lu 0,3 0,4 04 0,3 0,3 0,3 0,3 0,3 0,3 0,3 0,3 0,3 0,3 0,3 0,3
Mo 1,4 0,9 1,2 1,1 14 1,1 1,3 1,4 L1 1,0 13 1,2 1,4 1,2 1,1
Nb 26,5 24,8 24,6 17,6 323 21,1 244 21,0 20,9 18,7 249 21,7 244 16,1 15,8
Nd 31,1 29,1 294 24,5 34,5 26,9 31,5 28,8 274 25,1 31,6 28,6 30,8 24,0 24,0
Ni 203,8 62,6 221,5 295,2 266,0 215,7 172,1 2132 283,9 302,2 183,1 217,1 183,4 142,2 91,9
Pb 3,1 1,8 2,0 1,7 2,8 1,8 2,7 2,7 2,8 2,1 2,5 3,6 22 1,7 1,6
Pr 7,5 6,8 6,9 5.4 84 6,3 7,5 6,4 6,4 5.8 7,5 6,6 7.4 5.2 5.2
Rb 26,7 17,7 233 17,6 30,0 21,2 24,9 22,1 21,1 18,2 24,7 17,1 25,5 16,2 16,0
Sc 26,1 31,6 26,3 29,8 25,8 28,9 28,4 26,1 29,3 31,0 28,0 29,4 28,2 33,5 334
Sb <LD. <LD. <LD. <LD. <LD. <LD. <LD. <LD. <LD. <LD. <LD. <LD. <LD. <L.D. <LD.
Sm 7.2 7,1 6,9 5.8 7,6 6,3 72 6,6 6,5 5.9 7.3 6,7 7,1 6,0 6,0
Sn 6,2 42 43 1,6 6,1 2,0 2,0 1,8 23 1,8 22 1,5 3,1 2,2 38
Sr 4557 4174 4174 3223 5116 381,3 4382 367,5 3853 349,1 433,1 399,6 440,3 328,9 320,5
Ta 2,1 1,9 1,9 1,6 2,5 1,8 2,1 1,9 1,8 1,6 2,1 1,8 2,1 14 14
Tb 1,0 1,0 1,0 0,9 1,0 0,9 1,0 1,0 0,9 0,8 1,0 1,0 1,0 0,9 0,9
Th 32 2,8 2,8 2,0 38 24 3,0 24 24 2,2 29 2,5 29 1,3 1,3
Tm 0,3 0,4 04 0,3 0,3 0,3 0,3 0,3 0,3 0,3 0,4 0,3 0,3 0,3 0,3
U 0,8 0,7 0,7 0,5 0,9 0,6 0,8 0,6 0,6 0,6 0,8 0,6 0,7 0,5 0,5
A% 2749 335,1 270,5 279,2 2573 286,5 2824 218,7 307,0 281,8 2874 298,1 283,6 296,1 280,6
' 0,6 0,4 0,5 0,3 0,6 04 0,5 0,4 0,4 0,3 0,5 0,4 0,5 0,3 0,3
Y 27,2 28,1 27,9 234 26,0 25,5 27,5 26,5 26,5 242 28,1 279 27,6 26,4 25,8
Yb 2,1 2,2 2,3 1,9 2,0 2,0 2,2 2,1 2,1 1,9 2,2 2,1 22 2,1 2,1
Zn 121,6 127,8 125,1 118,6 120,5 120,0 123,0 119,5 1279 117,5 126,1 148,5 1243 110,6 105,9
Zr 224.8 201,8 204,4 152,5 262,2 196,3 227,6 183,1 1942 160,7 2304 183,1 226,8 156,7 154,6
Sc/Yb 12,3 14,2 11,5 15,8 13,0 14,4 12,9 12,2 14,0 16,3 12,7 13,8 12,9 15,8 15,9
Ce/Yb 26,4 22,5 223 22,4 32,2 24,2 26,3 23,7 23,5 23,2 26,6 23,8 26,2 18,8 19,0
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Table 3. Glass laser ICPMS analyses.

Samples REU 37 REU 20 REU23 REU24A REU25 REU 44 REU 49 REU 50 REU 51 REU 65 REU 70 REU 74 REU 32 REU 34 REU 36 REU 41 REUS5 REUIA REU 42 REU46 REUG64B REUG69B REU1B? REU76 REU 77

Strat. Unit dp2 2 n2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 3 o3 3 3 3 unsp. pdf2009 pdr2009
Major elements (% )'

Si02 47,32 49,51 4824 4821 47,90 47.86 47175 47.66 48,03 48,11 4798 48,18 47,96 4732 4730 47,96 47178 48,40 4839 47,94 48,68 48,14 4975 49,83
Ti02 334 338 293 284 317 287 309 278 281 261 262 27 266 268 271 266 281 270 291 340 289 31 298 295
ARO3 13,61 14,04 13,77 14,08 1428 14,67 14,19 1425 1421 1322 13,53 13,58 1327 13,65 1340 1327 13,36 14,18 14,47 14,56 14,57 14,67 13,66 13,84
Fe203 13,10 11,05 1137 1142 109 1133 11,07 1139 11,13 1091 1124 1145 10,94 1095 11,10 1094 10,90 11,09 10,73 12,03 11,08 10,96 1071 10,44
MnO 025 020 012 018 026 004 020 015 019 025 021 022 013 005 002 013 017 020 0.12 014 020 0.19 007 019
MgO 548 637 829 8,16 731 737 698 797 730 8,74 8,56 8,53 8,63 8,62 8,59 8,63 8,55 749 737 6,46 6,55 6,68 6,14 6,29
(€S 1039 1045 986 981 962 990 989 974 982 1081 1069 10,66 1084 1095 1091 1084 1064 1001 1052 1064 10,12 1011 1100 1105
Na20 307 181 301 294 301 298 293 303 316 237 276 268 246 264 261 246 27 34 296 288 33 33 276 286
K20 L19 084 094 1,06 1,05 098 090 089 1,06 0,79 0,77 0,65 0,77 077 0.80 077 082 0,90 095 095 1,01 103 081 075
205 046 037 030 045 074 057 053 048 028 036 034 02 036 029 037 036 031 038 036 028 026 027 021 032
€103 003 001 001 007 007 001 006 005 002 008 004 005 002 009 005 002 008 004 006 004 004 004 001 002
NiO 000 012 015 007 000 016 ol 017 002 000 002 000 016 000 001 016 000 000 001 000 000 009 000 002
Total 9824 98,14 99,01 929 98,38 9874 9769 98,54 9803 9825 9875 9893 9822 9801 9785 82 98,15 9B 9884 931 98,72 9863 98,09 9838
K20/TiO2 036 025 032 037 033 034 029 032 038 0,30 029 024 029 029 029 029 029 033 033 028 035 033 027 026
Ca0/ARO3 076 04 0n 070 067 068 010 068 069 082 019 019 082 080 081 082 080 011 073 073 069 069 080 080
‘Trace lements (ppm)*

B 16 47 L1 15 14 1.6 15 14 17 L1 20 L1 13 14 12 13 13 12 L1 12 L1 1.0 12 09 12,7
Ba 1499 1498 1336 1374 1370 1502 1463 1384 1437 1169 1148 1217 1139 1165 1186 1214 1153 1399 1315 1387 1414 1339 1247 1082 1019
Be 06 04 08 09 09 08 08 07 08 08 07 08 06 06 07 071 05 09 08 07 10 13 09 07 17
Ce 443 432 384 394 39,1 425 422 40,0 40,7 351 342 369 341 348 352 36,7 346 402 39,1 39,7 420 40,6 370 350 302
Co 464 29 369 415 351 364 380 379 360 392 383 406 397 396 405 457 373 373 368 340 37 252 363 2.1 36
cr 265 1872 2414 2660 2126 2104 2064 293 211 2970 3088 3004 3135 2853 3089 3026 2150 2164 1839 280 1734 3196 75 1974
s 02 06 02 04 04 02 02 04 04 02 02 02 k 03 02 02 03 03 02 02 03 03 02 02 23
Dy 42 40 43 41 40 45 45 40 40 39 35 38 35 37 40 40 36 44 40 43 44 37 4 39 36
Er 20 1.9 20 1.9 19 22 22 1.9 1.9 19 1.6 18 1,7 1,7 1.9 1.9 1,7 2,1 19 21 2,1 1.8 22 1.9 1.8
B 18 17 16 16 16 18 18 16 17 15 14 15 14 15 16 16 L5 17 16 17 17 16 17 16 13
G 43 47 50 47 46 53 52 47 47 45 40 44 41 43 47 46 42 51 47 50 50 45 52 45

Hf 39 35 40 38 36 44 44 36 38 35 30 34 30 32 37 37 32 41 37 41 41 37 40 33

Ho 07 07 08 07 07 08 08 07 07 07 06 07 06 07 07 01 07 08 07 08 08 07 08 07

La 192 186 177 175 174 194 190 174 180 158 148 160 147 153 159 159 150 183 175 179 189 190 174 145

Li 54 2478 46 44 40 51 50 45 45 51 302 42 40 39 4.1 43 39 49 45 21 51 71 46 43

Lu 02 02 02 02 02 02 03 02 02 02 02 02 02 02 02 02 02 02 02 02 02 02 02 02

Nb 226 26 20,0 209 210 216 218 21,0 213 183 175 18,7 172 18,0 17,7 182 179 212 205 20,0 216 214 187 168

Nd 241 231 28 216 212 29 235 215 219 199 186 200 184 192 202 25 190 26 27 24 231 218 219 194

Ni 1138 548 907 1018 6,7 6.7 72 765 67.9 1012 1018 1045 917 884 910 1273 862 805 672 574 03 28 925 341

Pb 1.0 16,0 09 1.0 09 L1 10 09 12 12 43 09 1.0 1,0 08 08 08 1.0 09 09 09 1.0 10 0.7

Pr 56 54 49 50 49 54 50 51 45 43 46 43 44 46 41 44 51 50 51 53 52 48 45

Rb 18,1 167 165 169 169 175 168 178 139 134 152 136 138 135 147 127 181 166 152 182 162 145 134

Sm 53 54 51 50 48 55 49 50 46 43 46 42 44 48 48 44 53 50 52 53 50 52 47

St 3081 371 2920 2986 200.1 3156 2933 3012 M0 2620 2715 2553 277 2749 77 2637 3068 91,1 272 3026 3063 2866 2419

Ta 13 14 12 1.2 12 14 12 13 L1 1.0 L1 1.0 L1 12 12 L1 1.3 12 13 13 12 12 1.0

™ 08 01 08 07 07 08 07 071 07 06 07 06 07 07 01 06 08 07 07 08 07 08 07

Th 22 22 21 20 20 23 20 21 19 17 18 17 17 19 19 17 22 21 22 22 21 21 16

u 05 05 04 04 04 04 04 04 04 03 04 04 04 03 04 04 04 04 04 04 04 04 03

Y 202 189 25 203 195 216 195 200 193 171 187 171 184 196 186 175 27 195 205 215 194 27 190

Yo 17 16 16 16 15 18 15 16 15 13 15 14 14 16 16 14 17 16 17 16 14 17 16

Zr 154,1 144,1 1659 1573 1569 168,5 1525 1584 1432 1253 1409 1257 1354 1392 1350 1299 1719 1475 1543 1685 1704 1639 1328

La/Yb 12 1 108 12 18 107 13 14 107 110 110 106 107 98 99 107 109 12 106 116 137 101 92

Ce/Yb 258 272 23,5 252 264 24,0 238 26,0 259 237 25,5 252 244 242 21,6 229 24,7 239 25,1 23,6 258 292 21,6 223

average of 2 analyses on cach glass sample
unspecified stratigraphic attribution
average of 2-5 analyses on each glass sample (except REU3T: | analysis)



Table 4. Electron microprobe analyses.

Mineral Olivine Olivine Olivine Olivine Olivine Olivine __Cli ¥ ! Clinopy Plagioclase’ _ Plagioclase’ Spinel Spinel Spinel Spinel
Reference 5 15 s s 3 s s 7 6 7 2 5 56 6 5 3
Locarion core core rim core rim core core core rim - - - - - core rim olincl. ol incl.
Sample REU74 REU74 REU74 REU49 REU49 REU49 REU49 REUSO REUSO REU32 REU32 REU49 REUIS REUIS REU32 REU32 REU74 REU74 REU74 REU49

Strar. Unit 2 n2 2 2 n2 2 2 e e 2 dp2 dp2 e e 2 2 2 n2

Oxides (%)

si02 4110 413 3956 3983 4048 3803 3835 4116 3819 5105 4875 457 4747 4909 5587 5203 006 003 028 002
Tio2 006 000 000 005 003 017 007 002 000 147 297 393 263 207 032 023 246 154 425
A1203 003 004 000 000 006 005 000 002 000 285 637 1043 652 352 2673 2848 2107 3588 17.78
FeO 1153 1 1707 1233 1338 2496 2382 1080 1961 752 765 1126 767 931 050 051 2631 2365 3563
MnO 024 016 031 037 019 021 039 001 038 030 025 0,12 020 028 000 013 023 o011 018
Mgo 4704 4690 4234 4649 4659 3543 3650 4823 4030 1582 12,19 1284 1351 13,66 004 012 1240 1518 997
o 027 02 019 021 021 044 040 018 011 2124 2081 1505 2099 2050 927 1223 004 006 004
Na2o 000 000 006 001 000 000 000 003 000 031 065 087 029 032 579 42 003 000 001
K20 000 000 004 003 001 000 000 000 006 000 013 020 005 006 046 035 000 000 000
205 007 005 009 000 001 001 013 005 000 000 003 039 000 004 000 007 004 002
03 011 000 051 009 002 000 002 000 002 029 000 010 019 003 000 3349 1910 2856
NO 024 059 008 020 034 027 001 060 000 005 000 003 000 000 000 015 030 000
Total 10068 100.79 10025 9963 10133 9957 99.69 10112 9967 10091 9.9 9980 99.52 9890 9903 9830 9632 9613 9647
Fo/Mgh 879 877 816 87.1 86.1 717 732 888 786 790 740 669 758 723 564 64.7 443
En 448 388 28 ALl 406

Fs 19 137 211 131 155

Wo 432 476 36.1 459 438

An 457 603

Ab 517 376

or 27 20

Cr# 516 553 263 519
Fol Mghth2 52.56 82,56 52,56 50.02 50,02 50.02 50.02 81,63 81,63 5483 5483 82,52 79.13 79.13

" microphenocryst (REU49) or microlites; all other analyses refer to phenocrysts.
theoretical Fo or Mg calulated for olivine (Kd=0.33 after Brugier et al., in prep) or clinopyroxene (Kd=028 after Brugier et al., in prep ) phase in equilibrium with analyzed glass sample (or Bulk Rock for sample REU1S & REU32)
Fo=100%at. Mg/(Mg-+Fe) in olivine; Mg#=100* at. Mg/(Mg+Fe) in clinopyroxene, En=100%at. Mg/(Mg+Fe+Ca) in cpx, Fs=100%at. Fe/(Mg+Fe+Ca) in cpx, Wo=100%at. Ca/(Mg+Fe+Ca) in cpx; An=100%at. Ca/(Ca+Na+K) in plagiochase, Ab=100%t. Na/(Ca+Na+K) in plag, Or=100%at. KA(Ca+Na+K) in plag; Cré=100%at. Cr/(Cr+Al) in spinel.
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CHAPITRE II : “Approche pétrologique - Etude
pétrologique et minéralogique de roches plutoniques
réunionnaises”
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Résumé

Dans ce second chapitre, rédigé sous forme d’article, les résultats d’une étude
pétrologique réalisée sur des enclaves plutoniques ultra-mafiques (dunites et wehrlites) a
mafiques (gabbros a olivine ; gabbros et dolérites) de la Plaine des Sables, sont présentés.
L’échantillonnage a ét¢ complété avec 1’étude d’un gabbro du massif de Salazie, et d’une
enclave de gabbro dans une ignimbrite, les deux étant associés au Piton des Neiges. L’objectif
de ce travail était de contraindre la ou les séquences de cristallisation enregistrées dans les
roches plutoniques de fagon a pouvoir les comparer avec les résultats de 1’étude de pétrologie
expérimentale réalisée durant ce travail de thése et présentée dans les Chapitres 3 et 4.

Les compositions modales, relations texturales ainsi que les compositions chimiques des
phases minérales ont permis de définir, pour la plupart des échantillons, la séquence de
cristallisation suivante : olivine, clinopyroxéne, plagioclase, le spinelle cristallisant durant
toute la séquence, suivi de la magnétite. En plus de ces phases minérales principales, des
phases minérales secondaires, rarement décrites dans les roches ignées réunionnaises, comme
I’apatite, la sanidine, 1’ilménite ou encore la phlogopite, apparaissent dans les derniers stades
de la cristallisation. Des inclusions de kaersutite ont ét¢ trouvées dans les clinopyroxénes de
I’enclave de gabbro de I’ignimbrite. Les données augmentent fortement les gammes de
compositions des phases minérales dans les roches ignées de La Réunion. Les olivines ont des
teneurs en Fo qui peuvent descendre jusqu’a 27 et les feldspaths des teneurs en K20 jusqu’a
7,8 wt% dans la dolérite. Les clinopyroxénes interstitiels des dunites (Mg# jusqu’a 90,2%,
1,25wt% AI203) sont les plus primitifs des clinopyroxénes des produits magmatiques
réunionnais. L’orthopyroxéne (accompagné de pigeonite dans un échantillon), le spinelle et
I’ilménite apparaissent en exsolution dans les clinopyroxénes de gabbros. Les températures
d’équilibre entre les différents pyroxénes, obtenues avec le logiciel QUILF (1033 £ 41°C)
sont interprétées comme la température minimale d’apparition du plagioclase dans
I’assemblage gabbroique ol+cpx+plag. Les températures et fO2 calculées a partir de
I’équilibre entre ilménite et magnétite varient de 790+73°C (enclave de gabbro dans
I’ignimbrite) a 965+2°C (dolérite), cette derniére étant cohérente avec les températures
(900£100°C) déduites a partir de la position du solvus des feldspaths. Des fO2 assez
réductrices ont été obtenues pour les derniéres étapes de la cristallisation (AFMQ = -1.2 a -0.7

dans la dolérite).



La séquence de cristallisation définie a partir de ce travail est en adéquation avec celle
classiquement attribuée au groupe des SSB. Elle n’apporte pas de preuve de cristallisation
précoce de clinopyroxéne. Cependant, la séquence de cristallisation déterminée sur I’enclave
de gabbro (avec notamment I’amphibole cristallisant avant et/ou avec le clinopyroxene) est
trés différente de celle de tous les autres échantillons étudiés. Elle témoigne ainsi de
I’existence de plusieurs séquences de cristallisation possibles pour les magmas réunionnais.
La possibilit¢ d’un fractionnement précoce de clinopyroxéne ne peut donc étre exclue a La
Réunion sur la base de notre étude. Ceci met bien en relief les limites de 1’approche basée sur
des roches plutoniques naturelles (nombre limité, origine incertaine) pour déterminer les

séquences de cristallisation.

77



Petrological and mineralogical characteristics of plutonic rocks
from the Plaine des Sables (La Réunion island) — Implications for

crystallization of Réunion lavas

Y.A. BRUGIER, G. BOUDOIRE, M. PICHAVANT, A. DI MURO, Y. LE
MOIGNE & J-L. BOURDIER

Abstract A suite of ultra-mafic and mafic xenoliths from the Plaine des Sables,
complemented by other representative plutonic and crystal-rich samples from La Réunion
island, has been investigated with the objective to constrain igneous crystallization sequences
for the Piton de la Fournaise volcanic series. The modal, textural and compositional data
obtained on dunites, wehrlites, gabbros and a dolerite suggest a crystallization sequence in the
order olivine, clinopyroxene, plagioclase for most samples. Spinel crystallizes all along this
sequence, followed by magnetite. Mineral phases rarely described in La Réunion igneous
rocks, such as sanidine, apatite and ilmenite, are associated with the latest crystallization
stages. Phlogopite is locally present as a late-magmatic phase. Kaersutite occurs as inclusions
in clinopyroxene in a gabbroic enclave from a Piton des Neiges ignimbrite. Mineral chemistry
data on these plutonic samples extend the range of compositions known in La Réunion
igneous rocks. Olivines with Fo as low as 27 and feldspars with K20 contents as high as 7.8
wt% K20 have been found in the dolerite. The interstitial diopsides in the dunitic cumulates
record the most primitive clinopyroxene compositions (Mg# = 90.2, Al1203 = 1.25 wt%) on
the La Réunion island. Clinopyroxenes in gabbros host mineral exsolutions of orthopyroxene
(+ pigeonite), spinel and ilmenite, crystallizing as solid state re-equilibration products and
postdating plagioclase crystallization. Pyroxene equilibration temperatures show that
plagioclase appears in primitive spinel-bearing olivine gabbros at a minimum of 1033 + 41°C.
IImenite-magnetite equilibration temperatures are lower (790+73°C to 965+2°C), consistent
with the oxide crystallization sequence. Particularly reducing fO2 (AFMQ = -1.2 to -0.7)
characterize final crystallization stages under closed-system conditions. The determined
crystallization sequence is consistent with the olivine fractionation mechanism classically
proposed for the Steady State Basalts. There is no indication in the plutonic samples studied
for early clinopyroxene fractionation, as previously suggested for the Abnormal Group series.

However, the kaersutite-bearing Piton des Neiges gabbro has mineralogical attributes which



imply an alternative crystallization sequence, colder and more hydrous than for all the other
plutonic samples. Olivine fractionation should not be considered as the only possible
differentiation mechanism taking place in La Réunion magmas.

Keywords: Piton de la Fournaise, Piton des Neiges, ultra-mafic cumulates, olivine gabbros,

dolerites, crystallization sequence, orthopyroxene exsolutions, equilibrium temperature

1 Introduction

In volcanic islands, plutonic rocks are rarely observable, unless erosion reaches the
lowest internal parts of ancient, inactive volcanoes, e.g. Haleakala and Kauai on Hawaiian
islands (Karatson et al., 1999 and references therein) or Tahiti-Nui island (Hildenbrand et al.,
2008). When exposed, such deep plutonic rocks provide important information on the
structure of fossil volcanic feeding systems. When exposures of plutonic massifs are not
available, plutonic xenoliths occurring in volcanic deposits constitute alternative objects of
study. Textural and mineralogical studies of such plutonic xenoliths have been frequently
carried out to constrain crystallization and/or fractionation processes inside volcanic feeding
systems. Such studies have been applied to various geodynamic settings including oceanic
islands (Hawaiian: Bohrson and Clague, 1988; Fodor and Vandermeyden, 1988; Clague and
Bohrson, 1991; Canary: Borley et al., 1971; Kliigel et al., 2005) and island arcs (Aeolian:
Laiolo and Cigolini, 2006).

