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Highlights 24 

 25 

- Layered gabbros and peridotites outcrop in the cirque of Salazie (Piton des Neiges). 26 

- Plutonic rocks are parts of a large composite plutonic complex. 27 

- Peridotitic and gabbroic bodies were active at different periods of time. 28 

- Plutonic bodies were made by incremental stacking of independent magma intrusions. 29 

- The proto summit of Piton des Neiges was located north of its current position 30 

 31 
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ABSTRACT 35 

We conducted a petrological study of the layered gabbros and peridotites outcropping in 36 

the cirque of Salazie, combining field investigations, geochemistry, petrography and, 37 

mineralogy to constrain the magmatic evolution of Piton des Neiges volcano (La Réunion). 38 

Three new hectometer-long outcrops are reported here (Sites 1, 2 and 3) in addition to the 39 

gabbroic series (hereafter named Site 4) previously described in the literature. The Sites 1 and 40 

2 are located in the upper parts of the Mât River and show dunite and wehrlite units with no 41 

apparent foliation, lineation, or layering. The Sites 3 and 4 are located in the lower parts of the 42 

river and are made of olivine-gabbro, gabbro and ferrogabbro units showing marked foliation 43 

and lineation, and abundant layering. The mean composition of primary phases varies 44 

between Sites 1–2 and Sites 3–4: Fo89.5 to Fo69.8 in olivine, Mg# of 90 to 69 in clinopyroxene, 45 

and Mg# of 44 to 0 in Cr-spinel, titanomagnetite and, ilmenite, respectively. Here we show 46 

that the layered gabbros and peridotites exposed at the four sites represent multiple levels of 47 

magma storage. Based on the results of previous gravimetric studies and a drill hole related to 48 

geothermal exploration, we propose that the gabbroic series belongs to a magmatic system 49 

predating the building of Piton des Neiges and centered underneath the cirque of Salazie. The 50 

high volume of erupted materials in the NE quadrant of the volcanic edifice, and the 51 

southward magmatic flow direction in the layered gabbros suggest that the initial eruptive 52 

center of Proto-Piton des Neiges was above the cirque of Salazie, ~3 km north of the present-53 

day summit. The landscape of Piton des Neiges may have changed when its NE flank 54 

experienced a major lateral collapse, after complete solidification of the gabbroic bodies. The 55 

magmatic activity, then, shifted southward after the flank collapse. Finally, we suggest that 56 

peridotites outcrops are associated with the present-day Piton des Neiges. 57 

 58 

1 Introduction 59 

Fossil magma chambers are remarkable archives of volcanic systems throughout their 60 

lifetime. Magma chambers supplying volcanoes are characterized by partially or entirely 61 

molten rock carrying various proportions of crystals, and gradually lose heat and crystallize 62 

inwards from their margins (Marsh 2006; Cashman et al. 2017; Jackson et al. 2018; Sparks et 63 
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al. 2019; Edmonds et al. 2019). Crustal magma bodies are commonly formed and grown by 64 

incremental injections of new magma from depth (Deniel et al. 1987; Annen and Sparks 65 

2002; Glazner et al. 2004; Gudmundsson 2012; Annen et al. 2015; Blundy and Annen 2016; 66 

Karakas et al. 2017; Cashman et al. 2017; Sparks et al. 2019). Their internal structures record 67 

the compositional evolution, transport dynamics, and mode of crystallization in these systems, 68 

while their external structures (size, geometry) are imprints of the storage level, and the 69 

volume and frequency of magma transfers (Marsh 2006; Szymanowski et al. 2017; Jackson et 70 

al. 2018; Sparks et al. 2019; Edmonds et al. 2019). Having access to such records is critical 71 

not only in reconstructing the history of a given volcano, but also in assessing its past 72 

behavior and those of other edifices built from the same mantle source.  73 

Probing such systems is, however, a challenge as magma chambers reside deep in the 74 

crust and rarely outcrop in active contexts. Similarly to Fuerteventura (Canary Islands; 75 