La Réunion island (Indian Ocean) makes no exception to this rule. The ultra-mafic and mafic
xenoliths that occur in volcanic products on the island have been investigated since more than
50 years (Lacroix, 1936; Babkine et al., 1966; Upton and Wadsworth, 1972; Ludden, 1978a;
Mohamed-Abchir, 1996; Upton et al., 2000; Ort et al., 2016). In addition, plutonic bodies
occur in erosion canyons cutting the Piton des Neiges (PdN), the old inactive volcano that
forms the north-western part of the island (Upton and Wadsworth, 1972). More recently,
drilling in the south-eastern part of the Piton de la Fournaise (PdF), the presently active
volcano on the island, has encountered an important layered plutonic complex (Lerebour,
1987). However, and despite the favourable situation of La Réunion island, plutonic have
been little studied in comparison with volcanic rocks, and only a few have been subjected to
petrologic studies (Babkine et al., 1966; Upton and Wadsworth, 1972; Ludden, 1978a; Augé
et al., 1989; Upton et al., 2000).

The La Réunion lavas are isotopically very homogeneous (e.g., Bosch et al., 2008) and, so,

the chemical variability between erupted lavas is classically attributed to shallow-level
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processes occurring in the feeding system rather than to source-related processes (Ludden et
al., 1978b; Fisk et al;, 1998; Albaréde et al., 1997; Famin et al., 2009; Pietruszka et al., 2009;
Welsch et al, 2009; Boudoire et al., in prep; Brugier et al., 2016a). Up to 4 magmatic series
have been recognized to erupt on the PdF. The most abundant, the Steady State Basalts (SSB)
have MgO = 5-8wt% and CaO/Al203 = 0.75-0.85 and are interpreted to result from olivine
fractionation at shallow depths (Albarede et al., 1997; Boivin et Bachélery, 2009; Welsch et
al., 2009). Lavas from the Abnormal Group (AbG) have MgO = 8-11 wt% and CaO/Al203 =
0.60-0.80, and their origin is still debated. Deep clinopyroxene fractionation has been
suggested to account for the characteristic geochemical features of the AbG lava group
(Kornprobst et al., 1984; Albarede et al., 1997; Famin et al., 2009; Boudoire et al., in prep;
Brugier et al., 2016a). Alternative models involving mixing between differentiated lavas and
olivine-rich cumulates have also been proposed (Salaiin et al., 2010).

Studies of plutonic rocks offer the opportunity to document igneous crystallization sequences
and intensive parameters and to identify fractionation mechanisms such as proposed to
explain the different magmatic series on La Réunion island. In this context, a comprehensive
suite of ultra-mafic and mafic xenoliths from La Réunion has been investigated. The rocks
come mainly from the Plaine des Sables (PdS) area, the site of relatively recent hawaiian to
strombolian activity. To complete our set of La Réunion plutonic rocks, additional older
xenoliths and one inclusion in a PAN ignimbrite have also been analyzed, as well as one
sample from the massive plutonic body from PdN. In this paper, we describe the textural
relations and provide a geochemical and mineralogical database for the studied samples.
Results enable crystallization sequences to be defined and intensive parameters to be

determined.

2 Geological and volcanological context

La Réunion island is situated in the Southwest Indian Ocean (Fig. 1a). The island (50
km by 70 km) is an oceanic volcanic system, composed of 2 juxtaposed volcanoes (Lacroix,
1923; 1939). It is located at the end of the hotspot track associated with the Deccan flood
basalts eruption ~ 65 Ma ago (Duncan et al., 1989; Chenet et al., 2007). The two volcanoes
which compose the island are the Piton des Neiges to the NW (presently inactive) and the
Piton de la Fournaise to the SE (Fig. 1b). A drill core in the “Grand Bril¢” area (“GB” site in
Fig. 1b) has revealed an hypovolcanic intrusive system under the eastern flank of the Piton de

la Fournaise (Rangon et al, 1989). This plutonic complex has been attributed to a third older



volcano, named “Les Alizés” (Malengreau, 1995; Malengreau et al., 1999; Lénat et al., 2001;
2012a; Smietana, 2011; Lénat, 2016), whose existence is still debated (Lebas, 2012; Salvany
et al., 2012).

The Piton des Neiges (PdN) activity began 5 Ma ago with eruptions on the ocean floor (Gillot
et al., 1994). The oldest subaerial deposits have been dated to 2.2 Ma (McDougall, 1971) and
the youngest to 29 ka (McDougall, 1971; Quidelleur et al., 2010). The 12 + 3ka age obtained
on pyroclastic deposits from Piton des Neiges (Deniel et al., 1992) is not considered further
here as it appears questionable (see Salvany et al. 2012). During the PdN sub-aerial eruptive
history (2.2 Ma to 29 ka), evolution from a “basaltic shield” stage (between 2.2 and 0.4 Ma)
to a “differentiated alkaline strato-volcano” stage (between 350-400 and 29 ka) has been
documented (Smietana, 2011; Lénat, 2016 and references therein). Since its last period of
activity, the Piton des Neiges volcano has been deeply eroded, leading to three 10 km-wide
canyons named “Cirques”. In these Cilaos, Mafate and Salazie Cirques, gabbroic intrusions
occur, such as the layered gabbro of the Salazie Cirque (“SAL” and “PN” in Fig. 1b; Upton
and Wadsworth, 1972; Fisk et al., 1988). These intrusions form deep igneous bodies
interpreted to represent the plutonic roots of the PdN feeding system (Upton and Wadsworth,
1965, 1972; Famin and Michon, 2010; Chaput et al., 2014a; b).

The Piton de la Fournaise (PdF) is active since 535 ka (Gillot and Nativel, 1989; Kluska,
1997). The first stage of activity (530 to 400 ka) is characterized by the emission of feldspar-
rich basalt to mugearite flows, grouped into the “Pintades” or ‘“Plagioclase-Ultraphyric
Basalts” lava unit (Baché¢lery, 1981; Bachélery and Mairine, 1990; Mairine and Bachélery,
1997; Merle et al., 2010; Valer et al., 2015). However, the origin of these differentiated lavas
is still debated: they could represent the initial alkaline phase of the Piton de la Fournaise or
the last eruptive stage of the Les Alizés volcano (Smietana, 2011; Valer et al., 2015),
alternatively. Deposits associated with this stage come from walls of deep erosion canyons
cuttings the plains between the PAN and the PdF (see “Pint” in Fig. 1b). The PdF
volcanological history comprises several edifice deformation, construction and destruction
episodes marked by major caldera collapses (Bachélery, 1981; Merle et al., 2010; Michon et
al., 2016 and references therein). The last collapse event (between 4880+35 BP and 2855435
BP) is responsible for the main structure of the present-day volcano. It generated the U-
shaped collapse caldera named “Enclos Fouqué” which delimits the currently active part of
the PdF (Fig. 1b). Explosive phreatomagmatic eruptions, collectively defined as the
“Bellecombe Tephra”, are associated with the collapse event that led to the Enclos Fouqué

caldera (Bachelery, 1981; Mohamed-Abchir et al., 1998; Upton et al., 2000; Ort et al., 2016;
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Morandi et al., 2016). The Bellecombe Tephra unit, which is composed of few stratified ash
deposits (Ort et al., 2016), is rich in lithic clasts of various types, including mafic cumulates
and disaggregated olivine (Ol) or clinopyroxene (Cpx) single crystals (Mohamed-Abchir,
1996; Upton et al., 2000). The wehrlitic and gabbroic cumulates from the Bellecombe Tephra
could witness the existence of a network of anastomosed sills, dykes and plutons at shallow
depths (1.5 to 5 km) inside the volcanic edifice (Lénat et al., 2012a; Boudoire et al., in prep).
Westwards from the Enclos Fouqué, the “Plaines des Sables” area (PdS) is delimited on its
west by another collapse caldera, named the “Rempart des Sables” (Fig. 1c). The “Rempart
des Sables” caldera resulted from the eastwards migration of the PdF volcanic center from its
ancient (530-60 ka) location (approximately in the present PdS) to the actual one, around 60-
40 ka ago (Bach¢lery & Mairine, 1990; Gillot & Nativel, 1989; Merle et al., 2010; Staudacher
& Allegre, 1993; Michon et al., 2016). Several cones, spatters and associated lava flows
outcrop in the PdS which includes three major polygenic volcanic edifices: the Demi-Piton,
the Piton Haily and the Piton Chisny (Bachélery, 1981; Morandi et al., 2016; Principe et al.,
2016; Brugier et al., 2016a). The latter is associated with the youngest deposits (381+-26 BP)
on the PdS (Morandi et al., 2016). Basaltic deposits encountered on the PdS range from
violent lava fountaining (lapilli fall-outs) to long lasting effusive events (spatters and
pahoehoe lava flows). The presence of numerous dunitic and wehrlitic xenoliths is
documented in all these deposits (Upton et al., 1972; Bachélery, 1981; Upton et al., 2000;
Morandi et al., 2016; Principe et al., 2016; Boudoire et al., in prep; Brugier et al., in prep).
Gabbroic xenoliths occur more rarely. In addition, some dolerites have been described either
as xenoliths (Upton et al., 2000) or as ballistic blocks associated with Piton Chisny (Brugier et
al., 2016a). The ultramafic to mafic xenoliths are generally considered as witnesses of the
feeding system that is responsible for the activity on the PdS (Bachélery, 1981; Mohamed-
Abchir, 1996; Upton et al, 2000; Welsch et al., 2013) and the dolerites as products of basaltic
liquids extensively crystallized inside the feeding system (Upton et al., 2000).

3 Samples

Most samples examined in this study are plutonic xenoliths. These are rocks typically
centimetric in size encountered at the surface of the PdS. Our samples come from the Piton
Chisny and Piton Haily deposits; they have been collected on the slopes of Piton Chisny and
in the thalweg between Demi-Piton and Piton Haily (Fig. 1c). The xenoliths are generally
coated by basaltic material. Petrographically, they range from dunite and wehrlite (PdS1 to



PdS10 in Fig.1c) to gabbro (PdS11-12-13 in Fig. 1c). Other crystal-rich samples from Piton
Chisny such as dolerites (PdS14-18 in Fig. 1c) and basaltic ballistic blocks (PdS20-21 in Fig.
lIc) have also been included in our sample set. Since our gabbroic xenoliths have not been
previously described, one gabbroic xenolith from the Bellecombe Tephra (PdS19 in Fig. 1c)
has been added for comparison. In addition to PdS samples, other representative plutonic
rocks from the La Réunion have been included in this study, mainly for comparative
purposes. Sample IGN (Fig. 1b) is a gabbroic inclusion in an ignimbrite from the explosive
activity of the PAN. Sample SAL comes from the Salazie Cirque massive layered gabbro (Fig.
1b). All samples studied have been collected during 2012-2015 except gabbro PdS11 which
comes from P. Bachélery’s collection and ultramafic xenolith samples PdS??? from D.
Clague. The additional samples that are used below to complement our whole-rock analytical

database are distinguished on Fig. 1b and c.

4 Methods

Major and trace element bulk-rock analyses were carried out at the Centre de
Recherches Pétrographiques et Géochimiques (CRPG-SARM) in Nancy (France) by
inductively coupled plasma-optical emission spectrometry and -mass spectrometry (ICP-OES
& ICP-MS, Carignan et al., 2001). A total of 7 samples (doleritic blocks and basaltic bombs)
from Piton Chisny were analyzed (see Table 2). Whole-rock analyses of plutonic xenoliths

(dunite, wehrlite, gabbros) were taken from the literature.

Detailed mineralogical characterization of the samples was performed by various methods.
Rocks were sawed and polished thin sections prepared for analyses. Modal compositions of
10 samples (1 dunite, 2 wehrlites, 6 gabbros and 1 dolerite) were determined by point-
counting with step lengths of 0.4-0.5 mm along lines separated by 0.4-0.5 mm. The total of
points varied from 579 to 1591. Textures of 8 representative samples were imaged with the
TESCAN Mira 3 XMU scanning electron microscope (SEM) from the joint ISTO-BRGM
laboratory in Orléans. Major element compositions of mineral phases, interstitial (or matrix)
glasses and glass inclusions, and sulfide inclusions were obtained with a CAMECA SX FIVE
electron microprobe at the ISTO-BRGM laboratory (Orléans) and either a CAMECA SX
FIVE or a SX-50 at the CAMPARIS laboratory (Paris). Silicate phase analyses were
performed under 15 kV acceleration voltage, 6 nA sample current, 10 s counting time on peak

and 5 s counting time on background. Mineral phases were analyzed with a focused beam
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whereas, for interstitial glasses, a defocused beam (10 pm) was used to minimize alkali
migration (Di Carlo et al, 2006). Relative analytical errors are 1% (Si02, MgO, Ca0O), 1-2%
(A1203), 2-4% (FeO, Na20) and 5-10% (Ti02, K20). Chemical zonation in phenocrysts was
documented either from spot (i.e., rim vs core) or transect analyses (rim-core-rim or core-rim
with steps of 2-3, 10, 20, 35 or 40 um). S, Ni, Cu, Co, Fe and Pb in sulfides were analyzed
under 20 kV acceleration voltage, 20 nA sample current, 10 s counting time on peak and 5 s
counting time on background. X-ray distribution maps of Al, Ti, Cr, Ca, Fe, Mg were
obtained for selected clinopyroxene crystals and a specific zone in a dolerite sample. These
were carried out with the CAMECA SX FIVE electron microprobe at the ISTO-BRGM
laboratory operated under an accelerating voltage of 15 kV, a beam current of 50 nA, a

focused beam and a dwell time of 130 ms.

5 Results

Results below include petrographical descriptions, whole-rock analytical data and the
presentation of a detailed dataset for mineral phases and glasses in La Réunion plutonic and

associated rocks.

5.1 Modal compositions

Point-counting data for the 10 thin sections studied are presented on Table 1. Samples
PdS1, PdS9 and PdS10 are ultramafic xenoliths with high Ol (92% to 58.7%) and Sp (4.4 to
2.4%) contents. The Cpx proportion underlines the transition from dunite (PdS1, 0.6%
interstitial Cpx) to wehrlites (PdS9, 10, Cpx up to 36.8%). These 3 samples also have very
little interstitial glass present (< 0.6%). In comparison, all the 7 other samples contain feldspar
and therefore display a gabbroic assemblage. Concerning the nomenclature, four are xenoliths
of olivine gabbro (PdS11, 12, 13, 19), SAL a massive olivine gabbro, PdS14 an olivine
dolerite and IGN (the only olivine-free sample) a gabbroic inclusion. Cpx proportions are
relatively constant (20-33%, Table 1) but Ol and Plag show important variations, from 0 to
51.2% and 14.1 to 63.1% respectively (Table 1). Sp drops to < 1.5% and both the proportion
of glass and the vesicularity (counted as voids) increase in the gabbroic samples, the
exception being the massive gabbro SAL. The dolerite (PdS14) has the highest vesicularity
(12.4%). Two gabbroic xenolith samples (PdS11, 13) contain significant amounts of
orthopyroxene (0.9 to 1.2%) as exsolutions in Cpx. Proportions of Fe-Ti oxides (ilmenite and

magnetite, distinguished from Sp on textural grounds) reach significant amounts (> 3%). Note



the presence of mineral phases rarely encountered in La Réunion igneous rocks, such as

phlogopite in SAL.
5.2 Whole-rock analyses

Major and trace element bulk-rock analyses, covering the whole range of rock types
mentioned in this work, are presented in Table 2. In addition to the 4 new bulk-rock analyzes
from this study (PdS14, 17, 20, 21), data from previous studies have been used to provide a
comprehensive picture of the whole compositional range. The dunite sample from the drill
core in the Grand Briil¢ area has a very high MgO (43 wt%) and, generally, MgO and Ni
concentrations are good proxies for the olivine modal proportion (see GB for an example of
olivine-rich rock and PdS14 for an example of olivine-poor rock, Table 1). The very high
CaO/Al203 in wehrlites are consistent with Cpx being present, although in variable amounts.
For gabbros, the major (Mg, Ca, and Al) and trace (Ce, Cr, Ni, Sr) element variability is
controlled by the Ol, Cpx and Plag modal proportions (see Table 1). The new data for
dolerites (PdS14, 17) show higher Mg, Co, Cr, Ni, V and lower Al and Sr than previous
analyses for La Réunion dolerites (Upton et al., 2000). However, some of the older dolerite
analyses (HUB1) are in fact close to plagioclase ultraphyric basalts (RR32, Table 2). The
Piton Chisny ballistic blocks have compositions representative of basalts erupted on the PdS
(Brugier et al., 2016a) although their elevated Mg, Cr, Ni and low Ca suggest a partially

olivine-cumulative character.

5.3 Petrography and Mineralogy

5.3.1 Textures

Representative textures of the different rock types encountered are presented through
thin sections photomicrographs and SEM back-scattered electron images, respectively (Fig. 2;
3). Dunitic (Fig. 2a) and wehrlitic (Fig. 2b; c) samples show characteristic cumulative textures
marked by rounded olivines, low porosity and near absence of interstitial glass (Fig.3 a; b; c),
consistent with the modal data (Table 1). Spinels appear as interstitial crystals or as inclusions
in either Ol or Cpx (Fig. 3a; b; ¢). The main textural difference between dunites and wehrlites
concerns Cpx. In dunites, this phase is either absent or, when present, typically interstitial
(Fig. 3a). In wehrlites, Cpx appears either as small (< 1 mm) rounded crystals forming layers
or bands (Fig. 3b) or as individual large (several mm) euhedral crystals (Fig. 3c). This

demonstrates that clinopyroxene is second to olivine in the crystallization sequence.
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Various textures are noted in the gabbroic samples (Fig. 2; 3). The main differences between
samples relate to (1) variations in glass and vesicle proportions, (2) variable proportions and
(3) specific textures of the main cumulus phases (Ol, Cpx, Plag) and (4) the presence of
remarkable mineral inclusions. The Bellecombe Tephra xenolith PdS19 is the type example of
glass- and vesicle-rich gabbros, also showing embayed Cpx and Ol (Fig. 2h). By opposite, the
massive gabbro SAL is nearly holocrystalline (Fig. 2f). In this sample, phlogopite was found
as anhedral crystals in late-stage microfractures (Fig. 2e). Except the gabbro inclusion IGN
which is olivine-free, Ol, Plag and Cpx are present in variable proportions in all the other
gabbros, and they mostly display typical cumulative textures characteristic of igneous
crystallization. Plagioclase shows a range of habits and sizes as, for example, in PdS11, the
gabbroic xenolith sample the richest in Plag, where both large euhedral and small granular
crystals are observed (Fig. 2d). In other samples (SAL), plagioclase occurs as inclusions in
Cpx (Fig. 2f). The Haiiy gabbroic xenolith PdS12 is particularly rich in large (cm-sized)
plagioclase crystals. Exsolution textures include oxide (either ilmenite or spinel) mineral
exsolutions which are responsible for darkening of the host phase, usually Cpx, as observed in
the gabbroic inclusion from the PAN ignimbrite (Fig. 2g) and also, although only partially, in
the Haiiy gabbroic xenoliths (Fig. 2i; j; k; see also below). Pyroxene (mainly orthopyroxene,
more rarely pigeonite) exsolutions also characterize the Chisny and Haiiy gabbros (Fig. 3d; e;
see also below). Dolerite PdS14 has the highest vesicularity (Fig. 3f) and displays the
classical intersertal texture with small numerous Plag (Fig. 2I). Both ilmenite and magnetite

crystallize as large skeletal phases in the matrix (Fig. 3f).

5.3.2 Olivines

Representative compositions of olivines are presented in Table 3. The wide Fo range
(Fo88.2 to F027.0) is detailed through Fo histograms for each sample (Fig. 4). The highest Fo
(Fo88.2-83) are associated with olivines from dunites, where a bimodal Fo (87, 84)
distribution is observed. Fo contents decrease from dunites to wehrlites (84-80), and an
unimodal distribution appears (Fig. 4). Fo contents in olivines from gabbros range from 85 to
72. No correlation exists between the Fo content and the modal amount of olivine in gabbros.
The widest range of Fo content is recorded in the dolerites, from Fo73.4 to 27. However, most
compositions are between 65 and 73.4 and they correspond to cores and mantles of zoned
crystals (Fig. 6e; f). Fo contents between 65 and 27 are associated with inner and outer rims,

enriched in Fe, as described in the Fe distribution map (Fig. 6¢). As a reference, olivines in



recent PdF eruption products have Fo mostly between 83 and 84 (Boivin and Bachelery,
2009) and mostly between 85 and 86 for the Piton Chisny and Piton Hally eruptive activity
(Brugier et al., 2016a).

If now the entire database is considered, different compositional groups, lithologically
controlled and with a restricted Fo variability, emerge (i.e., Fo75, Fo82-85, Fo86-88, Fig. 5).
Within each compositional group, the trace element (Ca, Mn, Ni) concentrations show large
variations. For example, olivines from dunites record a wide range of CaO contents (e.g.,
from 0 to 0.4 wt%) at nearly fixed Fo (~ Fo87, Fig. 5). These variations in CaO reflect either
normal or inverse core-rim zonation (e.g., 013 in PdS8, oll in PdS9, Table 3). Both MnO and
NiO show patterns similar to those observed for CaO. Superimposed to these trace element
variations within each group, there are progressive variations in trace element concentrations
with Fo. These are best revealed by the dolerite sample which has the largest Fo range and
shows that both CaO and MnO increase (respectively up to nearly 1 wt% and 1.2 wt%) and
NiO decreases (although the resolution is poor) with decreasing Fo (Fig. 5).

In dunites, wehrlites and gabbros, CaO contents in olivine can reach very low values, below
0.1 wt% (Fig. 5a). These CaO concentrations are classically associated with compositions of
mantle olivines. Nevertheless, the fact that some low Fo (Fo76) gabbroic olivines have
concentrations in this range is clearly inconsistent with a mantle origin and so alternative
explanations have to be sought for. We interpret the very low CaO content in olivines
analyzed in this study to result from a process of diffusive re-equilibration of Ca in olivine
(Bohrson & Clague, 1988) specific to cumulate samples with long residence times in volcanic
plumbing systems. In support to this interpretation, we note that the dolerite is the only
sample in our dataset to have “normal” (0.4-0.5 wt%) and grouped CaO concentrations in
olivine (Fig. 5a). The “within group” variations in MnO and NiO concentrations (Fig. 5b; ¢)

are interpreted in the same way.

5.3.3 Clinopyroxenes

Representative analyses of clinopyroxenes are given in Table 4. The interstitial Cpx in
dunites have the highest Mg# (90.2) and they define the primitive end-member (Wo049.4-44.8
En49.3-44.6 Fs7.2-5) of the Cpx database (Fig. 7). With evolution from dunite, wehrlite,
gabbro to dolerite, Cpx compositions progressively change from diopside to augite (Wo45.2-
38.9 En45.6-25.1 Fs31.2-10.8; Fig. 7). Interstitial Cpx in dunites have the lowest A1203 (1.1-
2.7 wt%, Fig. 8a) and the highest Cr203 (0.6-1.4 wt%, Fig. 8b) contents. With decreasing
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Mg# from dunite, wehrlite, gabbro to dolerite, Cr203 progressively decreases in Cpx (Fig.
8b). Nevertheless, Al1203 follows a more complex evolution. Indeed, there is a general
tendency for A1203 to decrease with decreasing Mg#, especially when the Cpx compositions
in dolerite are considered, but at the same time we note that the most primitive Cpx
compositions (interstitial crystals in dunite) also have very low Al (Fig. 8a). Thus, our results
do not confirm previous suggestions that the most primitive (and considered the deeper) Cpx
on the PdF are Al-rich (Fisk et al., 1988; Fretzdorff & Haase, 2002; Boivin & Bach¢lery,
2009).

In detail, the A1203 variations are dominated by separate trends, lithologically controlled, of
increasing Al203 at slightly decreasing Mg#. For example, Cpx in wehrlites show a strong
Al203 enrichment (up to 5.4 wt%) associated with a modest decrease of Mg# (from 90 to ~
85, Fig. 8a). The gabbroic samples follow broadly similar trends, although at lower Mg#: Cpx
in the Chisny gabbroic xenolith (PdS11) have Al203 increasing up to ~ 5.5 wt% for Mg#
decreasing to ~ 77. A similar slightly negative trend is also apparent in the Cpx database of D.
Clague (Fig. 8a). Systematic differences appear between the different gabbros analyzed. Cpx
in some samples (PdS13) overlap with Cpx in wehrlites whereas, others (IGN) have specific,
low Mg# (74-72) compositions. Heterogeneous Cpx populations are also found (PdS19, Fig.
8a).

These Al203 variations mainly reflect compositional zonations at the crystal scale. The
EMPA transect and Al distribution map for Cpx5 in wehrlite PdS9 reveals a complex core-
rim zonation, with an Al-rich (4.0-4.5 wt% Al203) double core and Al-poor mantles and rims
(2.5-3 wt% AI203, Fig. 9a). A similar zonation appears in the EPMA transect for Cpx1 in
Chisny gabbro PdS11 where the core but also the outer rim are Al-rich, indicating a complex
history. Sector zoning was found in Cpx from the Bellecombe gabbro PdS19 which is
characterized by multiple Cpx populations on Fig. 8a. EPMA transects in sector zoned
crystals clearly contrast the dark (Al-rich) and light (Al-poor) sectors (Fig. 9c; d). In those
EMPA transects, Al is usually correlated with Ti and anti-correlated with Cr (Fig. 9¢) but co-
correlation between these 3 elements was also found (Fig. 9d). High Mg# Cr-rich Cpx cores
as observed on the element distribution maps for the dolerite (Fig. 6d; f).

Comparing with previous studies, Cpx compositions in our gabbroic samples cover and
largely extend the fields for gabbro in PAN (Ludden, 1978a) and for xenoliths in Bellecombe
Tephra (Upton et al., 2000). There is quite a good match between our dataset and the field for
dunites and wehrlites from D. Clague (Fig. 8a). Our Cpx data in dolerite largely extends the
Cpx compositional range toward lower Mg# and A1203. Cpx in dolerite and in PUB overlap



(Smietana, 2011). Cpx in dolerite also have higher at. Ti (for a given at. Al) than the other
samples (Fig. 8c).

Two compositional trends (one for Mg-rich augite and the other for augite) have been
previously defined for Cpx in 1977-1998 PdF eruption products on the basis of at. Al/Ti
(Boivin & Bachelery, 2009). Cpx compositions from this study tend to cover the whole range
of Al/Ti ratios (Fig. 8c) and, therefore, the subdivision proposed for the “volcanic” Cpx does

not seem to apply to our “plutonic” Cpx.

5.3.4 Feldspars

Representative analyses of feldspars in gabbros and dolerites are given in Table 5.
Only plagioclases (An25-85) occur in gabbroic samples (Fig. 10). They cover and extend the
range of plagioclase compositions in 1977-1998 PdF eruption products (An45-80, Boivin &
Bachelery, 2009). In contrast, the dolerite sample shows a remarkably wide feldspar
compositional range, extending from plagioclase to sanidine and limited by feldspar solvi for
temperatures in the range 800-1000°C (Fig. 10). Apatite inclusions have been found in
feldspars from the dolerite. Sanidine in dolerite has K20 increasing up to 7.8 wt% (Fig. 11a).
Note that the only case of K-rich feldspar so far described in La Réunion concerns the core
(6.9 wt% K20) of a sanidine phenocryst in a PAN trachyte (Nativel, 1978). Zonation at the
crystal scale account for a significant part of the feldspar compositional range in the dolerite
(Fig. 6b; c¢). Most gabbroic samples plot on the same K20O-enrichment trend as the dolerite
with the Bellecombe gabbro PdS19 at the high An end (An85) of the trend (Fig. 11b).
However, plagioclases in the IGN gabbroic inclusion follow a second trend marked by little or
no K20 enrichment with decreasing An (Fig. 11b). Such a trend, and the low An
compositions (An65-25), suggests crystallization conditions for IGN plagioclases different

than for the other gabbros.

5.3.5 Spinels

Representative analyses of spinels are given in Table 6. No dependence with textural
type (i.e., inclusions vs. interstitial spinels) was found. Three groups emerge from the Cr# vs.
Mg# compositional variations (Fig. 12a). The first (group I), characterized by relatively high
and constant Cr# (55-65) for Mg# ranging from 57 to 38, mainly corresponds to spinels from
dunites and wehrlites and more rarely from gabbros. The second (group II) is marked by a

slightly negative correlation between Cr# (increasing from 43 to 58) and Mg# (decreasing
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from 58 to 33). Spinels in this group mainly come from wehrlites and gabbros and a few from
dunites. The third group (III), entirely composed of spinels from gabbros, is defined by lower
Cr# (31-50) while Mg# varies from 48 to 41 (Fig.12a). Our spinel compositions are in broad
agreement with the data for the Chisny and Haiiy lavas (Brugier et al., 2016a) and with the
few analyses available for xenoliths in Bellecombe Tephra (Upton et al., 2000). On the TiO2
vs. Mg# plot (Fig. 12b), group I is marked by relatively homogeneous and low TiO2 contents
(1.8-3.8 wt%) uncorrelated with Mg#. Group II shows a positive correlation between TiO2
(increasing from 2.8 to 5.2 wt%) and Mg# (increasing from 37 to 57). The third group, mostly
marked by a significant TiO2 enrichment (from 4.5 to 12 wt%) with little variations in Mg#,

suggest spinel crystallization in progressively more evolved melts.

5.3.6 llmenites, magnetites

Representative analyzes of ilmenites and magnetites are given in Table 7 and 8

respectively. For ilmenite, two compositional groups can be distinguished depending on
textural type. The first group corresponds to ilmenite crystallized in the matrix of the dolerite
sample PdS14 and present as the sole Fe-Ti oxide (either interstitial or as inclusions) in the
massive gabbro SAL (Table 7). Those Ilm are relatively poor in Mn, Mg and Cr (Table 7).
Ilm in dolerites have the lowest MnO (0.57 wt%) and MgO (0.5 wt%) contents. In the SAL
gabbro, Ilm is comparatively slightly enriched in Mn and Cr. The second group corresponds
to Ilm exsolutions in gabbros PdS12 and IGN, more fully described texturally below. These
exsolved Ilm are characterized by high MgO (6.5-6.6 wt% in PdS12, 0.7-3.21 in IGN; Table
7) and also high AI203 and Cr203. Compositions from this group are similar to Ilm in
Bellecombe xenoliths (Upton et al., 2000).
Magnetites crystallize both as inclusions in Cpx and Plag and as an interstitial phase in
gabbros PdS12 and IGN, and in the matrix in dolerite PdS14. There are significant
compositional variations in Ti, Al, Mg and Cr concentrations between samples (Table §). Mt
in the PdS12 gabbro have the lowest TiO2 (15.7-16.5 wt%) and the highest A1203 (3.9-4.4
wt%), MgO (5.73-6.02 wt%) and Cr203 (1.66-3.20 wt%). The dolerite sample PdS14 records
the highest TiO2 contents (21.7-28.3 wt%) as well as low Al203 (0.5-1.2wt%), Mg and Cr.
Magnetite in IGN has intermediate characteristics. In our dataset, only magnetites from the
Hatly gabbro PdS12 approach compositions in Bellecombe xenoliths (4.3-6.3 wt% Al203,
Upton et al., 2000).



In summary, ilmenite and magnetite coexist in 2 gabbros (IGN and PdS12) and in the dolerite
PdS14. Textural relations compatible with equilibration between the two Fe-Ti oxides are
especially clear for the dolerite PdS14 (both Fe-Ti oxides are found crystallizing in the
matrix). Yet, and although the textural relations are less favourable for the gabbros (ilmenite
exsolutions vs. magnetite inclusions), conditions of Fe-Ti oxide equilibration have been

calculated for these two samples as well as for the dolerite (see below).

5.3.7 Sulphides

Small sulphides globules (1-2 um) trapped in Ol and Cpx crystals have been observed
in each rock type (dunites, wehrlites, gabbros and dolerites). Nevertheless, these globules are
too small for analysis. Only a few 10-20 pm sized sulphide globules hosted in Cpx crystals
from the Chisny gabbro PdS11 have been analyzed (Table 9). These sulphides are iron
sulphides, Cu- (up to 8.12 wt%) and Ni- (up to 4.55 wt%) rich, comparable to the sulphides
analyzed by Upton et al. (2000) in Bellecombe xenoliths. They differ from the second type of
sulphides described by Collins et al. (2012) which is characterized by lower Ni (~1.2 wt%)
and Cu contents (~1.5wt%).

5.3.8 Accessory minerals

Two types of accessory minerals have been observed in our PAN gabbroic samples:
phlogopites crystallized in fractures (Fig. 2e) in SAL and amphibole inclusions in Cpx (Fig.
15b) in IGN. Results of EPMA analyses of these minerals are presented in Table 10. The
phlogopites are relatively Ti-rich (3.28-4.48 wt% TiO2) and aluminous, with Phlog contents
ranging from 69.1 to 76.2% and Mg# between 75 and 80. The amphibole inclusions are
kaersutites (T102 = 5.80-6.00 wt%; Mg# = 62-64). Although unfrequent mineral phases in La
Réunion igneous rocks, similar phlogopites have been described in one gabbro from the
plutonic complex drilled in the Grand Brilé area (Lerebour, 1987). In addition, kaersutite has

been described previously in some PAN gabbros (Nativel, 1978).

5.3.9 Glasses

Some samples such as wehrlite PdS10 and or gabbros PdS12, 13, 19 contain
interstitial glasses in sufficient amounts for electron microprobe analysis (Table 11).
Inclusions/ embayments in Ol and Cpx have been also analyzed in PdS13 and PdS19. Results
are plotted on Fig. 13 together with data for interstitial glasses in Bellecombe gabbros (Upton
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et al., 2000) and for Bellecombe ash (Ort et al., 2016). Interstitial glasses in gabbroic
xenoliths from Piton Chisny and Piton Tremblet (Ludden, 1978b) are much more evolved
(54.30-58.94 wt% Si02; 1.81-3.21 wt% MgO; 1.89-4.39 wt% K20) than our glass
compositions and are not plotted on Fig. 13. The analyzed glasses have relatively high MgO
(5.2-6.7 wt%) and high CaO/Al203 (0.61-0.83; Fig. 13a). The data for our Bellecombe
xenolith (PdS19) have the highest MgO contents so far recorded for Bellecombe gabbros
(Upton et al., 2000). Analyzed glasses are well grouped on a sample basis and
inclusions/embayments have compositions similar to their respective interstitial glasses. With
the exception of the wehrlite glass which has a very high CaO/AI1203 (0.83), the data define a
single CaO/Al203 vs. MgO trend that includes the literature glass data and is classical for
progressive basalt differentiation. In the K20 vs. SiO2 diagram (Fig. 13b), the analyzed
glasses separate in 2 groups: one wholly basaltic with SiO2 between 48.5 and 50.5 wt% and
the other basaltic to more evolved with SiO2 contents between 51 and 53.7 wt%. K20

enrichment follows the SiO2 evolution (Fig. 13b).

5.3.10Mineral exsolutions

Mineral exsolutions have been observed in Cpx from gabbros and are described apart
to emphasize their remarkable textural characteristics. They concern exsolutions of
orthopyroxene and pigeonite in the Chisny gabbro PdS11 and of orthopyroxene in the Haiiy
gabbro PdS13. Representative analyses of exsolved pyroxenes are given in Table 12 and their
compositions are plotted in Fig. 7. Two types of exsolution textures have been observed,
lamellar and granular (Fig. 14; 15a). Both SEM images and element distribution maps clearly
demonstrate crystallographic control by the host Cpx of the distribution and orientation of
mineral exsolutions (Fig. 14; 15a). The distribution maps also reveal the existence of chemical
halos in the host Cpx around the granular exsolutions (Fig. 14a; b).

Pyroxene exsolutions can occur in isolation or be accompanied by exsolution of oxide phases.
In the Haiiy gabbro PdS13, the Opx exsolutions are associated with exsolutions of spinels
(analysis sp2, PdS13, Table 6) also distributed conformably with the crystallographic
directions of the host Cpx, both parallel and orthogonal to the Opx exsolutions (Fig. 15a). In
this sample, the exsolved Opx coarsens as the Cpx-Ol interface is approached and also inside
the Ol crystal (Fig.15a).

IImenite also form mineral exsolution phases as found in Cpx from the Haily gabbro PdS12

(Fig. 21; j) and from the gabbroic inclusion IGN (Fig. 2g; 15b). Such oxide exsolutions lead to



darkening of the host Cpx (Fig. 2g; 15b) and are also crystallographically controlled (Fig.
15b). Note the Ilm-free halos around the amphibole inclusions (Fig. 15b).

6 Discussion

6.1 Crystallization sequence of Piton de la Fournaise magmas

Textural and compositional results obtained on the studied ultramafic and mafic
xenoliths provide clear evidence on the crystallization sequence of PdF magmas. This is a
critical issue since, on the PdF, crystallization processes at depth are considered to control the
composition of erupted magmas and to influence eruptive processes (Albarede et al., 1997;
Famin et al., 2009; Pichavant et al., 2016; Di Muro et al., 2014, 2015; Boudoire et al., in prep;
Brugier et al., 2016a). From our results, a crystallization sequence consistent for all samples
studied (except IGN, see below) can be proposed. It is in the order olivine, clinopyroxene,
plagioclase. Spinel crystallizes throughout the sequence, followed by magnetite.
Orthopyroxene and pigeonite come in as later phases as is also the case for ilmenite and spinel
exsolutions. The last stage of igneous crystallization is marked by the occurrence of sanidine
together with apatite and ilmenite. Phlogopite can be involved in very late local crystallization
episodes.

Concerning the main mineral phases, this proposed crystallization sequence is supported by
textural and chemical evidence, combined. Ol crystallizing as an essential phase in dunites has
compositions the most primitive, i.e., with the highest Fo (88). From dunite to dolerite, Fo
progressively decreases (Fo88 to Fo27, Fig. 5) as crystallization proceeds and new phases
enter the cumulus assemblage. Cpx changes from interstitial in dunite (Fig. 3a) to large
euhedral crystals in wehrlites (Fig. 2b, c; Fig. 3b, c), concomittantly with a decrease in Mg#
from 90 to ~ 85 (Fig. 7; 8a) and a drop in Cr concentrations (Fig. 8b). The appearance of
plagioclase in gabbros goes along with a general decrease of Fo and Mg# in coexisting Ol
(Fig. 4; 5) and Cpx (Fig. 7; 8), respectively, when compared to Ol and Cpx in wehrlites. The
wide range of plagioclase compositions up to sanidine in dolerites (Fig. 10; 11) reflects
crystallization of feldspar from melts becoming progressively more evolved. K-rich residual
melts or fluids is also indicated by the crystallization of phlogopite either as a late-magmatic
or a secondary phase in the PAN gabbro SAL (Fig. 2e).

Concerning the minor phases, apart from mineral exsolutions, spinel is systematic as an
inclusion or an interstitial phase in dunites, wehrlites and gabbros. Spinel compositions

progressively changes as crystallization progresses (Fig. 12). Magnetite is comparatively less
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abundant than spinel, and textural evidence (magnetite inclusions, interstitial crystals)
suggests that magnetite comes in later than spinel and is associated with more advanced
stages of crystallization of the “cotectic” Ol + Cpx + Plag assemblage. Apart from mineral
exsolutions, ilmenite is confined as a late interstitial phase in dolerite, where it marks the final
stages of magmatic crystallization together with sanidine and apatite.

Several mineral exsolutions have been identified in Cpx. These are new for La Réunion
products and provide additional constraints on the crystallization sequence. Exsolutions
include orthopyroxene and pigeonite in the Chisny gabbro (PdS11; Fig. 14), orthopyroxene
and spinel exsolutions in one Haily gabbro (PdS13; Fig. 15a) and ilmenite exsolutions in both
one Haily gabbro (PdS12; Fig. 2i; j) and the IGN inclusion (Fig. 15b). Orthopyroxene has
been mentioned only very rarely in PdF products (Kornprobst & Bachelery, 1984) and this
study is the first to document in detail modes of Opx occurrence and compositions. Textural
indications (Fig. 14; 15) strongly suggest that Opx does not crystallize from a melt as the
other “cotectic” phases but rather is a product of solid state reequilibration of Cpx during
cooling and residence in the feeding system. This interpretation is supported by the
morphology of Opx exsolutions and their distribution within the Cpx host which demonstrate
a strong crystallographic control. Some textures (transition from lamellar to granular, Fig. 14;
coarsening of exsolutions, Fig. 15) are qualitatively consistent with the morphology and size
of the exsolutions being controlled by chemical diffusion in Cpx and also Ol. A similar origin
from solid state processes can be inferred from the textural relations of spinel and ilmenite
exsolutions (Fig. 15a). However, the important point is that Opx postdates the crystallization
of its Cpx host. Opx exsolutions are not encountered in all gabbros and have not been found
in wehrlites. Therefore, the available evidence suggests that they appear later than the
beginning of crystallization of plagioclase in the “cotectic” Ol+Cpx+Plag assemblage.

The kaersutite-bearing phase assemblage found in IGN is specific. Note that this sample
comes from the PAN and that kaersutite gabbros from the PAN have been previously described
(Nativel, 1978). The textural evidence (kaersutite inclusions in Cpx, Fig. 15b) would imply a
relatively early rather than a late origin for the amphibole. It is also worth reminding that IGN
is the only olivine-free gabbro in our sample set. Plagioclases in IGN have compositions that
follow a trend different from all the other samples studied and extend to unusually low K20
at low An contents (Fig. 10; 11). All these arguments indicate colder and hydrous magmatic
conditions for the IGN gabbroic inclusion, different from all the other samples (Sisson &
Grove, 1993; Pichavant et al., 2002). This is consistent with the provenance of IGN from an

ignimbritic eruption.



The IGN sample serves to caution that the crystallization sequence proposed above should not
be viewed as necessary unique for all La Réunion magmas. Indeed, different types of
fractionation (hence of crystallization) mechanisms have been suggested to account for the
diversity of PdF eruptive products (Kornprobst et al., 1919, 1984; Albarede et al., 1997;
Famin et al., 2009; Pichavant et al., 2016; Boudoire et al., in prep; Brugier et al., 2016a). For
example, Steady-State Basalts (SSB) have been interpreted to result mainly from Ol
fractionation whereas Abnormal Group (AbG) products would record a stage of high pressure
Cpx fractionation (Kornprobst and Bach¢lery, 1984; Albarede et al., 1997; Famin et al., 2009;
Boudoire et al., in prep; Brugier et al., 2016a). Concerning this issue, it is worth emphasizing
that only one type of crystallization sequence has been identified on our PdS samples, and
another one on the PAN sample IGN. Although it is impossible to associate our plutonic rocks
with a volcanic series, either SSB or AbG, the crystallization sequence recorded in the PdS
plutonic xenoliths is clearly consistent with the one postulated for SSB lavas. Nevertheless,
our results do not rule out the fractionation mechanism proposed for the AbG, given the
limitations inherent to our sample set (number, provenance, depth).

The sequence proposed here (i.e., Cpx before Plag) has been classically used as evidence for
high-pressure crystallization on the PdF (Albarede et al., 1997). This is because, according to
the volatile-free experiments of Fisk et al. (1988), pressures > 250-500 MPa would be
necessary for Cpx to crystallize as the second phase after Ol (see also Pichavant et al., 2016).
However, recent experimental results in presence of volatiles (Brugier et al., 2016c) and
results of MELTS calculations (Welsch et al., 2009) both demonstrate that clinopyroxene can
persist as the second phase at pressures as low as 50-100 MPa. Therefore, the crystallization
sequence proposed in this study carries no particular implication for magma crystallization
depths within the PdS. We also stress that constraints on mineral equilibration pressures are
limited on our plutonic xenolith samples. Fluid inclusions trapped in olivines and
clinopyroxenes from 4 wehrlites samples, 2 from our sample set (PdS8 and PdS10), have
yielded pressures (calculated at 1200°C after Bureau et al., 1998a) of 200-450 MPa and 100-
350 MPa for inclusions in Ol and Cpx respectively (G. Boudoire, personnal communication).
This pressure range overlaps with the pressures estimated for the “sills and dykes” network
below the PdS (between 50 and 200 MPa, Lénat et al., 2012a), supposedly the site of origin of

the plutonic rocks studied.
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6.2 Constraints on intensive parameters (T, fO2)

The occurrence of Opx (+ Pig in PdS11) exsolved in Cpx crystals in 2 of our gabbro
xenoliths (PdS11 and PdS13) offers the possibility to calculate temperatures of equilibration
between the 2 (or the 3 if Pig is considered) pyroxenes using the software QUILF (Andersen
et al., 1993). Results of these calculations are presented in Table 13. For PdS11, equilibration
temperatures change only little by considering Pig (Table 13) and a similar range of
temperatures is obtained for PdS11 and PdS13 (Fig. 16). Average equilibration temperatures
and uncertainties are nearly identical for the two samples: 1031+39°C for PdS11 and
1036+43°C for PdS13. These results define minimum temperatures for the crystallization of a
gabbroic assemblage in these 2 samples since, as pointed out above, Opx must come in later
than Plag. The above data are consistent with the observation that Plag joins the Ol+Cpx
phase assemblage at temperatures below ~ 1100°C in the 50 MPa experiments of Brugier et
al. (2016c), and also with the temperatures implied by MELTS calculations at 100 MPa
(Welsch et al.,, 2009). This temperature range (1050-1100°C) is interpreted to reflect
crystallization of primitive olivine gabbros in the PdS, i.e., of the group of gabbros having Fo
>80 in Ol, Mg# > 80 in Cpx and Sp as the only oxide phase.

Pyroxene equilibration temperatures can be compared with temperatures deduced from IIm-
Mt pairs. These have been calculated for 3 samples (PdS12, IGN PdS14) and, for consistency,
with QUILF (Table 14). The average temperatures calculated for these samples (PdS12: 858
+52°C; IGN: 790 £73°C; PdS14: 965 +2°C) are lower than the pyroxene equilibration
temperatures. This is consistent with pyroxene exsolution in gabbros being associated with Sp
(Fig. 15a) and the observation that Mt crystallizes later than Sp. Consequently, temperatures
calculated for Mt- should be lower than those for Sp-bearing assemblages. However, gabbro
PdS12, which lacks pyroxene but has Ilm exsolutions, has very low Ilm-Mt temperatures (858
+53°C).

Our Ilm-Mt results confirm that the gabbro inclusion IGN belongs to a different magmatic
series characterized by relatively low crystallization temperatures (790 +73°C) compatible
with hydrous conditions and a more explosive eruptive style (ignimbrite). The Ilm-Mt
temperatures calculated for the dolerite PdS14 (965 +£2°C) are both relatively high and very
tightly grouped. Such temperature is remarkably consistent with temperatures defined by
feldspar solvi (800~1000°C, see Fig.10). These are interpreted to mark the final stages of
crystallization of small mafic magma batches in the PdS, most probably under closed-system

conditions compatible with extreme incompatible (e.g., K20) enrichment. For comparison, 3



[Im-Mt temperatures are available for the Bellecombe gabbros (Upton et al., 2000). They
range between 879 and 1017°C, overlapping with but lower than pyroxene equilibration
temperatures, and are similar to results for gabbro PdS12 and dolerite PdS14.

Equilibrium fO2 recorded in these 3 samples range from AFMQ (deviation from the FMQ
equilibrium calculated at the same P and T) = -1.2 to + 0.7 (Table 14). The data for gabbro
PdS12 differ from the other two samples by being by far the most oxidizing (AFMQ ~ + 0.7).
This, and the abnormally low temperature results above, could indicate possible equilibration
problems between Ilm and Mt in this sample. The two other samples record fO2 below FMQ
(IGN: AFMQ = -0.9 to -0.3; PdS14: AFMQ -1.2 to -0.7, Table 14), such reducing conditions
being consistent with the occurrence of Ilm in these 2 samples. In contrast, results for the
Bellecombe gabbros range from AFMQ = 0 to +1.1 (Upton et al., 2000), and so are in a more
oxidizing range. Although more work is needed to resolve these discrepancies, the data on the
Chisny dolerite have the lowest errors and can be viewed as the most significant (Table 14). It
is interesting to note that the fO2 range implied is significantly more reducing (by 1.4 to 0.9
log unit) than proposed for the PdF lavas (AFMQ ~ + 0.2, Pichavant et al., 2016) and this
probably relates to locally very H20O-poor conditions during final crystallization of the

dolerite.

6.3 Implications for plutonic rocks on the La Réunion island

Our results bring new data on plutonic rocks from La Réunion island which have long
attracted attention (Upton and Wadsworth, 1972; Ludden, 1978a; Nativel, 1978; Lerebour,
1987; Augé et al., 1989; Mohamed-Abchir et al., 1998; Upton et al., 2000). It is recalled that
our sample set includes rocks mainly coming from the recent activity on the PdS (Piton
Chisny and Piton Haiiy) but also gabbros from the Bellecombe Tephra, from a PAN ignimbrite
and from a PdN plutonic body which are representative of additional plutonic “end-members”
on the island. Although not strictly a plutonic rock, the Chisny dolerite completes the
spectrum of crystal-rich rocks investigated.

Our dataset extends previous results concerning mineral compositions. Ol analyzes in PdS
xenoliths include the highest Fo (Fo 88.2, Fig. 4) recorded in ultra-mafic cumulates from the
La Réunion island (compare with Fo 87.2 in the dunitic part of the Grand Briilé intrusive
complex, Augé et al., 1989). Zoned olivines in the dolerite sample have the lowest Fo (27;
Fig. 4) in La Réunion PdF products, either volcanic or plutonic. Previously, the lowest Fo

(48) were associated to Ol microlites in PUB lavas (Smietana, 2011). Cpx compositional end-
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members also occur in our analytical database. Interstitial Cpx in dunite xenoliths have the
highest Mg# and Cr203 contents (Fig. 8b) and Cpx in the dolerite sample the lowest Mg# and
AI203 contents in La Réunion products (Fig. 8a). Interstitial diopside had been previously
described in a layer of dunitic cumulate within the Grand Bralé plutonic body (Augé et al.,
1989) but with lower MgO (15.1-15.8 wt%) and Cr203 (0.7-1 wt%) than in PdS xenoliths.
Plagioclases in our gabbroic samples cover exceptionally wide An and K2O ranges. The
whole An range is larger than that for gabbros in the Grand Bralé drill core (An53.4 to 80.6,
K20 < 0.25 wt%, Augé et al., 1989). To cover our whole feldspar dataset, it is necessary to
include compositions from PUB lavas (Smietana, 2011, Fig. 11a) and from PdN gabbros
(Nativel, 1978). The K-rich feldspars analyzed in the dolerite sample have the lowest An
contents and the highest K20 contents (7.8 wt%) in La Réunion products.

Phase assemblages and compositions, combined with textural data, enables grouping of the La
Réunion plutonic rocks to be proposed. The ultra-mafic group, best illustrated by PdS dunites
and webhrlites, is clearly defined by cumulative textures, ultra-mafic phase assemblages (Ol +
Sp + Cpx) and compositions with primitive attributes (Fo > 85, Mg# > 85). The olivine
gabbros can be divided in two groups. One, corresponding to the PdS11 and PdS13 samples,
has relatively high Fo contents (78 to 86) and Mg# contents in Cpx (Mg# >80, Fig. 8a), and it
includes spinel as the only oxide phase. Opx exsolutions also characterize this group. The
second group corresponds to the olivine gabbro xenolith PdS12 and the massive PAN gabbro
SAL. Indeed, these two samples share similarities such as lower Fo contents (73-77),
occurrence of augite and of plagioclase with similar compositions and presence of Fe-Ti
oxides. Textures with Plag inclusions in Cpx are also specific of these 2 samples, in contrast
with the first group. Although there are obvious differences between the two samples
(porosity, interstitial glass contents and phase assemblage, i.e., presence of phlogopite in late
micro-fractures in SAL), these could all be attributed to a volume difference between, on the
one hand, a large plutonic body (SAL) and a small cumulate formed inside the sills and dykes
network below the PdS.

The 3 other studied samples (PdS14, 19, IGN) are each representative of a specific rock type,
either plutonic or crystal-rich. Olivine gabbro PdS19 illustrates the specificities of the
Bellecombe gabbroic xenoliths. These include Cpx zonations, Ol and Cpx embayments, and
high interstitial glass contents and vesicularities (see also Upton et al., 2000). Such textures,
and the complex eruptive history at the origin of the Bellecombe Tephra, lead to separate
these clasts from the other and presumably younger PdS gabbros. The gabbroic inclusion

sampled in the PAN ignimbritic deposit (IGN) is also highly specific. It has the most evolved



Cpx of our gabbroic samples (Fig. 8a) and plagioclase compositions spread along a specific
trend (Fig. 10; 11b). Olivine misses from the phase assemblage and, instead, an hydrous
phase, kaersutite occurs as inclusions in Cpx (Fig. 15b). The magmatic evolution is dominated
by crystallization under relatively cold and hydrous conditions, consistent with the
provenance of the sample from an ignimbritic eruption. Finally, the dolerite sample possesses
several distinguishing features such as marked chemical zonations in Ol and Cpx (Fig. 6),
wide range of feldspars and unusually K2O-rich compositions (Fig. 11a), presence of Fe-Ti
oxides (Ilm in particular) and high vesicularities. These features are consistent with cooling
and crystallization of the dolerite parental liquid without any replenishment or re-heating

under essentially “closed-system” conditions.

7 Conclusions

The main conclusions of this study are the following:

- A comprehensive suite of plutonic (dunite, wehrlite and gabbro xenoliths, massive gabbro,
gabbroic inclusion) and crystal-rich (dolerite) rocks has been investigated with the
objective to reconstruct the crystallization sequence of La Réunion magmas.

- The crystallization sequence is in the order: olivine, clinopyroxene, plagioclase. Spinel
crystallizes throughout the sequence, followed by Fe-Ti oxides. Later crystallization
stages involve sanidine, apatite and ilmenite, locally phlogopite.

- Orthopyroxene + pigeonite, spinel and ilmenite mineral exsolutions in Cpx crystals occur
in gabbros but are absent from wehrlites. Their appearance postdates the beginning of
crystallization of plagioclase in the “cotectic” Ol+Cpx+Plag assemblage and predates the
transition between spinel and magnetite in gabbros.

- The crystallization sequence above supports the olivine fractionation mechanism proposed
to control the composition of Piton de la Fournaise SSB lavas. However, it should not be
viewed as necessary applicable to all La Réunion magmas. Alternative crystallization
sequences such as the one proposed to explain the origin of AbG magmas can not be
excluded from our data.

- Pyroxene equilibration temperatures based on mineral exsolutions yield an average of
1033 £ 41°C, interpreted as the minimum temperature for plagioclase crystallization in the
group of primitive olivine gabbros.

- Ilmenite-magnetite equilibration temperatures are in the range 790+73 to 965+2°C

depending on sample and correspond to more advanced crystallization stages than
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recorded by pyroxenes. Oxygen fugacity straddles the FMQ equilibrium. The reducing
conditions (AFMQ = -1.2 to -0.7) found for the dolerite are consistent with ilmenite
crystallization.

- The textural and mineralogical data enable to group La Réunion plutonic rocks in 3 main
categories. These include (1) ultra-mafic cumulates (dunites and wehrlites), (2) primitive
olivine gabbros and (3) evolved olivine gabbros.

- On a more local scale, there are significant differences between gabbros from the
phreatomagmatic Bellecombe Tephra eruption and the other PdS gabbros which
presumably come from a younger feeding system. The Chisny dolerites are products of
protracted cooling and crystallization under “closed-system” conditions.

- The gabbroic inclusion in an ignimbrite from the Piton des Neiges, characterized by a
specific mineral assemblage and compositions, demonstrates the possibility of hydrous

and relatively cold magmatic conditions on the La Réunion island.
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10 Figure captions

Fig.1. (a) Location of La Réunion island in the Indian Ocean. (b) Schematic map of La
Réunion island. The dark line represents the coastal limit. The grey dashed line separates the
two main volcanoes: the Piton des Neiges (presently inactive and largely eroded) and the
Piton de la Fournaise (active since 535.000 years, Gillot & Nativel, 1989). The yellow area
marks the collapse caldera named “Enclos Fouqué”, which contains the Piton de la Fournaise
volcano and the majority of young deposits (< 40.000 years). The 3 main “rift zones” are
represented. The black rectangle defines our main sampling area, the “Plaine des Sables”
(PdS). Locations and numbering of samples from previous studies are indicated in grey.
Locations and numbering of samples from this study are indicated in green and blue. (c)
Detailed DEM (Digital Elevation Model, courtesy of OVPF) of the PdS. The PdS is limited
(1) by two collapse calderas (black lines): the “Rempart des Sables” at the west and the
“Enclos Fouqué” at the east and (2) by two slope-breaks (black dashed lines) at the north and
south. The 3 polygenic spatter-ramparts or cones are, from north to south, the Piton Haily, the
Demi-Piton and the Piton Chisny (Bachelery, 1987). The “Aubert de la Rue” edifice
corresponds to the last stage of activity of Piton Chisny (Principe et al, 2015; Brugier et al.,
2016a). Detailed localization and numbering of PdS samples (PdS1 to PdS21) are indicated in
green and blue. Note that most samples are associated with Piton Chisny. Samples PdS12 and

13 are associated with Piton Haily and PdS19 with the Bellecombe Tephra (Ort et al., 2016).

Fig.2. Photomicrographs of representative thin sections of the different rock types. (a)
Cumulative texture of rounded olivine (Ol) in dunite xenolith PdS1 (PAL). Note the
interstitial Cr-spinels (Sp). (b) Clinopyroxene (Cpx)-rich vein in banded wehrlite PdS10
(PAL). (¢) Large (cm size) Cpx in wehrlite PdS9 (PAL). (d) Gabbroic xenolith from Piton
Chisny (PdS11) showing both large and granular plagioclase (Plag) coexisting with Cpx and
Ol (PAL). (e) Phlogopite (Biot)-bearing vein in the Piton des Neiges massive gabbro SAL
(PL). (f) Texture of massive gabbro SAL showing zoned Cpx with Plag inclusions (PAL). (g)
Gabbroic inclusion (IGN) from a Piton des Neiges ignimbrite showing a Cpx- and Plag-
bearing, Ol-free, mineral assemblage (PL). Cpx are strongly fractured and darkened by
ilmenite exsolutions (see Fig. 15). (h) Gabbroic xenolith from the Bellecombe Tephra
(PdS19) showing embayed Cpx and Plag and high amounts of interstitial glass and vesicles
(PL). (i) Gabbroic xenolith from Piton Haiiy (PdS12) showing large Ol and Cpx with areas
darkened by ilmenite (Ilm) exsolutions (PL). (j) Detail of sample PdS12 showing the Plag



inclusions in Cpx and the crystallographically-oriented ilmenite exsolutions (PAL). (k) Cpx
phenocrysts strongly darkened by Cr-spinel exsolutions in gabbroic xenolith PdS13 (PL). The
sample also contains important fractions of interstitial glass and vesicles. (I) Numerous Plag
and Cpx, and rare O], in the dolerite sample PdS14 (PL). PL: polarized light; PAL: polarized
and analyzed light.

Fig.3. SEM back-scattered electron images of representative rock textures. (a) Cumulative
texture in dunite PdS1. Note the interstitial Cpx and the occurrence of Sp, both interstitial and
as inclusions in Ol. (b) Aligned Cpx in banded wehrlite sample PdS10. (¢) Large euhedral
Cpx in wehrlite PdS9. (d) Texture of the Plag-, Cpx- and Ol-bearing gabbroic xenolith from
Piton Chisny (PdS11) emphasizing the vesicularity and showing the emplacement of the
orthopyroxene and pigeonite (Opx) granular exsolutions. (e) Texture of the Piton Haiiy
gabbroic xenolith PdS13 showing chemically zoned Ol inclusions in Cpx and the location of
the Opx exsolutions (both lamellar and granular). Note the occurrence of spinels both as
inclusions in Ol and as exsolutions in Cpx (not visible). Silicate glass and vesicles are
interstitial. (f) Doleritic texture in PdS14 showing numerous Plag and Cpx and few Ol.

Numerous Ilm and Mt occur as 100 pm-sized dendritic crystals. The vesicularity is high.

Fig.4. Fo histograms for each type of sample: dunites, wehrlites, gabbros (including gabbroic
xenoliths and massive gabbros) and dolerites. Number of analyzes is indicated in italics. Fo
contents are the highest (89-84) in dunites and decrease in wehrlites (85-81). In gabbroic
samples, a wider range of Fo contents (86-73) is recorded. An unimodal distribution is
observed for each sample (e.g. Fo ~ 76 in sample SAL). Note the strong dispersion of Fo
contents (74 to 27) in the dolerite sample where Fo 70 — 74 correspond to cores and the Fo <

70 compositions to rims of zoned Ol (see Figure 13).

Fig.5. Trace element concentrations plotted as a function of Fo for olivines from dunites,
wehrlites, gabbros and dolerites. (a) CaO content (wt%). (b) MnO content (wt%). (¢) NiO
content (wt%). Note (1) the existence of different compositional groups, (2) the general
decrease of Fo from dunite, wehrlite to gabbro, (3) the large variability of trace element
concentrations within the different groups for Fo > 75 (e.g., the group with Fo ~ 87 has CaO
ranging from 0.01 to 0.3 wt%) and (4) the important variability in Fo for the dolerite sample,
correlated with either increases (CaO, MnO) or a decrease (NiO) of the trace element

concentration.
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Fig.6. Mineral zonations in dolerite sample PdS14. (a) SEM back-scattered image showing
the main mineral phases present (Ol, Cpx, Plag). (b) Al distribution map. (c¢) Ca distribution
map. (d) Cr distribution map. (e) Fe distribution map. (f) Mg distribution map. Notice in (b)
and (c) the normal core-rim zonations in plagioclase and the growth bands in Cpx crystals
marked in (b), (d) and (e). Both Cpx and Ol show normal Fe-Mg zonation. Note the strong Fe
enrichment in Ol rims especially when in contact with a dendritic magnetite crystal (inside the

dashed rectangle).

Fig.7. Ternary pyroxene diagram for dunites, wehrlites, gabbros and dolerites. Cpx show a
continuous range of compositions from interstitial diopside in dunite, wehrlite and gabbro to
augite in gabbro and dolerite. Compositions of pyroxene exsolutions in gabbros (either
orthopyroxene, pigeonite or clinopyroxene exsolutions) are also shown. Limits of pyroxene

fields and nomenclature after Morimoto et al. (1988).

Fig.8. Clinopyroxene compositions in dunites, wehrlites, gabbros and dolerites. (a) Al,O3
content (wt%) vs Mg# (= wt% MgO / (MgO + FeO) in Cpx, with FeO = FeO total) showing 3
main compositional groups. The first (Mg# = 85-90) corresponds to dunite, wehrlite and
gabbro, the second (Mg# = 80-85) to gabbros and the third (Mg# < 80) to gabbros and
dolerite. Al,O3 contents generally decrease with decreasing Mg# from group 1 to 3. The
slightly positive variations in Al,O3 with decreasing Mg# (groups 1 and 2) reflect chemical
zonations within individual crystals (see Figure 8). Literature data: Ludden (1978): gabbros;
Upton et al. (2000): wehrlites, gabbros; Smietana (2011): Differentiated Lavas (‘“Pintades”);
Clague (unpub.): dunites, wehrlites. (b) Cr,O; content (wt%) vs Mg#. Notice the continuous
and progressive decrease of the Cr,Os3 content in Cpx from dunites to dolerites. (¢) Al vs Ti
(atomic concentrations) diagram (after Boivin and Bachélery, 2009). The two correlation lines
describe the covariation between Al and Ti in the two sub-groups of Cpx (Mg-rich augite and
augite) defined in the 1977-1998 eruptions of Piton de la Fournaise (Boivin and Bachélery,

2009) and are shown for comparison.

Fig.9. Results of EPMA transects on Cpx. (a) Variations of Al,O3, TiO, and Cr,0O3 contents
(wt%) along a rim-core-rim transect (AB) of a Cpx (Cpx5) in a wehrlite (PdS9). A SEM
image of Cpx5 is shown and the location of the transect AB is specified on the Al distribution

map. Notice the internal zonation of the crystal with a low-Al rim and a complexly zoned Al-



rich core. On the transect, note the similar behavior of AI1203 and TiO2 and the antagonistic
behavior of Cr203. (b) Variations of Al,O3, TiO; and Cr,0Os contents (wt%) along a rim-core
transect (CD) of a Cpx (Cpx1) in the gabbroic xenolith from Piton Chisny (PdS11). A SEM
image of Cpx1 is shown together with the location of the transect CD. The transect describes
another complex rim-core zonation with Al-rich core and outer rim. TiO2 is correlated with
Al203 and uniform Cr203 concentrations are observed. (¢) Variations of AlLOs, TiO, and
Cr,03 contents (wt%) a transect (EF) in a sector-zoned Cpx (Cpx5) from a gabbroic xenolith
from Bellecombe Tephra (PdS19). A photomicrograph of Cpx5 is provided (LPA) as well as
the location of the transect. The dark sector is characterized by higher AI203 and TiO2
contents than the light sector. Cr203 concentrations are very low. (d) Variations of Al,Os,
Ti0, and Cr,O3 contents (wt%) along the core-rim transect (GH) of another Cpx (Cpx6) from
PdS19. The photomicrograph (LPA) shows the GH transect through the complexly zoned
(sector-zoned ?) crystal. The light zones are associated with low-Al and the dark zones with

high-Al contents. A1203, Ti02 and Cr203 contents exhibit the same behavior.

Fig.10. Ternary feldspar diagram for gabbros and dolerites. Feldspars in gabbroic samples are
plagioclases, mostly bytownites and labradorites. Andesines and oligoclases are restricted to
sample IGN. Feldspars in the doleritic sample PdS14 cover a wide compositional range from
plagioclase, anorthoclase to sanidine. Limits of feldspar solvi are calculated for a pressure of

50 MPa at 800, 900, 1000 and 1100°C (Wen & Nekvasil, 1994).

Fig.11. K20 (wt%) vs An in feldspars from gabbros and dolerites. (a) Plot for all feldspars
emphasizing the negative correlation between K20 and An and the extreme enrichments in
K20 in feldspars from the dolerite. (b) Detailed plot for plagioclases and K20 contents < 1
wt%. An ranges from ~ 85 to ~ 50 if the IGN sample is excluded. The highest An contents (>
80) are for gabbro PdS19 (Bellecombe Tephra). Below An 50, two trends appear, one leading
to K20-poor oligoclases and andesines specific of the IGN sample and the other, specific of
the dolerite sample, marked by a strong K20 enrichment. Literature data: Upton et al. (2000):
wehrlites, gabbros; Smietana (2011): Differentiated Lavas (“Pintades”).

Fig.12. Compositions of Cr-spinels in dunites, wehrlites and gabbros (PdS 11, 13, 19). (a) Cr#
vs Mg# plot defining 3 different spinel groups. Group I (fixed Cr# ~ 60%; Mg# ranging from
45 to 57) mostly comes from dunites and to a lesser extent from wehrlites and gabbros. Group

IT is defined by a slightly negative Mg# vs Cr# correlation and is mostly found in werhlites
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and gabbros and to a lesser extent in dunites. Group IIl has Mg# contents of 48-41 and
exhibits the lowest Cr# (30-44) of our dataset; it corresponds uniquely to gabbroic spinels. (b)
TiO2 (wt%) vs Mg# plot emphasizing the low TiO2 in the group I spinels and the overall

negative correlation between TiO2 contents and Mg#.

Fig.13. Major element compositions of interstitial glasses and glass embayments/inclusions in
a wehrlite and gabbroic samples. Only inclusions hosted in Ol and Cpx are considered and no
attempt was made to correct their compositions for post-entrapment crystallization. All data
normalized to 100% (Table 12). (a) CaO/AlI203 vs MgO (wt%) plot. Note (1) the relatively
elevated MgO concentrations, (2) the progressive decrease of CaO/Al203 with decreasing
MgO and (3) the overlap between interstitial glasses and glass inclusions/embayments. (b)
K20 (wt%) vs Si02 (wt%) plot. Note (1) the wide range of SiO2 concentrations from basalt
to basaltic andesite, (2) the general progressive increase of K20 with Si02 and (3) the similar
behavior between glass inclusions/embayments and interstitial glasses in sample PdS13.

Literature data: Upton et al. (2000): Bellecombe gabbros; Ort et al. (2016): Bellecombe ash.

Fig.14. Pyroxene exsolution textures in Cpx crystal from the Piton Chisny gabbroic xenolith
PdS11. (a) zone I. (b) zone II. For both zones, large-scale textural relations are shown on the
SEM back-scattered image and major elements (Al, Ca, Fe, Mg) distribution maps are
provided for the Cpx host crystal. At smaller scale, two exsolution textures are distinguished:
granular and lamellar. The lamellar exsolutions are clearly controlled by the crystallographic
directions of the host Cpx. Exsolution phases include orthopyroxene and pigeonite
compositions (Table 9) but both are collectively designated as Opx on the SEM images since
the distinction between the two phases is difficult on the distribution maps. Notice the
chemical halos in the host Cpx around the granular exsolutions, either in Ca (zone I, Ca

depletion) or in Al (zone II, Al enrichment).

Fig.15. Pyroxene and oxide exsolution textures in Cpx from gabbroic samples. (a)
Exsolutions of orthopyroxene and spinel in the Piton Haily gabbro PdS13. SEM pictures of
Cpx4 (1) and Cpx5 (2, 3) crystals. Note the remarkable orientation of the exsolution textures
of Opx and Sp, which are orthogonal and suggest control of the exsolution process by the
crystallographic directions of the host Cpx. Note also the elongated habit of Sp (analysis Sp2,
PdS13, Table 6). In 2 and 3, notice the change from lamellar to granular exsolution when the

Ol interface is approached and also the overall crystallographic control on the orientation of



exsolution products. In 3, granular Opx exsolutions clearly intrude Ol. (b) LP
photomicrographs of Cpxl from the gabbroic inclusion IGN. The Cpxl is darkened by
numerous ilmenite exsolutions (4, Table 7). At a higher magnification (5), the
crystallographic control on the orientation of the exsolutions is apparent. In addition,

kaersutite inclusions (Table 11) are hosted in Cpx1, some surrounded by an ilmenite-free halo

(5).

Fig.16. Histograms of pyroxene equilibration temperatures for the two gabbros PdS11 and
PdS13. The calculations use compositions of orthopyroxene (+ pigeonite) exsolutions in
clinopyroxene and are performed with the QUILF software, see Table 13 for details. Note the
similar range of temperatures for the 2 samples (between 950°C and 1175°C). Sample PdS13
shows slightly more dispersed temperatures whereas temperatures for sample PdS11 cluster

between 975 and 1000°C.
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Figure 5
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Figure 7
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Figure 8
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Figure 9
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Figure 10
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Figure 11
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Figure 13
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Figure 14
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Figure 16
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Table 1. Modal compositions

Sample PdS1 PdS10 PdS9 PdS11 PdS12 PdS13 PdS19 IGN SAL PdS14
Rock Type dunite banded wehrlite wehrlite ol-gabbro ol-gabbro ol-gabbro ol-gabbro gabbro ol-gabbro dolerite
Phases (%)
Ol 92 679 58,7 5.9 33 51,7 252 - 20,2 47
Cpx 06" 264 36,8 254 23,1 20,6 22 33,1 29 294
Plag - - - 63,1 2 35 14,1 332 52 45,7 48,1
Opx - - - 1,2 - 0,9 - - - -
Sp 44 42 24 0,9 1,1 1,2 0,8 - 0,8 -
IIm + Mag - - - - 38 2,5 0,2 6,8 0,2 39
Glass 0,1 0,3 0,6 0,9 2,1 47 8,7 2,6 0,1 1
Void 2,7 1,2 1,5 2,6 2 3 9,2 38 0,3 124
Other 0,3 - - 0,2 - 1,3 0,8 1,7 3832 0,5

n 1011 1079 1207 579 1070 948 1027 1082 1591 1081

" interstitial cpx

2 includes 9 % granular plag

% includes 1,1 % phlogopite



Table 2. Whole-rocks analyses

Provenance' GB PdS PN PN PdS PdS PdS PdS PdS PdS PdS Pint Pint PdS PdS
Sample GBIS 94-G1 RE285 RE282 CBS CBT CBIO CB2 HUB 1 Pas14 Pds17 RR32 RR40 Pds20 Pds2l
Rock type Dunite Welrlte Gabbro Gabbro Gabbro Gabbro Gabbro Gabbro Dokrite Dokerite Dokerite P.UB? P.UB? Ballistic block  Ballistic block
Reference Lerebour (1987) _Upton et al. (2000) Fisk et al. (1988) Fisk et al. (1988) Upton et al.(2000) Upion et al.(2000) Upton et al. (2000) Upton et al.(2000) _Upton et al.(2000) _this work __this work __Smietana (2011) _Smietana (2011) __this work this work
Major clements (wt%)

si02 3920 4574 39.63 4761 4183 4187 4574 4724 49.78 4781 47,78 .27 4581 4626 46,63
ARO3 089 355 442 1473 392 7.04 16,02 18,18 2129 14,88 14,67 19.79 14,11 12.89 1330
FeO 14,60 1039 14,77 15,18 6,60 7.53 605

Fe203 130 1155 20,96 691 1641 16.87 733 837 672 12,70 12,97 11,03 1622 1329 1343
MO 024 016 025 0,11 021 022 011 012 0,08 017 018 009 0.13 0,18 0.18
MgO 43,00 23,78 25,01 1132 30,71 2407 1029 721 450 674 667 355 472 1075 10,19
Ca0 044 13,62 7.78 1653 6,62 8,58 15,85 13,06 1195 11,64 11,53 11,55 9.94 9.86 9.90
Na20 020 040 025 123 033 0,57 124 207 3,50 2,88 223 287 293 2,54 2,70
K20 005 002 0,02 015 004 0,05 0,06 035 065 083 062 066 0.66 0.73 077
T2 0.10 080 135 0.79 046 0.83 094 130 121 289 298 330 548 265 276
P205 005 003 0,01 0,01 002 0,05 014 020 013 034 035 016 0,19 032 034
Lot 001 0,03 047 158 086 0.55 2,10 1,56 045 048 0,08 0,14 0,96 061 -0.84
TOTAL 100,06 99,62 99,21 97.81 10141 100,70 99,82 99.66 100,26 100,39 100,05 100,27 100,19 98.87 99,
CaO/ARO3 049 384 176 112 169 122 099 072 0.56 078 079 058 0.70 0.76 0.74
Na20+K20 025 042 027 138 037 0.62 130 242 415 3.71 353 3.59 328 347
Trace elements (ppm)

As 0 0 0 0
Ba 3 20 30 9 18 33 82 157 168 180 238 482 134 150
Be 1 1 1 1
Bi 0 0 0 0
cd 0 0 0 0
Ce 5 0 0 5 3 17 27 33 44 48 43 48
Cot 89 139 128 46 2 44 46 21 27 58 60
cr 3956 1802 1021 2355 1863 1010 21 30 198 193 35 31 607 551
[N 0 0 0 0
Cu 19 190 57 23 94 32 54 56 81 18 -1 -8 75 85
Dy 5 5 5 5
Er 2 3 2 2
Eut 1 1 1 2 2 2 2

Ga 2 23 20 21
Gd 6 6 5 6
Ge 2 2 1 2
HE* 1 1 1 2 3 4 5 4 5
Ho 1 1 1 1
In 0 0 0 0
La 3 1 0 1 3 7 11 13 19 21 19 21
Lu 0 0 0 0
Mo 1 1 1 1
Nb 2 2 1 2 3 7 1 9 20 21 18 20
Nd 4 0 1 5 5 1 16 16 25 27 2 27
Ni 804 935 247 1267 794 184 133 65 85 88 0 0 296 269
Pb 1 1 2 2 3 3 2 2 0 0 2 4
Pr 6 6 6 6
Rb 1 2 5 1 1 1 9 14 20 23 18 21
sb 35 49 36 35 30 30
Se 7 28 30 52 36 20 0 0 0 0
S 2 1 2 3 3 6 6 6 6
sn 2 1 2 2
Sr 36 76 434 90 187 420 419 597 396 411 503 314 338 376
Ta* 0 6 s 5 1 2 2 2 2
™ 1 1 1 1
i 0 4 2 0 0 1 1 2 2 2 2 2
Tm 0 0 0 0

u 1 1 1 1

v 189 337 177 103 179 165 200 196 309 276 281 303
wr 0 248 319 191 0 0 0 0 0
Y 9 9 10 5 7 1 16 14 25 27 23 2
Yb* 1 0 1 ! ! 2 2 2 2
7n 75 138 37 13 114 46 64 48 115 127 77 82 124 124
7 28 19 2 18 32 58 92 102 175 191 150 108 157 173

"See Fig I for the detaikd localization
Plagiochse-Ulraphyric Basalts
* Trace elements data either by XRF or by INAA
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Table 3. Representative olivine analyses

Sample | Pas1 | PdS2 PdS5 PdS8 | PdS9 | Pas10
Provenance Piton Chisny Piton Chisny Piton Chsiny Piton Chisny Piton Chisny Piton Chisny
Rock Type Dunite Dunite Dunite Wehrlite Wehrlite Banded wehrlite
Crystal ol9 ol2 ol2 ol2 ol9 oll0 oll0 oll0 ol3 ol3 oll oll ol4 ol4 ol7 ol7
Analysis rim core rim rim core rim core rim core  rim core rim -
Oxides (Wt%)
Si02 40,25 39,88 40,33 40,64 4041 4041 4038 4051 | 41,08 40,86 40,05 3934 39,73 40,42 39,65 39,72
TiO2 0,04 0,00 0,03 0,00 0,09 0,06 0,07 0,00 0,09 0,00 0,00 0,00 0,06 0,02 0,02 0,00
ARO3 0,05 0,05 0,00 0,06 0,00 007 00l 000 | 0,00 002 012 005 000 004 0,02 0,00
FeO 12,28 12,62 11,21 11,68 15,69 15,14 1524 1543 | 16,23 16,90 15,56 15,34 16,62 15,68 14,52 17,44
MnO 0,05 0,00 0,05 026 0,14 0,19 020 017 | 0,10 011 003 026 009 011 021 0,44
MgO 47,37 47,60 47,22 46,84 43,61 43,98 4422 4434 | 43,69 43,54 4532 44,25 44,775 44,68 44,40 43,99
Ca0 0,13 0,24 0,03 005 0,19 019 020 023 | 0,11 003 005 029 012 009 0,10 0,05
Na20 0,01 0,00 0,00 0,01 0,01 0,01 0,00 0,00 0,00 0,00 0,00 0,02 0,05 0,00 0,00 0,00
K20 0,00 0,00 0,00 0,08 0,00 0,00 0,01 0,00 0,00 0,00 0,00 0,01 0,00 0,02 0,01 0,03
P205 0,00 0,00 0,13 0,01 0,00 0,03 0,00 0,00 0,00 0,00 0,10 0,09 0,00 0,00 0,06 0,20
Cr203 0,02 0,00 0,00 0,00 0,00 008 000 001 | 0,00 000 000 000 000 000 0,02 0,04
NiO 0,24 0,09 0,23 0,20 0,27 0,26 0,23 0,30 0,20 0,16 0,17 0,20 0,27 0,40 0,27 0,00
TOTAL 100,44 100,48 99,23 99,83 100,42 100,43 100,56 101,00|101,50 101,62 101,40 99,85 101,69 101,46 99,28 101,91
Fo 87,3 87,1 88,2 87,7 83,2 838 838 83,7828 82,1 839 83,7 828 83,6 845 81,8
Table 3. (continued)
Sample PdS11 | Pas19 | Pds12 | PdS13 | SAL PdS14
Provenance Piton Chisny Bellecombe  Thalweg DP-PH Thalweg DP-PH Cirq. Salazie Chisny
Rock Type Ol gabbro Ol gabbro Ol gabbro Ol gabbro Ol gabbro Dolerite
Crystal ol2 old ol5 old old oll oll oll9 oll9 oll9 ol5 ol5 old ol4
Analysis - - hosted in Plagl9  rim core rim core rim core rim core  rim core rim
Oxides (Wt%)
Si02 39,88 39,81 39,17 39,64 39,13 3841 38,36 38,60 39,99 3980 3743 37,28| 37,99 31,60
TiO2 0,05 0,00 0,03 0,00 0,06 0,08 0,00 0,00 0,00 0,01 0,10 0,00 | 0,09 0,16
ARO3 0,10 0,05 0,05 0,00 0,00 0,00 0,04 0,04 0,00 0,02 0,00 0,01 | 0,00 0,03
FeO 17,75 17,68 17,89 15,79 16,03 24,65 23,771 17,26 13,57 1530 22,19 23,51| 23,69 54,64
MnO 0,29 0,26 0,25 0,15 0,14 0,22 0,44 0,28 0,15 0,16 0,40 043 ] 033 0,96
MgO 41,87 43,16 42,08 44,32 44,75 37,96 37,99 43,06 46,00 44,82 38,46 3831| 36,68 11,33
CaO 0,33 0,25 0,23 0,25 0,29 0,21 0,21 0,29 0,12 0,08 0,06 0,05 ]| 043 0,64
Na20 0,00 0,02 0,00 0,00 0,00 0,00 0,04 0,02 0,01 0,01 0,03 0,02 | 0,01 0,02
K20 0,00 0,00 0,02 0,02 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 | 0,00 0,01
P205 0,13 0,09 0,06 0,00 0,00 0,00 0,00 0,00 0,07 0,01 0,00 0,20 | 0,01 0,25
Cr203 0,02 0,00 0,00 0,03 0,00 0,00 0,00 0,12 0,21 0,00 0,00 0,00 | 0,02 0,00
NiO 0,12 0,11 0,13 0,11 0,18 0,08 0,23 0,41 0,00 0,42 0,12 0,00 | 0,00 0,18
TOTAL 100,54 101,45 99,92 100,30 100,57 101,61 101,01 100,07 100,11 100,64 98,77 99,80 99,26 99,82
Fo 808 813 80,7 833 833 733 74,1 81,6 858 839 756 744|734 270

Fo =100.Mg/(Mg+Fe) at.




Table 4. Clinopyroxenes analyses

Sample [ PdS7 PdS9 PdS10 PdS11
Provenance Chisny Chisny Chisny Chisny Chisny
Rock Type ‘Wehrlite ‘Wehrlite Banded wehrlite Ol gabbro
Crystal Cpx3 Cpx6 Cpxl Cpxl Cpx2 Cpx2 Cpxs Cpxs Cpxs Cpx3 Cpx3 Cpx3 Cpxl Cpxl Cpxl Cpx2 Cpx2 Cpx2 Cpxl0a Cpx22
(Analysis Interst. Interst. core. rim core rim rim interm. core rim core. rim rim core rim rim core rim - Opx-hosted
Oxides (Wt%)
Si02 5345 52,12 48,26 48,06 51,19 51,99 51,35 51,19 50,79 50,28 49,70 50,62 51,37 51,91 53,01 52,22 50,62 52,47 51,86 51,27
TiO2 028 0,78 1.64 1.67 074 0.79 0,57 0,97 0,92 0,82 170 0,97 0,92 115 0.40 0,67 127 0,50 039 091
ARO3 1,25 2,86 543 533 2,56 2,38 2,76 3,19 4,02 4,22 4,98 349 4,23 521 2,84 394 5,40 2,94 3,13 4,17
FeO 335 3,64 474 5,00 388 547 448 7,10 5,02 5,06 543 538 733 732 6.63 6.85 7.89 6.83 6,04 775
MnO 0,03 0,10 0,22 0,11 0,13 0,35 0,09 0,17 0,07 0,00 0,20 0,10 0,18 0,12 0,18 0,19 0,21 0,15 0,07 0,03
MgO 17,21 16,22 14,67 14,41 16,56 17,13 16,15 16,73 16,39 16,37 15,21 16,25 1545 14,48 15,80 15,97 14,67 15,63 16,26 16,69
Ca0 23,94 24,09 22,86 2294 2297 21,80 22,60 2035 20,85 22,03 21,82 22,09 18,53 18,95 2042 18,86 18,47 2021 20,48 1975
(Na20 0,48 0,58 0,44 0,64 0,29 0,33 0,31 0,44 0,25 0,34 0,46 0,34 0,47 0,47 0,43 0,45 0,62 0,55 0,46 0,47
K20 0,02 0,00 0,00 0,01 0,00 0,00 0,00 0,00 0,05 0,03 0,03 0,05 0,00 0,01 0,01 0,00 0,01 0,00 0,00 0,04
P205 0,00 0,00 0,08 0,10 0,00 0,18 0,00 0,01 0,00 0,00 0,00 0,31 0,02 0,03 0,04 0,00 0,04 0,02 0,04 0,02
Cr203 0,53 0,89 091 0,93 0,94 048 1,00 0,63 0,90 0,93 0,85 0,72 048 0,57 042 043 0,40 047 0,50 031
INiO 0,04 0,09 0,06 0,14 0,04 0,00 0,04 0,03 0,16 0,48 0,15 0,00 0,01 0,04 0,05 0,00 0,01 0,09 0,00 0,00
TOTAL 100,01 100,39 98,34 9827 98,32 100,42 9831 100,15 98,36 100,55 100,52 100,32 98,50 99,65 99,76 99,15 99,19 99,30 99,22 101,39
Fs 52 6,9 79 83 6,2 8,6 72 13 82 8,1 9,0 8,6 12,5 12,8 109 11,5 13,7 13 99 123
En 474 46,4 435 4238 470 478 46,3 473 479 46,7 448 46,3 47,0 45,0 46,2 479 453 46,0 473 474
Wo 474 46,7 48,7 489 46,8 43,7 46,5 414 438 452 46,2 452 40,5 423 429 40,6 41,0 42,7 428 403
Mgt 90,2 87,1 84,7 83,7 884 848 86,5 808 853 852 833 843 79,0 719 81,0 80,6 76,8 80,3 82,7 793
Name 1 ' i i ini lumi, chromian h i h i ' i h i h i h i chromian aluminian

diopsid diopsid. psid diopsid diopsid. augite augite augite augite augite augite augite augite augite augite augite augite augite augite augite
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Table 4. (continued)

Sample | PdS19 [ pasi2 | PdS13 IGN SAL Pas14
Provenance Bellecombe thalweg DP-PH thalweg DP-PH Ignimbrite quarry Cirq. Salazie Chisny
Rock Type Ol gabbro Ol gabbro Ol gabbro Gabbro Ol gabbro Dolerite
Crystal Cpx2 Cpx2 Cpx2 Cpx5 sector zoned Cpx2 Cpx6 Cpx6 Cpxl Cpx5 Cpxl Cpxl Cpxl Cpxl Cpx2 Cpx2 Cpx21 Cpx21
Analysis rim core rim dark light - rim core - - rim core rim core rim core rim core
Oxides (wt%)
Si02 49,90 50,81 50,62 49,67 51,83 49,50 51,78 51,15 48,08 51,46 50,68 49,86 47,55 49,80 45,95 48,72 49,09 50,64
TiO2 1,07 1,06 0,75 1,52 1,07 1,69 0,65 1,01 2,22 0,68 0,97 1,14 0,75 0,87 3,17 2,09 1,81 1,12
ARO3 4,36 3,60 3,78 4,01 245 3,60 331 3,89 4,81 1.89 393 3,06 2,86 1,14 4,93 3,58 3,98 2,70
FeO 5,20 522 5,38 6,72 6,00 7,72 7,35 4,87 8,39 8,43 6,61 7,05 17,02 17,56 12,58 9,26 7,41 6,62
MnO 0,20 0,10 0,17 0,10 021 0,14 0,22 0,14 0,16 0,20 031 0,32 031 0,10 0,16 0,10 0,08 0,10
MgO 15,71 16,02 15,96 15,21 16,65 14,99 19,71 15,63 12,68 13,98 15,19 15,53 7.81 10,06 12,03 14,25 14,16 15,54
CaO 22,64 22,15 22,45 21,68 21,52 21,45 15,74 21,14 21,78 22,40 21,15 20,82 19,05 18,47 19,76 20,05 21,03 20,96
(Na20 0,27 0,31 0,28 0,36 0,25 0,40 037 0,54 0,57 0,48 0,42 035 0,74 033 0,56 037 0,36 0,28
K20 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,01 0,00 0,08 0,03 1,03 0,05 0,06 0,06 0,06 0,04
P205 0,09 0,06 0,00 0,00 0,00 0,00 0,01 0,00 0,02 0,03 0,05 0,00 393 0,15 0,00 0,03 0,00 0,00
Cr203 0,75 0,69 0.83 0,20 0,11 0,27 0,55 0,70 0,03 0,00 0,16 0,22 0,00 0,05 0,00 0,07 0,22 0,18
NiO 0,09 025 0,19 0,00 0,00 0,25 0,18 042 0,00 0,14 0,00 0,00 0,00 0,25 0,11 0,00 0,26 0,00
TOTAL 100,26 100,25 100,39 99,46 100,08 100,01 99,88 99,50 98,76 99,69 99,55 98,38 101,04 98,82 99.31 98,58 98,46 98,18
Fs 84 84 8,6 10,9 95 12,5 11,7 8,1 14,2 13,6 10,9 11,5 30,8 29,7 21,2 153 124 10,8
En 45,0 459 45,5 44,0 46,9 432 56,1 46,6 384 40,2 44,6 45,1 252 30,3 36,1 42,1 424 453
Wo 46,6 45,7 459 45,1 43,6 444 322 453 474 46,2 44,6 434 44,1 40,0 42,7 42,6 452 439
Mg# 84,4 84,5 84,1 80,1 83,2 77,6 82,7 85,1 72,9 74,7 80,4 79,7 45,0 50,5 63,0 733 773 80,7
Name ! aluminian aluminian aluminian aluminian aluminian chromian chromian ini lumini lumini lumini lumini ini luminian alumini aluminian
diopsid diopside diopsid augite augite augite augite augite augite augite augite augite augite augite augite augite augite augite

P
" Atter Morimoto et al., 1988
Fs = 100.Fe/(Fe+Mg+Ca) at.
En = 100.Mg/(Fe+Mg+Cay) at.
Wo = 100.Ca/(Fe+Mg+Ca) at.
Mg# = 100.Mg/(Mg+Fe) at.
AllFe as Fe®".




Table 5. Feldspars analyses

Sample PdS11 PdS19 PdS12 PdS13 IGN

Provenance Chisny Belecombe Thalweg DP-PH Thalweg DP-PH Ignimbrite quarry

Rock Type Ol gabbro Ol gabbro Ol gabbro Ol gabbro Gabbro

Crystal Plagl Plag5 Plag7 Plag7 Plag23 Plag23 Plag3 Plag3 Plag4 Plag4 Plagl Plagl Plag5 Plag5 Plag8 Plag8 Plag5 Plag5 Plag8 Plag9
Analysis - - core rim core rim core rim core rim rim core rim core rim core rim core - -
Oxides (xt%)

Si02 47,71 49,63 48,68 50,03 49,54 51,07 46,27 46,20 48,65 45,33 51,62 48,34 48,52 53,37 52,67 51,71 51,92 49,35 53,24 58,00
TiO2 0,00 0,03 0,09 0,10 0,04 0,08 0,01 0,00 0,04 0,14 0,12 0,01 0,00 0,10 0,14 0,06 0,14 0,00 0,10 0,10
ARO3 33,97 31,68 32,75 31,55 32,42 32,06 33,08 32,75 31,70 33,07 29,39 31,43 31,53 28,29 28,14 29,43 29,00 30,49 28,24 24,84
FeO 0,37 0,46 0,40 043 0,47 0,70 0,42 0,57 0,51 0.44 0,86 0,51 0,83 0,63 0,67 0,21 043 0,25 0,46 0,51
MnO 0,02 0,00 0,00 0,06 0,00 0,00 0,00 0,01 0,00 0,00 0,08 0,00 0,06 0,00 0,03 0,00 0,06 0,00 0,00 0,00
MgO 0,05 0,09 0,03 0,09 0,05 0,07 0,11 0,12 0,23 0,09 0,11 0,09 0,12 0,10 0,20 0,12 0,02 0,05 0,13 0,04
CaO 16,53 13,84 15,71 14,28 14,73 14,24 17.80 17,74 15,80 18,10 13,20 15,86 16,04 11,99 11,94 13,14 12,33 14,88 11,69 7,54
Na20 1,70 2,85 221 2,87 2,85 3.25 1,37 1,57 247 1,35 4,07 2,60 2,52 4,90 438 3,77 4,51 3,01 5,18 723
K20 0,07 0,13 0,07 0,13 0,12 0,13 0,00 0,05 0,11 0,00 0,17 0,05 0,13 0,21 0,23 0,25 0,26 0,15 0,11 0,14
P205 0,01 0,03 0,08 0,03 0,00 0,00 0,08 0,00 0,00 0,02 0,00 0,04 0,00 0,08 0,00 0,15 0,07 0,00 0,01 0,05
Cr203 0,00 0,00 0,06 0,00 0,00 0,01 0,01 0,00 0,00 0,00 0,00 0,05 0,00 0,00 0,01 0,00 0,00 0,00 0,00 0,00
NiO 0,01 0,06 0,06 0,00 0,05 0,00 0,14 0,15 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,05 0,00 0,00
Total 100,43 98,75 100,03 99,55 100,22 101,62 99,32 99,15 99,51 98,53 99,60 98,98 99,74 99,66 98,42 98,84 98,73 98,22 99,16 98,46
Ab(%) 17,0 288 218 283 27,6 31,0 134 14,9 23,6 13,0 37,5 24,6 23,6 44,2 414 35,6 41,3 284 46,5 64,9
An(%) 24 699 774 705 712 678 866 846 754 870 609 750 752 540 564 621 564 702 525 338
Or (%) 0,7 1,3 0,7 1,2 1,2 1,2 0,0 0,5 1,0 0,0 1,6 0,5 1,2 1,8 2,2 24 23 14 1,0 1,3
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Table 5. (continued)

Sample | SAL PdS14

Provenance Cirq. Salazie Chisny

Rock Type Ol gabbro Dolerite

Crystal Plag3 Plag3 Plag4 Plag4 Plag2 Plag2 Plag6 Plag8 Plagl6 Plagl6 Plagl7 Plagl7 Plag18 Plag19 Plag19 Plag20 Plag20
Analysis rim core core rim rim core core rim rim rim rim rim rim core rim rim core

Oxides (xt%)

Si02 48,18 48,64 48,23 48,47 53,36 62,46 50,62 49,58 64,68 66,67 65,49 65,52 65,82 52,67 57,59 59,37 59,62
TiO2 0,07 0,25 0,03 0,13 0,20 0,26 0,04 0,14 0,17 0,05 0,05 0,11 0,05 0,00 0,11 0,06 0,14

ARO3 31,17 31,02 31,97 31,40 26,92 21,89 29,18 30,01 18,23 18,30 18,28 18,69 18,66 28,04 2532 23,81 24,40
FeO 0,49 0,53 0,54 0,56 1,27 1,00 0,45 0,77 1,03 0,91 0,72 0,72 0,35 0,93 1,00 0,77 0,77

MnO 0,00 0,00 0,05 0,13 0,06 0,03 0,12 0,01 0,00 0,18 0,00 0,12 0,05 0,00 0,00 0,10 0,08

MgO 0,04 0,04 0,03 0,05 0,16 0,03 0,14 0,13 0,03 0,00 0,01 0,04 0,02 0,17 0,06 0,04 0,04

CaO 15,15 14,92 14,50 14,53 11,35 3,90 13,53 14,01 0,34 0,24 0,32 1,18 0,53 11,46 7,92 6,43 6,80

Na20 2,86 2,64 2,64 2,84 4,98 8,17 3,69 3,19 6,00 7,28 6,52 6,58 6,11 4,53 6,66 7,16 6,98

K20 0,19 0,07 0,05 0,18 0,47 2,32 0,10 0,23 7,62 6,90 7,52 7,05 7,68 0,41 0,90 1,13 1,05

P205 0,00 0,00 0,00 0,00 0,00 0,09 0,03 0,00 0,10 0,00 0,03 0,21 0,00 0,00 0,04 0,00 0,04

Cr203 0,04 0,00 0,00 0,00 0,01 0,00 0,08 0,03 0,00 0,00 0,00 0,00 0,00 0,00 0,01 0,02 0,01

NiO 0,00 0,00 0,41 0,00 0,04 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,19 0,00 0,22 0,08

Total 98,19 98,13 98,45 98,28 98,81 100,15 97,98 98,10 98,19 100,52 98,94 100,21 99,27 98,39 99,59 99,11 99,99
Ab(%) 26,9 26,0 26,6 27,6 448 65,7 35,0 30,6 43,5 50,9 459 46,3 435 25 57,8 62,2 61,1
An(%) 71,3 734 729 70,6 51,1 15,7 64,1 67,2 1,2 0,8 1,1 4,1 1,9 53,7 344 279 29,8
Or (%) 1,7 0,6 0,5 1,8 42 18,7 1,0 2,2 553 48,2 53,0 49,6 54,6 338 78 99 9,2

Ab = 100.Na/(Na+K+Ca) at.
An=100.Ca/(NatK+Ca) at.
Or = 100.K/(Na+K+Ca) at.




Table 6. Spinels analyses

Sample | PdS1 | PdS4 | Ppas10 PdS11 PdS19 PdS13

Provenance Chisny Chisny Chisny Chisny Bellecombe thalweg DP-PH

Rock Type Dunite Dunite Wehrlite Banded wehrlite Ol gabbro Ol gabbro Ol gabbro

Crystal spS sp8 sp2 sp4 sp4 sp4 sp2 spll sp6 sp2 sp4 sp2 spl0 spll sp27
Analysis rim core -

Host ol Cpx ol - Ol ol Ol Cpx Opx ol Ol Cpx Cpx5 Cpx5 ol
Oxides (Wt%)

Si02 0,02 0,03 0,03 0,00 0,05 0,00 0,11 0,12 0,23 0,09 0,00 0,18 0,20 0,14 0,07
TiO2 2,29 2,04 2,65 2,99 2,35 2,77 7,24 2,89 4,87 2,88 2,70 5,46 4,97 5,45 10,45
ARO3 12,71 14,16 16,26 13,43 21,88 15,07 11,95 21,18 15,88 18,42 15,35 20,08 16,62 13,05 9,58
FeO 34,64 31,09 38,80 35,91 28,78 29,48 44,20 37,73 49,18 34,26 32,11 31,73 35,55 44,05 42,83
MnO 0,07 0,17 0,00 0,00 0,20 0,35 0,34 0,21 0,25 0,23 0,14 0,29 0,26 0,24 0,33
MgO 11,79 12,14 8,07 10,60 13,13 11,80 8,32 11,34 9,12 11,21 10,83 13,82 10,99 8,60 8,89
CaO 0,02 0,06 0,03 0,03 0,00 0,07 0,42 0,32 0,08 0,08 0,01 0,25 0,43 0,58 0,17
Na20 0,00 0,00 0,00 0,00 0,01 0,00 0,17 0,00 0,00 0,00 0,00 0,00 0,02 0,02 0,05
K20 0,00 0,01 0,00 0,00 0,00 0,01 0,00 0,00 0,00 0,00 0,06 0,00 0,00 0,06 0,00
P205 0,00 0,03 0,03 0,06 0,00 0,00 0,04 0,00 0,00 0,00 0,07 0,02 0,01 0,00 0,00
Cr203 32,81 37,16 31,82 35,37 30,47 37,79 22,43 22,29 14,92 28,66 35,68 24,17 25,75 22,61 21,31
NiO 0,44 0,33 0,19 0,25 0,12 0,21 0,01 0,33 0,24 0,64 0,00 0,34 0,36 0,25 0,42
TOTAL 94,77 97,22 97,89 98,64 96,94 97,47 95,22 96,41 94,76 96,49 96,95 96,34 95,17 95,04 94,09
Host Fo 86,4 84,2 82,06 84,21 84,21 82,60 83,07 79,07
Mgi# 563 569 374 483 | 586 544 36,7 51,4 409 516 500 586 493 395 372
Cr# 63,4 63,8 56,8 63,8 48,3 62,7 55,7 414 38,7 51,1 60,9 44,7 51,0 53,7 59,9

Mg# = 100.Mg/(Mg+Fe*") at.
Cr# = 100.Cr/(Cr+Al) at.
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Table 7. Ilmenites analyses

Sample IGN PdS12 SAL PdS14
Provenance Ignimbrite quarry Thalweg DP-PH Cirq.Salazie Chisny

Rock Type Gabbro Ol gabbro Ol gabbro Dolerite

Crystal ilm2 ilm5 ilm6 ilm7 ilml ilml ilml ilml ilml ilml ilml ilml ilm4 ilm5
Analysis rim core rim core rim

Oxides (Wt%)

Si02 0,03 0,16 0,04 0,48 0,02 0,05 0,03 0,07 0,01 0,01 0,07 0,49 0,06 0,24
TiO2 47,92 48,07 48,96 48,83 46,46 47,00 45,63 46,54 47,29 47,29 47,78 44,78 48,84 48,68
ARO3 0,09 0,25 0,02 0,13 0,53 0,58 0,54 0,54 0,06 0,10 0,08 0,34 0,09 0,08
FeO 44,80 42,98 48,12 43,65 40,44 41,55 41,78 42,54 47,10 49,78 48,16 46,29 47,30 46,00
MnO 0,79 0,97 1,31 1,34 0,33 0,30 0,26 0,31 1,01 0,84 1,59 0,57 0,74 0,61
MgO 2,79 3,21 0,81 0,70 6,63 6,60 6,65 6,54 1,04 1,07 0,74 0,50 1,70 1,17
CaO 0,28 0,21 0,03 0,18 0,30 0,19 0,32 0,31 0,11 0,09 0,14 0,26 0,34 0,48
Na20 0,04 0,00 0,03 0,09 0,02 0,01 0,02 0,06 0,00 0,02 0,00 0,00 0,00 0,00
K20 0,03 0,04 0,00 0,07 0,00 0,00 0,00 0,03 0,00 0,00 0,00 0,10 0,00 0,00
P205 0,01 0,00 0,04 0,00 0,04 0,00 0,00 0,00 0,00 0,00 0,00 0,05 0,00 0,00
Cr203 0,03 0,01 0,00 0,07 0,41 0,45 0,39 0,31 0,28 0,33 0,31 0,00 0,04 0,01
NiO 0,00 0,33 0,00 0,00 0,39 0,00 0,01 0,00 0,19 0,44 0,00 0,00 0,27 0,00
Total 96,81 96,24 99,37 95,54 95,57 96,73 95,61 97,24 97,08 99,96 98,87 93,38 99,39 97,26
X Ilm 091 0,93 0,93 0,97 0,88 0,88 0,86 0,86 0,92 0,89 091 0,91 0,92 0,94

X Im= Ti(Ti+Fe**/2) at.




Table 8. Magnetites analyses

Sample | IGN PdS12 PdS14

Provenance Ignimbrite quarry Thalweg DP-PH Chisny

Rock Type Gabbro Ol gabbro Dolerite

Crystal mtl mtl mt2 mt2 mt4 mt5 mt6 mt7 mt8 mt9 mt10c mt10r
Analysis core rim - - - - - - core rim
Oxide (wt%)

Si02 0,05 0,63 0,22 0,06 0,50 0,13 0,11 0,10 0,20 0,26 0,05 0,13
TiO2 19,48 18,62 19,16 16,35 15,76 16,54 16,47 23,81 21,65 22,46 23,71 28,28
ARO3 2,82 3,09 2,81 4,40 4,27 3,93 4,13 1,08 0,65 0,50 1,18 0,83
FeO 67,91 69,56 68,33 64,03 64,12 64,91 66,11 67,51 71,93 69,73 68,91 67,02
MnO 0,66 0,38 0,33 0,22 0,47 0,42 0,37 0,90 0,72 0,58 0,69 0,47
MgO 2,93 3,11 2,68 5,73 6,02 5,73 5,81 0,52 0,75 0,45 0,96 1,08
CaO 0,62 0,82 0,75 0,25 0,56 0,18 0,40 0,09 0,14 0,46 0,06 0,13
Na20 0,00 0,03 0,01 0,00 0,00 0,00 0,00 0,00 0,00 0,02 0,00 0,02
K20 0,00 0,01 0,00 0,00 0,05 0,06 0,03 0,04 0,01 0,05 0,00 0,04
P205 0,05 0,00 0,00 0,18 0,00 0,01 0,00 0,00 0,00 0,00 0,00 0,00
Cr203 0,02 0,05 0,03 3,20 2,22 2,29 1,66 0,00 0,05 0,00 0,03 0,10
NiO 0,00 0,00 0,00 0,14 0,12 0,17 0,00 0,00 0,00 0,00 0,05 0,00
Total 94,53 96,29 94,31 94,57 94,09 94,36 95,09 94,05 96,12 94,51 95,64 98,10
X Mt 037 038 037 038 040 041 042 | 027 036 032 028 017

X Mt = Fe**/(Fe*'+Ti) at. in the B site.
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Table 9. Sulphides analyses

Sample PdS11

Provenance Chisny

Rock Type Ol gabbro

Crystal sl s! s5 s5
Analysis core rim core rim
Host Cpx13 Cpxi3 Cpx2 Cpx2
Wt %

S 32,21 36,41 35,37 37,97
Fe 50,37 53,66 51,78 52,28
Co 0,00 0,00 0,00 0,00
Ni 2,32 4,55 3,80 4,45
Cu 8,12 0,12 3,82 1,00
Pb 0,00 0,24 0,00 0,00
Total 93,01 94,98 94,78 95,71
At %

S 48,44 52,16 51,19 53,54
Fe 43,49 44,14 43,02 42,32
Co 0,00 0,00 0,00 0,00
Ni 1,91 3,56 3,00 3,43
Cu 6,16 0,08 2,79 0,71
Pb 0 0,053 0 0
Total 100 100 100 100
Cuw/(Cu+Ni) at. 0,76 0,02 0,48 0,17
Ni/(Ni+Fe) at. 0,04 0,07 0,07 0,07




Table 10. Secondary minerals analyses

Sample | SAL IGN

Provenance Cirq. Salazie Ignimbrite quarry

Rock Type Ol gabbro Gabbro

Crystal Phlogl Phlog2 Phlog2 Phlog3 Phlog4 Phlog5 Phlog6 Amphl Amph2 Amph3
Analysis

Oxides (xt%)

Si02 37,87 37,87 37,89 37,69 37,83 37,01 37,88 40,17 40,42 39,15
TiO2 3,28 3,66 3,49 4,27 4,32 4,48 3,85 5,92 5,80 6,00
ARO3 14,05 13,76 14,63 13,83 13,75 13,71 13,91 11,99 11,97 11,61
FeO 8,064 8,40 8,93 8,83 10,24 10,79 9,82 12,02 12,15 13,18
MnO 0,01 0,19 0,12 0,12 0,15 0,00 0,01 0,00 0,24 0,12
MgO 19,96 20,25 19,57 19,12 18,33 17,97 19,30 12,17 12,23 11,90
CaO 0,07 0,06 0,01 0,02 0,02 0,00 0,05 11,83 11,56 12,00
Na20 1,12 1,12 1,29 0,92 0,64 0,60 0,81 2,76 2,74 2,68
K20 8,23 8,57 8,64 9,20 9,31 8,99 9,04 0,41 0,49 0,90
P205 0,00 0,05 0,02 0,03 0,00 0,02 0,00 0,02 0,04 0,00
Cr203 0,02 0,10 0,00 0,30 0,14 0,13 0,15 0,00 0,00 0,00
NiO 0,00 0,03 0,00 0,27 0,27 0,05 0,05 0,11 0,00 0,00
Total 93,25 94,04 94,58 94,59 94,99 93,74 94,87 97,41 97,63 97,53
Phlog 749 762 735 737 704 69,1 726

Ann 18,2 17,7 18,8 19,1 22,1 233 20,7

East 5,6 4,9 6,1 5,7 5,7 5,7 5.2

Sid 14 1,1 1,6 15 18 19 15

total 100 100 100 100 100 100 100

Amph Mg# 0,64 0,64 0,62
Name ' Kaersutite Kaersutite Kaersutite

' After Leake et al., 1997
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Table 11. Glass analyses

Sample PdS10 PdS12 PdS13 PdS19

Provenance Chisny Thalweg DP-PH Thalweg DP-PH Bellecombe

Rock Type Wehrlite Ol gabbro Ol gabbro Ol gabbro

Glass Interstitial Interstitial Interstitial Interstitial Interstitial Inclusion Interstitial Interstitial Inclusion
Host Ol Cpx

n! 2 o 7 o 3 o 4 o 7 o 7 o 4 o 3 o 3 o
Oxides (%) 2

Si02 49,14 031 52,43 038 51,80 033 51,48 0,16 52,78 1,19 52,17 024 49,65 085 4941 041 4944 0,39
TiO2 3,59 0,08 4,10 0,24 4,09 0,07 4,18 0,18 3,79 0,13 3,87 0,23 2,94 0,16 3,01 0,03 2,93 0,19
ARO3 13,92 026 13,82 0,27 13,79 0,08 13,56 0,24 13,52 0,15 13,18 0,12 1482 025 14,86 0,11 14,75 0,13
FeO 11,77 0,49 9,82 0,34 10,25 0,19 10,60 0,35 10,25 0,73 10,91 0,30 9,98 0,62 10,27 0,36 10,42 0,35
MnO 0,23 0,01 0,13 0,07 0,23 0,10 0,20 0,07 0,17 0,11 0,14 0,13 0,18 0,10 0,11 0,09 0,24 0,02
MgO 5,77 023 5,20 0,13 5,32 0,04 5,28 0,09 5,40 0,10 5,48 0,12 6,65 022 6,44 0,11 6,73 0,09
CaO 11,06 035 8,78 0,16 9,13 0,17 9,23 0,11 8,92 041 9,14 0,09 11,27 013 11,07 0,13 11,30 0,21
Na20 3,16 0,03 3,27 0,23 3,07 0,08 3,25 0,23 3,03 0,18 2,93 0,08 3,02 0,11 3,12 0,14 2,76 0,18
K20 0,71 0,00 1,45 0,10 1,36 0,06 1,38 0,04 1,19 0,12 1,02 0,06 0,94 0,09 0,96 0,05 0,90 0,04
P205 0,59 0,28 0,94 027 0,94 0,20 0,79 037 0,86 0,12 1,01 0,20 0,48 0,20 0,65 0,03 0,39 0,18
Cr203 0,04 0,06 0,01 0,02 0,02 0,02 0,00 0,00 0,04 0,03 0,03 0,02 0,07 0,01 0,06 0,03 0,00 0,00
NiO 0,01 0,02 0,06 0,08 0,00 0,00 0,05 0,10 0,05 0,08 0,12 0,09 0,01 0,02 0,03 0,04 0,15 0,14
Total 100,29 99,00 98,29 98,71 98,49 99,54 98,36 98,79 98,18

1 Average of multiple analyses, n is the number of analyses performed.
2 Concentrations are normalized to 100%; Total is unnormalized.




Table 12. Exsolutions analyses

Sample PdS11 PdS13

Provenance Piton Chisny Thalweg DP-PH

Rock Type Ol gabbro Ol gabbro

Crystal Pigl Pig2 Pig3 Pig4 Opx2 Opx8 Opx17 Opx18 Opx19 Opx21 Opx4 Opx6 Opx9 rim  Opx9 core
Exsolution texture ' gran. gran. gran. lam. lam. lam. lam. lam. lam. gran. lam. lam. gran. gran.
Host Cpxl Cpxl Cpxl Cpx10 Cpxl Cpx9 Cpx10 Cpx10 Cpx10 Cpx8 Cpx2 Cpx5 Cpx6 Cpx6
Oxides (Wt%)

Si02 5425 5226 54,05 55,00 54,58 55,57 55,14 55,68 55,67 5547 50,39 5533 54,51 54,63
TiO2 0,51 0,66 0,83 0,12 0,26 0,14 0,14 0,20 0,12 0,11 0,85 0,53 0,24 0,28
AIRO3 334 3,60 492 234 249 230 1,97 2,12 2,01 2,03 230 1,54 2,12 1,96
FeO 10,93 10,63 12,02 9,66 12,92 1249 11,09 10,52 11,10 11,29 12,82 8,98 10,55 1042
MnO 0,16 0,25 024 031 0,31 0,27 0,21 0,23 041 0,55 0,34 0,11 0,19 0,18
MgO 24,18 21,58 25,18 26,18 28,00 2925 29,82 30,10 3045 29,68 29,62 30,74 29,60 3041
CaO 7,01 10,86 299 6,94 1,51 1,04 2,14 1,84 1,06 127 1,00 1,77 230 0,99
Na20 0,13 0,22 0,60 0,17 0,03 0,04 0,09 0,06 0,05 0,05 0,02 0,04 0,05 0,05
K20 0,01 0,02 0,20 0,01 0,00 0,00 0,03 0,03 0,00 0,06 0,00 0,00 0,04 0,00
P205 0,00 0,00 0,00 0,09 0,03 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Cr203 0,28 0,24 0,19 0,23 0,17 0,21 0,25 0,23 0,25 0,14 1,60 0,28 041 0,30
NiO 0,00 0,06 0,05 0,00 0,11 0,04 0,00 0,00 0,03 0,15 0,18 0,15 0,00 0,00
TOTAL 100,80 100,36 101,26 101,06 100,40 101,36 100,85 101,00 101,15 100,81 99,12 9947 100,01 99,22
Fs 173 16,9 198 148 199 189 16,6 158 16,6 17,1 19,2 13,6 159 15,8
En 68,4 61,1 73,9 71,6 77,1 79,0 794 80,6 81,3 80,4 78,9 83,0 79,6 82,3
Wo 14,2 22,1 63 13,6 30 2,0 4,1 35 2,0 2,5 1,9 34 44 1,9
Mg# 79,8 78,4 78,9 82,9 794 80,7 82,7 83,6 83,0 824 80,5 859 833 839
Name Pigeonite Augite Pigeonite Pigeonite Enstatite Enstatite _Enstatite _Enstatite Enstatite Enstatite | Enstatite Enstatite Enstatite _Enstatite

gran. = granular ; lam. = lamellar. See text and Figures 14-15.

Fs =100.Fe/(Fet+tMgt+Ca) at.
En= 100.Mg/(Fe+tMg+Ca) at.

Wo = 100.Ca/(Fe+Mg+Ca) at.

Mg# = 100.Mg/(Mg+Fe) at.
After Morimoto et al., 1988.
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Table 13. Results of pyroxene thermometry

Sample PdS11

Provenance Piton Chisny

Rock type Ol gabbro

P (bars) 500 1000 500 500 500 500 500 500 500 500 500 500 500
Phases in equilibrium

Augite Cpxla Cpxla Cpxlb Cpxld Cpx2a Cpxdb Cpx10a Cpx10d Cpx10e Cpxlc Cpxle Cpx10b Cpx10a
Orthopyroxene Opx2 Opx2 Opx2 Opx4 Opx5 Opx32 OpxI8 Opxl15 Opx11 Opx3 Opx4 Opx19 OpxI8
Pigeonite Pig3 Pig3 Pig4 Pig4
T calc (°C) 1078 1080 1068 981 995 987 1137 991 989 976 971 1004 1149
4 47 47 8 52 31 22 88 28 43 25 28 49 41
Sample PdS13

Provenance Piton Haiiy

Rock type Ol gabbro

P (bars) 500 500 500 500 500 500 500 500 500 500 500 500 500
Phases in equilibrium

Augite Cpxlb Cpx2a Cpx2b Cpx5a Cpx5b Cpx6a Cpx6b Cpx6e Cpx6c Cpx8a Cpx8b Cpx8b Cpx9
Orthopyroxene Opxl Opx4 Opx4 Opx5 Opx6 Opx8 Opx9a Opx9¢c Opx9d Opxl12a Opxl12a Opxl12¢c Opxl13
Pigeonite

T cale (°C) 1044 987 1013 1074 1163 982 1149 1069 1005 990 986 962 1055
g 9 36 88 47 55 21 18 54 64 50 13 41 71




Table 14. Conditions of Fe-Ti oxide equilibration

Sample PdS14

Provenance Piton Chisny

Rock Type Dolerite

Oxide pairs [Imda-Mt8 IImda-Mt7 [Imda-Mt9 Tlmdb-Mt9 Mt10r-Ilm5 ~ Mtl0c-IlmS  Mtl0c-Ilm6  Mt10r-IIm6
P (bars) 500 500 500 500 500 500 500 500
calc T(°C) 894 968 933 933 1095 9200 900 1095
lo 0 0 0 0 9 0 0 9
calc log (f02) -13,442 -12,278 -12,808 -12,808 -10,735 -13,716 -13,716 -10,735
lo 0 0 0 0 0,073 0 0 0,073
AFMQ -0,733 -0,852 -0,804 -0,804 -1,167 -1,133 -1,133 -1,167
Table 14. (continued)

Sample | IGN PdS12

Provenance [gnimbrite Quarry Piton Haiiy

Rock Type Gabbro Ol gabbro

Oxide pairs IIm1-Mt2 [Im1-Mtlc IIml-Mt1 [Im1-Mt1 IIml_Mt5 IIml_Mt4

P (bars) 500 500 500 1000 500 500

calc T(°C) 771 765 813 813 860 857

lo 60 54 89 89 52 53

calc log (f02) -16,123 -16,249 -14,63 -14,628 -12,656 -12,708

lo 0,793 0,718 1,08 1,077 0,59 0,585

AFMQ -0,912 -0,902 -0,35 -0,398 0,689 0,699
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CHAPITRE III : “Approche expérimentale — Simulation
du systéme d’alimentation superficiel du Piton de la
Fournaise par I’étude expérimentale des équilibres de
phases d’un Steady State Basalt”
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Résumé

Les résultats de 1’étude de pétrologie expérimentale menée durant cette theése et
réalisée sur une composition de SSB du Piton de la Fournaise (¢mise durant 1’éruption de
Décembre 2009), seront présentés séparément en fonction de la zone du systéme
d’alimentation que ces expériences simulent. Ce premier des deux Chapitres détaille les
expériences réalisées a des pressions qui sont celles du systéme d’alimentation superficiel (0.1
et 50 MPa). Les résultats des expériences réalisées a plus haute pression sont présentés dans le

Chapitre 4.

Ce chapitre, rédigé sous forme d’article, présente les résultats expérimentaux obtenus sur un
produit de départ (REU0912-04) de composition typique de SSB au PdF (7,8 % MgO; 11,2%
Ca0; 13,8% Al203). Les expériences de cristallisation ont été réalisées a 0.1 et a 50 MPa en
partant d’un verre obtenu a partir de I’échantillon REU0912-04. A 0.1 MPa, deux séries
d’expériences ont été menées selon la fO2 (NNO et NNO-0,5). A 50 MPa, les expériences ont
¢té¢ conduites en présence de volatils (fluides H20-CO2) et pour des fO2 modérément
réductrices entre NNO et NNO-1.7. Les observations texturales et les calculs des coefficients
de partage minéral-liquide montrent que 1’équilibre a été¢ globalement atteint et que le
probléme de la perte de fer a été dans 1’ensemble maitrisé. Les assemblages de phases et les
compositions ne montrent que de faibles variations entre les deux pressions explorées.
L’olivine (Fo74-86) est systématiquement la phase cristalline au liquidus. A 0.1 MPa, elle est
suivie du plagioclase puis du clinopyroxéne (NNO) ou par un assemblage plag+cpx (NNO-
0,5). A 50 MPa, le clinopyroxéne (Enss.s3 Wo3s4s Fs71g) est la seconde phase dans la
séquence de cristallisation, suivi du plagioclase (Ans7.¢9 Absoao Oris). Les volatils dissous
dans les verres expérimentaux (analyses FTIR et estimations par différence) varient entre 0,7-
1,4% H20 et 128-551 ppm CO2, en accord avec les données d’inclusions vitreuses. Le bon
accord entre les assemblages de phases naturels et expérimentaux, ainsi qu’entre les
compositions (phases minérales et verres), indique que les expérimentations réalisées simulent
de facon satisfaisante le systeme d’alimentation superficiel du PdF. La séquence de
cristallisation définie pour une composition de SSB, a4 50 MPa et pour une concentration en
H20 dissoute de ~1%, montre I’apparition de 1’olivine & 1175°C, suivie du clinopyroxene a
1150°C et du plagioclase autour de 1110°C.

Ces données expérimentales, obtenues en présence de volatils, sont radicalement différentes

des résultats des expérimentations réalisées sans volatils. Elles conduisent a proposer des



pressions beaucoup plus superficielles pour le stockage des magmas. Les séquences de
cristallisation obtenues démontrent que les fractionnements a 1’origine des compositions de
SSB peuvent opérer a de faibles pressions au sein du systéme d’alimentation du PdF, en
accord avec les données géophysiques. Le fractionnement de 1’olivine est le mécanisme

évolutif principal a I’origine des SSB.
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Petrology of a Steady State Basalt from Piton de la Fournaise
volcano (Reunion Island): experimental insights on the shallow

feeding system.
YANN-AURELIEN BRUGIER, MICHEL PICHAVANT & ANDREA DI
MURO

Abstract Experimental phase equilibria have been determined for a Steady State Basalt (7.8
wt% MgO, 11.2 wt% CaO, 13.8 wt% Al203) erupted from Piton de la Fournaise volcano on
La Réunion island. The experiments were performed both at 0.1 MPa under volatile-free
conditions and at 50 MPa in presence of H20-CO2 fluid mixtures. They simulate the
shallowest part of the feeding system of the volcano. Redox conditions were kept slightly to
moderately reducing, either at NNO or NNO-0.5 in the 0.1 MPa experiments and in the range
NNO to NNO-1.7 in the 50 MPa experiments. All experiments were of crystallization type
and attainment of equilibrium was monitored from textural data (scanning electron
microscope imaging) and crystal-melt partitioning data (electron microprobe analyses of
mineral and glass phases). Glass H20 and CO2 concentrations were measured by FTIR and
the data complemented from “by difference” estimations. Experimental phase assemblages
and compositions are similar for the two pressures investigated. Olivine (Fo74-86) is the
liquidus phase at both pressures. At 50 MPa, it is followed by clinopyroxene (Ensg.s3 Wo 35.45
Fs 7.15) and then plagioclase (Ans;.¢9 Abszg49 Orj5). At 0.1 MPa, plagioclase comes in second
in the crystallization sequence, either alone (NNO) or together with clinopyroxene (NNO-
0.5), and cotectic olivine+clinopyroxene+plagioclase crystallization starts at 1168°C (NNO-
0.5) and 1160°C (NNO). The 50 MPa glasses have H20 (0.7-1.4 wt%) and CO2 (128-551
ppm) concentrations, in the same range as natural glass inclusions. For a melt H2O content of
~1 wt%, olivine appears at 1175°C, clinopyroxene at 1150°C and plagioclase at 1110°C. The
experimental data demonstrate that, on the PdF, basalt magma crystallization in the sequence
olivine, clinopyroxene, plagioclase is a mechanism possible at low pressures. Differences
with previous high pressure experimental results are emphasized and are the consequence of
experiments from this study being conducted in presence of volatiles. For melt H2O contents
< 2 wt%, temperatures of crystallization, especially for plagioclase, are lowered and the

crystallization sequence is modified, clinopyroxene crystallizing before plagioclase at low



pressures. Our data imply magma fractionation levels much shallower than previously thought
at Piton de la Fournaise, in better agreement with geophysical data.
Keywords: Piton de la Fournaise, shallow feeding system, Steady State Basalts, experimental

phase equilibria, volatiles

1 Introduction

La Réunion, situated in the southwest of the Indian Ocean, is a volcanic island
associated with the “Mascareignes hotspot” (Duncan et al., 1989; Bonneville, 1990; Chenet et
al., 2007). The island has an oval shape of 50 by 70 km and is composed of two juxtaposed
volcanic edifices. (1) The “Piton des Neiges” volcano (PdN) active since 5 Ma (Gillot et al.,
1994) and until 29 ka ago (McDougall, 1971; Quidelleur et al., 2010) makes up most of the
northwestern part of the island. It is now eroded by three km-deep erosion canyons. (2) The
“Piton de la Fournaise” volcano (PdF) is one of the most active basaltic volcanoes on Earth
(1-2 eruptions per year; Staudacher et al., 2016). Located in the southeastern part of the
island, its activity has started 535 ka ago (Gillot & Nativel, 1989). The existence of a third
volcano, named “les Alizés” (Malengreau, 1995; Malengreau et al., 1999; Lénat et al., 2001;
Smietana, 2011; Lénat, 2016) is still debated (Lebas, 2012; Salvany et al., 2012). The
volcanic history of the PdF is marked by several caldera-collapse events associated with
progressive displacements of the active center (Bachélery, 1981; Merle et al., 2010; Michon et
al., 2016). Presently, the active part of the volcano which includes the Dolomieu crater at its
center is contained in a major U-shaped collapse caldera named “Enclos Fouqué” (Lénat,
2016 and references therein). This structure is thought to have resulted from phreatomagmatic
eruptions between 4880+35BP and 2855+35BP stratigraphically marked by the Bellecombe
Tephra (Bachelery, 1981; Mohamed-Abchir, 1996; Upton et al., 2000; Ort et al., 2016;
Morandi et al., 2016). The Enclos Fouqué caldera actually delimits almost all eruptions in the
modern activity, i.e., younger than 4700 years (Lacroix, 1923; Ludden, 1978a; Bach¢lery,
1981; Kornprobst et al., 1984; Staudacher & Allegre, 1993; Peltier, 2007; Lénat, 2016;
Staudacher et al., 2016 and references therein).

The PdF volcanic products are classically distributed in 4 different groups (see Pichavant et
al., 2016 and references therein). (1) The Steady State Basalts (SSB) are transitional basalts
with a narrow range of compositions (MgO = 5-8 wt%; CaO/Al203 = 0.75-0.85; see
Albaréde et al., 1997; Famin et al., 2009; Lénat et al., 2012). These are the dominant lavas

emitted during the modern activity. (2) The picritic lavas, named “Oceanites” (Lacroix, 1936),
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are emblematic of the volcanic activity at La Réunion with their high fraction (> 50%;
Vlastélic et al., 2005) of mm- to cm-sized olivine phenocrysts. Oceanites represent the second
most important group of lavas erupted during the modern history of the PdF. Most workers
(Albarede et al., 1997; Vlastélic et al., 2005; Welsch et al., 2009; Famin et al., 2009 ;
Pichavant et al., 2016) now consider oceanites as SSB-type lavas having incorporated olivine
xenocrysts at relative shallow depths inside the feeding system. This explains their wide range
of bulk-rock MgO contents (8-28 wt%) and their CaO/A1203 (0.85-0.75) similar to SSB. (3)
The Differentiated Lavas are characterized by a strong decrease in MgO (2-6 wt%) and CaO
as well as by an increase in A1203 compared to the other groups, leading to low CaO/A1203
(from 0.8 to 0.2). They correspond to lavas erupted near the end of the activity of the PAN
(Upton & Wadsworth, 1966) and during the early stages of activity of the PdF (Bache¢lery,
1981; Albaréde et al., 1997; Merle et al., 2010). Some authors have associated this
differentiated stage with les Alizés volcano (Smietana, 2011; Valer et al., 2015) rather than
with PdF. (4) The fourth group, named the Abnormal Group (AbG), differs clearly in
compositions from the 3 others. It shows an enrichment in MgO (8-11 wt%) and in Fe, Ti, Na,
K relative to SSB, and is depleted in CaO. CaO/AI203 (0.6-0.8) are lower than in SSB. AbG-
type lavas are very rarely observed inside the Enclos Fouqué (e.g., Formica Léo or Hudson
cones, Villemant et al., 2009; Salaiin et al., 2010; Boudoire et al., in prep) and they mostly
occur at eccentric vents more or less distant of the active center and belonging to the “North-
West South-East” rift zone (Di Muro, 2012; 2015; Michon et al., 2014; Boudoire et al., in
prep), or in areas such as the “Plaine des Sables” (Morandi et al., 2016; Principe et al., 2016;
Brugier et al., 2016a; Boudoire et al., in prep).

La Réunion lavas (PAN and PdF products) are isotopically homogeneous (Fisk et al., 1988;
Graham et al., 1990; Vlastélic & Pietruszka, 2016) despite small changes in trace elements
and Pb, Sr, Nd, Hf isotopic ratios (Albarede et al., 1997; Valstélic et al., 2005, 2007, 2009;
Bosch et al., 2008; Pietruszka et al., 2009). Therefore, the different groups of erupted
compositions must originate from processes taking place inside the feeding system (Pichavant
et al. 2016 and references therein). Indeed, deep clinopyroxene (+ olivine) fractionation has
been proposed to generate AbG compositions (Kornprobst et al., 1979, 1984; Albarede et al.,
1997) whereas olivine fractionation would be responsible for the genesis of SSB. The other
groups (Oceanites and Differentiated Lavas) would derive from SSB-type melts through
processes taking place at shallow levels in the feeding system, respectively assimilation of
olivine xenocrysts (Welsch et al., 2009) and magma differentiation (Upton & Wadsworth,
1966; Albaréde et al., 1997).



Knowledge of the physico-chemical conditions of magmas is a prerequisite for modeling
igneous systems and volcanic eruptions. Possible approaches to reach this goal include
geothermometry and geobarometry on phenocryst assemblages and cumulate rocks (Upton et
al., 2000; Boudoire et al., in prep.; Brugier et al., 2016b), glass inclusion studies (Bureau et
al., 1998a; b; Famin et al., 2009; Di Muro et al., 2014) and experimental simulations (Di
Carlo et al., 2006; Pichavant et al., 2009; 2014). Pichavant et al. (2016) has recently
emphasized the paucity of experiments on Piton de la Fournaise compositions and especially
the lack of high pressure experimental data in presence of volatiles. Several investigations of
La Réunion magmas have been carried out at 0.1 MPa (Tilley et al., 1971; Fisk et al., 1988;
Villeneuve, 2000). However, only one high pressure study is available and it was performed
under volatile-free conditions (Fisk et al., 1988). Pichavant et al. (2016) noted problems with
the application of the high pressure experiments of Fisk et al. (1988) to the PdF. In particular,
the Fisk et al. (1988) data imply relatively deep magma fractionation, in a pressure range
difficult to reconcile with the presence of shallow crustal storage zones beneath the PdF.
Determination of (1) the pressure of the transition from clinopyroxene to olivine as the
liquidus phase and (2) the lower pressure limit for clinopyroxene to crystallize before
plagioclase, both in presence of H20 and CO2, were identified as critical experimental
objectives for constraining the structure of the feeding system at Piton de la Fournaise
(Pichavant et al., 2016).

This paper details an experimental study on a Steady State Basalt from Piton de la Fournaise
in presence of volatiles. The main objective is to determine SSB crystallization sequences
under conditions representative of the magmatic conditions on the PdF. The pressure range
explored in this paper is deliberately chosen to be < 50 MPa, to simulate processes taking
place in the shallowest part of the feeding system. Experimental results obtained at higher

pressures are presented in a companion study (Brugier et al., 2016d).
2 Experimental approach and starting sample selection

The sample used in this paper (REU0912-04) comes from the eruptive activity of PdF in
December 2009. Fissures opened on the southern flank of the volcano, running parallel to the
Dolomieu crater. The eruption emitted 0.16 Mm® of nearly aphyric relatively Mg-rich basalts
belonging to the SSB series (Staudacher et al., 2016). The sampling (performed by A. Di

Muro) yielded cm-sized fresh scoria. Olivine is the only mineral phase present, rarely

151



appearing as a proper phenocryst (A. Di Muro, personal communication); clinopyroxenes and
feldspars plagioclases could be described as micro-phenocryst and/or microliths.

Both volatile-free and volatile-bearing high pressure experiments were performed at 0.1 MPa
and 50 MPa, respectively on REU0912-04 (Table 1) and, so, our experimental results are
applicable to SSB lava series erupting on the PdF. The 0.1 MPa experiments were conducted
at two fO2 (NNO, NNO-0.5 where NNO is the fO2 of the Ni-NiO equilibrium) and at various
temperatures (from 1215°C to 1160°C). The choice of such a T-fO2 range follows a recent
compilation of magmatic temperatures and oxygen fugacities for PdF lavas (Pichavant et al.,
2016). Although volatile-free experiments are not directly applicable to PdF lavas which
contain dissolved volatiles, they provide reference informations for petrological
interpretations as well as for monitoring activities, such as magmatic temperatures.

The pressure of the volatile-bearing experiments (50 MPa) was chosen to be representative of
the “shallow feeding-system” (Lénat et al., 2012a; Di Muro et al., 2014; Michon et al. 2015)
and of the potential magmatic storage zone defined by Peltier et al. (2009). Both are estimated
at depths of 1.5 to 2.5 km (50-60 MPa). The choice of volatile compositions for the high
pressure experiments was guided by previous observations and analyses of melt and/or fluid
inclusions in olivines (Bureau et al. 1998a; 1998b; Famin et al., 2009; Welsch et al;, 2013; Di
Muro et al., 2014) and clinopyroxenes (Boudoire et al, in prep). These data show that H20
and CO2 are the most important volatile components in the PdF magmatic system and,
consequently, the 50 MPa experiments were performed under fluid-present conditions (H20-
CO2 mixtures). Glass inclusions show a wide range of volatile concentrations, e.g., H2O from
0.1 to 1.55 wt% and CO2 from < 100 ppm to 0.32 wt% corresponding to a wide range (from
0.2 to 420 MPa) of fluid-melt saturation pressures (Bureau et al., 1998 a; b). The 50 MPa
experiments are thus expected to simulate the shallowest part of the plumbing system which

feeds most recent eruptions.
3 Experimental methods
3.1 Starting material
REU0912-04 was ground in an agate mortar and fused in air at 1400°C, 0.1 MPa in a Pt
crucible. Two cycles of melting (3-4h each), with grinding in between, were performed,

yielding a homogeneous glass whose composition was checked by electron microprobe (Table

1). The glass was then crushed and stored in an oven.



3.2 0.1 MPa experiments

These were carried out in a vertical gas-mixing furnace using the wire-loop method.
Two series of experiments were performed at NNO (the fO2 of the Ni-NiO equilibrium) and
NNO-0.5, as controlled by CO-CO, gas mixtures (Deines et al., 1974). Experimental
temperatures, monitored with Pt-PtRh thermocouples, ranged from 1215°C to 1160°C in each
fO2 series (Table 2). The experiments were quenched electrically in air. To minimize Fe loss
from the charge to the suspension wire, experiments were repeated under constant T-fO,
conditions during 3 cycles of ~4 h (each starting with fresh glass) to progressively saturate the
same suspension wire with Fe. Intermediates charges were quenched then dissolved in HF

whereas the charge from the last cycle was retained for detailed study.

3.3 50 MPa experiments

AugoPd, capsules (length 15-25 mm, internal diameter 2.5 mm, wall thickness 0.2 mm)
were used as containers. These were loaded with about 30 mg of REU0912-04 glass powder
plus the fluid components (H20 and CO2). H20 was introduced as distilled demineralized
water with a syringe and CO2 as Ag,C,04 powder. H,O and Ag,C,04 were weighed so as to
generate charges with variable XH,Oj, [initial molar H,O/(H,O+CO,)] while keeping the
(H,0+CO,)/(H,0+CO;,+glass) mass ratio constant at ~10%. In this study, XH,O;, ranged
from 1 to 0 which corresponds to CO2-free and nominally H2O-free conditions, respectively.
In a few cases, when the XH,Oj, was too small, the mass of glass powder was increased to
allow the mass of H20 to be more precisely weighted. All capsules were sealed by arc
welding or by PUK, keeping them in a liquid nitrogen bath to prevent water loss. Once sealed,
they were put in an oven for several hours and reweighted to check for leaks.

The phase equilibrium experiments were carried out in 2 identical internally heated pressure
vessels, working vertically and pressurized with Ar-H, mixtures obtained by sequential
loading of H, and Ar at room temperature (Scaillet et al., 1992). Initial H, pressures were
fixed at 3 bar. Total pressure was recorded by a transducer calibrated against a Heise Bourdon
tube gauge (uncertainty + 20 bar). A double winding Mo furnace was used, allowing near-
isothermal conditions in the 2-3cm long hot-spot (gradient < 2-3°C cm™). Temperature was
measured by two thermocouples (type S) and was recorded continuously (total uncertainty
+5°C). Run durations ranged from 1.5 to 18h, and all of them were drop-quenched, resulting

in nearly isobaric quench rates of ~100°C s™' (Di Carlo et al., 2006).
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Attempts were made to calibrate the fH2 in our phase equilibrium experiments from fH2
sensor experiments. These consisted in separate experiments in which sensor capsules (made
of CoPd-CoO + H20 mixtures, Taylor et al., 1992) were equilibrated in the same temperature
range and for the same initial H2 pressure and total pressure than the phase equilibrium
experiments. The sensor experiments lasted for 3-5 days, sufficient to allow the CoPd alloys
to equilibrate. They were carried out at 1200°C, 1150°C and 1100°C. Analysis of the
composition of the CoPd alloy allows the fO, of the sensor capsule to be determined
(Pownceby & O’Neill, 1994). The fH, of the sensor experiment is then obtained from the
water dissociation equilibrium using the determined fO,, the dissociation constant of water
(Robie et al., 1979) and the fugacity of pure water at the experimental P and T (Holloway,
1987). However, the 1200°C sensor experiments failed and only two fH2 values are available,
one at 1150°C (1.8 bar) and the other at 1100°C (5.23 bar, Table 3). Therefore, our initial
objective to calibrate the fH2 in our phase equilibrium experiments was not entirely
successful. For temperatures without a corresponding sensor experiment, fH2 were estimated
equal to 3 bar (Table 3).

Several capsules with different XH,O;, were run together in the same experiment (i.e., under
constant P-T-fH,). For each capsule, the fH20 was determined from the H2O content of the
quenched glass, using the thermodynamic model for H20 solution in multicomponent melts
of Burnham (1969). The fO2 of each charge is then calculated from the water dissociation
equilibrium, using the fH2 and fH2O determined above, and the dissociation constant of water
(Robie et al., 1979). Uncertainties on our log fO2 values are of the order of 0.5 log units, i.e.,
higher than in studies of the same type (e.g. Martel et al., 1999; Costa et al., 2004; Pichavant
et al., 2002) mainly because our fH2 are known less precisely. In this study, fO2 are
expressed as deviations from the NNO buffer, calculated at the experimental P and T (ANNO
values in Table 3).

At the end of the experiment, capsules were weighed to check for leaks and then opened. For
each capsule, fragments of the run product were mounted in epoxy and polished for scanning
electron microprobe observations and electron microprobe analyses. Glass chips from selected
charges were prepared for FTIR analyses. The metallic pellets in the sensor capsule were
recovered, mounted in epoxy, polished and then analyzed by electron microprobe.

Special care was paid to mitigate the Fe loss problem in our experiments, given our relatively
Fe-rich melt compositions and reducing fO2. Apart from the use of AuPd alloys as capsule
materials (Kawamoto & Hirose, 1994; Hall et al., 2004; Di Carlo et al., 2006; Barr & Grove,
2010; Balta et al., 2011), both the “capsule Fe pre-saturation” (Grove, 1982) and the “Fe pre-



enrichment” methods (Brugier et al., 2015) were tested. Difficulties were encountered with
the “capsule Fe pre-saturation” method, such as uncertainties in the definition of conditions
needed to saturate the AuPd alloy with the proper amount of Fe (see Balta et al., 2011). In
addition, long durations are needed for the preparation of chemically homogeneous Fe-noble
metal alloys at high temperatures (Gaillard et al., 2003) and for the dissolution of Fe doping
materials. In fH2-buffered experiments as in this study, fO2 change between capsules in the
same experiment and this would in principle require the preparation of different capsule
materials. Consequently, “capsule Fe pre-saturation” was considered impracticable. The “Fe
pre-enrichment” method was developed later than the initiation of this study (Brugier et al.,
2015) and, so, was not applied to the 50 MPa experiments presented here but tested in higher

pressure experiments (Brugier et al., 2016d).

4 Analytical methods

All charges were systematically examined by SEM under back-scattered electron
mode (TESCAN Mira 3 XMU instrument, joint laboratory ISTO-BRGM) to confirm the
identification of mineral phases and check for quench crystallization. Electron microprobe
analyses were performed with a CAMECA SX FIVE electron microprobe at the ISTO-BRGM
laboratory (Orléans) and either a CAMECA SX FIVE or a SX-50 at the CAMPARIS
laboratory (Paris). Analyses were performed under 15 kV acceleration voltage, 6 nA sample
current, 10 s counting time on peak and 5 s counting time on background. The Co-Pd alloys
used as sensors were analyzed under 20 kV and 20 nA. For mineral phases, the electron beam
was focused whereas, for interstitial glasses, a defocused beam (10 pm) was used to minimize
alkali migration (Di Carlo et al., 2006). Relative analytical errors are 1% (Si0,, MgO, Ca0),
1-2% (ALLO3), 2-4% (FeO, Na,O) and 5-10% (Ti0O,, K,0). Phase proportions and Fe losses
were calculated for each charge using a least-squares mass-balance routine computed after
Albaréde (1995), using the electron microprobe compositions of the glass starting material
and of all solid phases coexisting in the charge. The regression was based on nine major
oxides, excluding MnO and P,0s.

For crystal-free or crystal-poor charges, H,O and CO, in experimental glasses were analyzed
by FTIR, using a Thermo Fisher instrument comprising a Nicolet 6700 spectrometer attached
to a Continuum microscope. Spectra were acquired between 650 and 7000 cm™ on doubly
polished glass wafers (thicknesses between 50 and 100 um, measured with an automated

petrographic microscope) using an IR light source, a KBr beamsplitter and a liquid nitrogen
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cooled MCT/A detector. Between four and six spots (aperture mostly 50 pum) were analyzed
on each sample. Concentrations of H;O and CO, were determined from the Beer-Lambert
law. Densities of analyzed glasses were calculated from the density of the volatile-free
starting glass measured at room conditions (REU0912-04: 2.7365 + 0,007), and using a partial
molar volume of H>O of 12 cm’mol™ (Richet et al., 2000) to compute the density of hydrous
glass samples (Pichavant et al., 2009; 2014). H,O concentrations were obtained from the
absorbance of the 3510-3530 cm! band, with a linear baseline drawn between 3800 and 2500
cm'l, and using an extinction coefficient (e3s39) of 63 L mol ! ¢cm’ (Mercier et al., 2010). For
CO,, the absorbance of the 1515 cm™ band was measured on background-subtracted spectra
(Dixon et al., 1995). An extinction coefficient (15:5) of 398 L mol™' cm™ was used (Bureau et
al., 1998a). For crystal-rich charges, the “by-difference” method was used to estimate the
concentration of dissolved H,O (e.g. Devine et al., 1995). During each electron microprobe
session, the difference to 100% of glass electron microprobe analyses was calibrated against
the dissolved H2O content, using glasses of known H,O concentrations (i.e., those previously
analyzed by FTIR) as secondary standards. The “by-difference” method was applied to the
few CO2-free as well as to the CO,-bearing charges because, in this study, glass CO,
concentrations are always < 0.1 wt%. Therefore, the overestimation in H,O concentration
introduced by the presence of dissolved CO, (which increases the difference to 100%) is

negligible.
S Experimental results

Experimental conditions and results are detailed in Tables 2 and 3, and experimental
compositions in Tables 4 and 5 respectively for the 0.1 and 50 MPa charges. In total, 14 0.1
MPa and 23 50 MPa charges (corresponding to 6 experiments) are reported. All experimental
charges were equilibrated under slightly to moderately reduced redox conditions. ANNO

values of the 0.1 MPa (0 to -0.5) and 50 MPa (0 to -1.7) experiments overlap.

5.1 Feloss and evaluation of equilibrium

The importance of Fe loss (relative values) can be evaluated from the mass-balance
calculations (Tables 2 and 3). In the 0.1 MPa experiments, only two charges have significant
(i.e., > 5%) Fe losses (one has > 10%), indicating that this problem has been efficiently
counteracted. In the 50 MPa experiments, eight charges have > 10% Fe loss and two > 20%.

Fe loss affects mainly the highest temperature (1170 and 1200°C) charges: five of these nine



charges have > 10% Fe loss, including the two charges with > 20% Fe loss (Re049 II and
Re043 III, Table 3). At lower temperatures (1150, 1125, 1101°C), only three of the fourteen
charges have > 10% Fe loss. On average, the Fe loss is < 10% (8.5%) for the 23 high pressure
charges and we conclude that this problem was kept at a relatively low level. No systematic
differences in phase assemblages or compositions were found between charges having
contrasted Fe losses.

All charges in this study are of crystallization type (e.g., starting from glass), whether
performed under volatile-free (0.1 MPa experiments) or in presence of H20-CO2 mixtures
(50 MPa experiments). Although no reversals have been performed, the following lines of
evidence allow to test the approach toward equilibrium in our experiments.

(1) The high pressure experiments lasted for 1.5 to 18h, sufficient for equilibrium
crystallization of hydrous basaltic melts on the basis of previous studies (Barclay &
Carmichael, 2004; Di Carlo et al., 2006; Pichavant & Macdonald, 2007; Pichavant et
al., 2014). The 3-4h long 0.1 MPa cycles yielded phase assemblages and crystal
proportions that are mutually consistent and evolve predictably with temperature
(Tables 2).

(2) Crystals have equant, euhedral or tabular morphologies and their distribution is
homogeneous in the charges. Crystal settling was not encountered and no quench
crystals were detected by SEM.

(3) Sums of residuals from mass-balance calculations (ZRZ) are < 0.5 for 12 0.1 MPa
charges. Only 2 charges (those with the highest Fe losses) have YR? > 1. This
indicates excellent balance of silicate components between coexisting phases. In the
50 MPa charges, Y R” are more variable, a consequence of higher Fe losses but also of
additional analytical problems (Na loss) and heterogeneity of mineral phases.
However, 6 charges have YR’ < 0.5 and 10 charges have YR < 1.

(4) Silicate glasses are chemically homogeneous as no compositional gradient has been
detected from electron microprobe analyses.

(5) Compositions of olivines are rather homogeneous. If olivine compositions are
averaged for a given charge, tightly grouped olivine-melt Fe-Mg exchange coefficients
(K4 OI-1) are obtained (Tables 2, 3 and see below), in the range expected for olivine-
liquid equilibrium (Di Carlo et al., 2006; Pichavant & Macdonald, 2007; Pichavant et
al., 2014). Nevertheless, a zoned olivine has been recognized by SEM (see below).

Olivine Ca contents are relatively dispersed and there are significant variations in
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olivine Fe contents (and so in Fo) within a given charge (Tables 4-5), implying small
chemical heterogeneities.

(6) Clinopyroxenes are relatively chemically homogeneous. In some charges (7, Table 4;
Re046 1, Table 5), they can be rather heterogeneous. For some crystals, core-rim
zonations have been recognized by SEM. Analytical problems due to the small size of
the crystals (commonly < 10-15 pm) also contribute to the chemical dispersion. This
explains why clinopyroxene-liquid Fe-Mg exchange coefficients (K4 Cpx-l) are
relatively dispersed, ranging from 0.22 to 0.57 (Tables 2-3). However, the average Kq4
Cpx-1 data (see below) is consistent with literature values for clinopyroxene-liquid
equilibrium (Di Carlo et al., 2006; Pichavant & Macdonald, 2007; Pichavant et al.,
2014).

(7) Plagioclases are chemically sub-homogeneous (Tables 4-5).

(8) For a number of charges, negative phase proportions have been obtained from the
mass balance calculations (Tables 2-3). In the 0.1 MPa charges, these negative values
are mostly < 1% absolute, in the same range as the uncertainty on calculated
proportions (+ 1%). However, some 50 MPa charges have larger negative proportions
(Re048 V, Re046 III, Table 3), a consequence of the heterogeneities in phase
compositions noted above.

Despite chemical heterogeneities noted above for the experimental phases, we conclude that
crystal-liquid equilibrium was globally closely approached in both the 0.1 and 50 MPa

experiments.

5.2 Phase equilibria

Olivine, clinopyroxene and plagioclase are the three major mineral phases crystallizing
in the experiments. These are accompanied by Cr-spinel, systematically in the 0.1 MPa and
occasionally in the 50 MPa experiments. Although olivine is the most frequent mineral phase
(being present in 24 on a total of 37 charges), the maximum olivine proportion is only 6%
(Tables 2-3). In comparison, both clinopyroxene and plagioclase can reach higher proportions
(e.g., 15.9 and 16.3% respectively in the 1100°C, 50 MPa charge Re046_V, Table 3).

At 0.1 MPa, phase assemblages are similar for the two fO2 investigated (NNO-0.5 and NNO),
even if crystallization sequences and crystallization temperatures differ between the two
experimental series (Fig. 1). Olivine is the liquidus phase in both series. It appears at a lower

temperature (between 1182 and 1177°C) at NNO than at NNO-0.5 (between 1205 and



1182°C; Fig.1). Crystallization of olivine is followed either by plagioclase plus clinopyroxene
(appearing together between 1172 and 1168°C) at NNO-0.5 or by plagioclase appearing as the
second phase (between 1172 and 1165°C) followed by clinopyroxene as the third phase
(between 1165 and 1160°C) at NNO (Fig. 1). The NNO experimental series systematically
record lower crystallization temperatures than the NNO-0.5 series. “Cotectic” (Ol+Cpx+Plag)
crystallization starts between 1172 and 1168°C at NNO-0.5, and between 1165 and 1160°C at
NNO (Fig. 1). In both series, spinel is present at all experimental temperatures although in
variable amounts between charges.

At 50 MPa, five temperatures have been investigated from 1100 to 1200°C. The sequence of
appearance of mineral phases on the liquidus is clearly established by the T-XH,0Oj, data
(Table 3 and Figure 2a). They show that, upon lowering XH,Oy,, olivine comes in first as the
liquidus phase followed by clinopyroxene and then plagioclase (Fig. 2a). The succession from
melt (L), olivine- (L+Ol) to clinopyroxene-bearing (L+OIl+Cpx) phase assemblages is
demonstrated at 1175, 1150 and 1125°C, and the succession from L+OI+Cpx to plagioclase-
bearing (L+OIl+Cpx+Plag) assemblages at 1100°C. Note that one 1150°C charge (Re048 IV)
plotting in the L+OIl+Cpx domain lacks clinopyroxene and so is inconsistent with the others.
Experimental phase relations are also shown on a T-H,O in melt diagram (Fig. 2b)
constructed from the determined glass H20 concentration data (Table 3). At 1200°C, the
highest experimental temperature explored, all charges are supra-liquidus even for melt H20
contents as low as 0.5 wt%. It is worth mentioning that the H20 in melt region < 0.5 wt%
(grey field in Fig. 2b) is excluded because reduction of the relatively Fe3+ rich starting glass
by H2 from the pressure medium generates a minimum of ~0.5 wt% H2O in the charge. At
1170°C, olivine appearance on the liquidus is bracketed by charges Re040 III and Re040 IV
(0.8-1 wt% H2O0, Table 3) and, at 1150°C, by charges Re048 I and Re048 II (1.2-1.2 wt%
H20, Table 3). At temperatures of 1125 and 1100°C, only sub-liquidus charges were
obtained. Both the olivine and plagioclase saturation curves were drawn by taking into
account all experimental charges. However, for the clinopyroxene saturation curve (Fig. 2b),
two charges were ignored (Re048 IV at 1150 and Re043 I at 1170°C; Table 3; Fig. 2b).
These inconsistencies are due to difficulties with the determination of glass H20
concentrations. FTIR data are available only for 11 charges and the “by difference” method
has a sensitivity of + 0.5 wt% absolute, i.e., it is very imprecise for glass H20O concentrations
<2 wt% as in this study. These factors, and the generation of H20 during the experiment (see

above), explain the uncertainty on the location of the clinopyroxene saturation curve (Fig. 2b).
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In summary, our experimental data on REU0912-04 demonstrate that liquidus temperatures
are below 1200°C and that olivine is the liquidus phase both at 0.1 MPa for the two fO2 series
and at 50 MPa. Crystallization sequences are more variable depending on experimental
conditions. Clinopyroxene is the second phase in the crystallization sequence at 50 MPa in
presence of volatiles. At 0.1 MPa volatile-free, it crystallizes second (together with
plagioclase) at NNO-0.5 whereas, at NNO, clinopyroxene is replaced by plagioclase as the

second crystallizing phase.

5.3 Composition of crystalline phases

5.3.1 Olivines

Olivines in the 0.1 MPa experiments have Fo between 81.7 and 86.4, around 84 on
average (84.2 for the NNO and 83.9 for the NNO-0.5 series, Table 4). Olivines in the 50 MPa
experiments exhibit a larger Fo range, from 74.6 to 86.4 (Table 5), 85.1 on average. The
average Fo decreases with temperature from 84.8 (1170°C), 84.6 (1150°C), 82.6 (1125°C) to
78.4 (1100°C, Table 5). In the same way, Fo decreases with decreasing XH;Ojpis in a given
experiment, e.g., charges in run Re046 have Fo (averaged on each charge) progressively
decreasing from 80.6 to 75.4 (Table 3; 5). Nevertheless, olivines from a given charge can
have variable Fo contents (Tables 4-5). These variations (+1-2 Fo units) are the consequence
of variable Fe concentrations which raises the possibility of a dispersion of analytical nature.
Compositions of experimental olivines are plotted on Figure 3a and b, respectively, for the 0.1
and 50 MPa charges. Our experimental olivines and olivines from the 1977-1998 PdF lavas
(Boivin & Bachélery, 2009) overlap. Compositions of olivine in the December 2009 eruption
from where our starting sample comes from are also quite well reproduced experimentally,
either at 0.1 or at 50 MPa. Nevertheless, experimental olivines are more CaO-rich than natural
olivines. They evolve along “vertical” trends (Fig. 3a; b) suggesting CaO dispersion. The
three 1170°C olivine compositions that are identical to the December 2009 data points (Fig.
3b) correspond to core analyses of the only zoned olivine found in this study (Table 3).

The olivine —liquid Fe-Mg exchange coefficient (Kd Ol-liq) calculated by averaging the data
for the 24 ol-bearing charges (at 0.1 and 50MPa, Tables 2-3) is 0.31£0.03, in agreement with
literature values for hydrous basaltic experiments (0.27-0.33, Sisson & Grove, 1993; 0.25-
0.39, Righter & Carmichael, 1996; 0.324+0.04, Pichavant & Macdonald; 0.3440.05, Pichavant
et al., 2014). This Kd Ol-liq uses melt FeO contents calculated from glass compositions

(Kress & Carmichael, 1991) for P-T-fO2 conditions specific of each charge (Tables 2-3).



Average Kd Ol-liq are 0.29+0.02 in the 0.1 MPa volatile-free experiments and 0.32+0.02 in
the 50 MPa fluid-present experiments.

5.3.2 Clinopyroxenes

Clinopyroxenes are augites with 38-53% En, 38-45% Wo, 7-18% Fs (Tables 4-5) and
Mg# (calculated with total Fe as Fe2+) between 68 and 87 (Fig. 4a). They contain 2.24 to
11.05 wt% AI203 (Fig. 4a), 0.67 to 4.37 wt% TiO2 and 0 to 1.15 wt% Cr203 (Tables 4-5).
Both the 0.1 and 50 MPa clinopyroxenes have similar compositions (Fig. 4a; b). Mg#
increases with temperature and similar trends of Al1203 enrichment with decreasing Mg# are
observed at the different temperatures (Fig. 4a). Experimental compositions are in good
agreement with natural clinopyroxenes from the 1977-1998 PdF lavas (Fig. 4a; b). On the Al-
Ti plot (Fig. 4b), our experimental clinopyroxene compositions are quite dispersed. They
show a slight tendency to follow the “Mg-rich augites” trend (Boivin and Bachelery, 2009),
marked by a higher Al(at.) for a given Ti(at.), but the experimental dataset also comprise
compositions poor in Al that plot right of the two regression lines. Part of the dispersion in Al
content is due to variations within crystals as chemical zonations were detected by SEM in
some charges. The average Fe-Mg clinopyroxene-liquid exchange coefficient (Kd Cpx-liq),
calculated with Fe as Fe2+ in both phases, is 0.31+0.10 (averaging all the data from Tables 2-
3). If extreme values from charges 13 (series NNO), 14 (series NNO-0.5, Table 2) and
Re046 I (Table 3) are filtered out, the average Kd Cpx-liq becomes 0.27+0.03, in excellent
agreement with literature values for hydrous basaltic compositions (0.26-0.31, Sisson &

Grove, 1993; 0.29+0.08, Pichavant & Macdonald, 2007; 0.27+0.06, Pichavant et al., 2014).

5.3.3 Plagioclases

Plagioclases in the 0.1 and 50 MPa experiments are labradorites with 57-69% An, 30-
40% Ab and 1-5% Or (Tables 2-3), similar to plagioclases in the 1977-1998 PdF lavas
(Boivin & Bachelery, 2009). The average Na-Ca plagioclase-liquid coefficient is close to 1
(0.94+0.10), i.e. relatively low, but consistent with plagioclase-liquid partitioning data for low

H20 melt concentrations (e.g., Pichavant et al., 2002) as in this study.
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5.3.4 Spinels

Spinels in the 50 MPa experiments could be analyzed in only a few charges. These are
Cr-spinels with Mg# ranging from 46 to 52%, high Cr# values (66-67%), ~25 wt% FeO,
Al203 contents of ~14 wt% and Cr203 contents around 43 wt%. The oxides analyzed in the
0.1 MPa charges were glass-contaminated because of their small size, but they have higher
FeO (32 to 45 wt%) andlower Cr203 (16.5 to 27 wt%) than in the 50 MPa charges, and
various Al203 contents (13 to 24 wt%).

5.4 Melt compositions

Compositions of experimental glasses in the 0.1 and 50 MPa charges (Tables 4-5) are
shown in Figure 5 and compared, on the one hand, with the composition of the starting glass
and, on the other hand, with interstitial glasses in the 1977-1998 PdF lavas. Experimental
compositions and trends depend on the phase assemblage. Glasses from supra-liquidus
charges have the highest MgO contents (8.4-7.3 wt%) and steady CaO/A1203 (0.84-0.78, Fig.
5a), and they cluster around the composition of the starting glass. Glasses in equilibrium with
olivines show a slight MgO decrease (8.1-7.5) at constant CaO/Al1203 (0.81). The largest
compositional variations are for glasses from L+OI+Cpx and L+OI+Cpx+Plag charges which
are associated with the lowest temperatures and highest proportions of crystals. L+OI+Cpx
melts record a strong decrease of MgO contents from 8.1 to 6.1 wt% with CaO/AlI203
decreasing from 0.81 to 0.71 (Fig. 5a), and L+OIl+Cpx+Plag melts from 5.9-5.4 wt% MgO
with CaO/Al203 decreasing from 0.68 to 0.66. Glass K20 contents slightly increase with
progressive crystallization from 0.67 to ~1 wt% K2O for melts in equilibrium with
plagioclase (Fig. 5b). Although the 0.1 and 50 MPa glasses overlap, the 0.1 MPa data are less
variable than the 50 MPa compositions because crystallinities are kept higher