Allibon et al., 2011; Tornare et al., 2016), La Réunion has the advantage of extreme erosion 76 

rates (Gayer et al. 2019) providing access to plutonic outcrops related to major volcanic 77 

edifices, including one active. Taking La Réunion as one of the archetypes of mafic 78 

magmatism and shield volcanism, this contribution focuses on four outcrops of plutonic rocks 79 

in the cirque of Salazie; three are newly discovered during our fieldwork along the Mât River. 80 

We report here field observations and the mineralogy, petrography and geochemistry for these 81 

outcrops in order to constrain the structure of igneous bodies and the magma processes at 82 

work in the past activity of Piton des Neiges volcano. These results are placed in the context 83 

of the morphological and structural evolution of the volcano, with implications on the 84 

magmatic activity of the igneous system.  85 

 86 

2 Geological setting 87 

La Réunion is a volcanic island located in the western Indian Ocean, at 700 km east of 88 

Madagascar (Fig.1). The island is the current manifestation of the hotspot that produced the 89 

Deccan Traps at the K-T boundary, but also intermediately a chain of age-decreasing volcanic 90 

constructions consisting of Laccadives, Maldives, Chagos, the Mascarene plateau, and 91 

Mauritius (Duncan et al. 1989; Mahoney et al. 2002; Courtillot et al. 2003). Based on 92 

radiometric dating of subaerial rocks, current effusive rates and volumetric estimates of the 93 

island, La Réunion is thought to be active since at least 5 Ma (Gillot et al. 1994; Lénat et al. 94 

2001) with the edification of two successive shield volcanoes (Fig. 1a): Piton des Neiges, 95 

from > 2.2 to 0.029 Ma (McDougall 1971; Quidelleur et al. 2010; Salvany et al. 2012) and 96 
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Piton de la Fournaise, from > 0.53 Ma to these days (Gillot et al. 1994). A study of the 97 

morpho-structure of the island has shown that the whole edifice is essentially built by the old 98 

Piton des Neiges and that the formations of the younger Piton de la Fournaise represent only a 99 

small fraction on its eastern flank (Le Friant et al. 2011; Lebas et al. 2018). Piton de la 100 

Fournaise volcano is currently in its shield building stage and has been a mainstay for 101 

centuries as a natural laboratory for volcanological studies (Vincent 1804; Lacroix 1916; 102 

Lacroix 1923; Lacroix 1936). Piton des Neiges is dormant and an important source of 103 

information on the past magmatic and volcanic activity of La Réunion hotspot volcanoes. 104 

Previous studies have shown that magmas of Piton des Neiges evolved through time with the 105 

effusion of basalts and olivine-rich basalts during the shield stage from >2.2 to 0.43 Ma, then 106 

consecutive to a period of quiescence of 0.08 Ma, the eruption of plagioclase-rich basalts, 107 

hawaiites, mugearites, benmoreites, trachytes and comendites during the postshield stage 108 

from 0.35 to 0.029 Ma (Upton and Wadsworth 1966; Upton and Wadsworth 1967; 109 

McDougall 1971; Oversby 1972; Nativel 1978; Fisk et al. 1988; Gillot et al. 1994; Kluska 110 

1997; Quidelleur et al. 2010; Smietana 2011; Salvany et al. 2012). The volcanic activity of 111 

Piton des Neiges fluctuated considerably during its long life, leading to the building of three 112 

successive basaltic shield edifices (before 2 Ma, between 1.4 and 0.95 Ma, and between 0.6 113 

and 0.43 Ma) and two stratocones (between 0.35 and 0.18 Ma, and between 0.14 Ma and 114 

0.029 Ma, McDougall 1971; Gillot and Nativel 1982; Salvany et al. 2012; Gayer et al. 2019). 115 

The morphology of Piton des Neiges is dissected by three major topographic depressions, 116 

the cirques of Cilaos, Mafate, and Salazie, from which the internal structure of the volcano is 117 

now reachable. The cirque of Salazie has been found to host a plutonic body outcropping in 118 

the meanders of the Mât River (Lacroix 1923; Upton and Wadsworth 1972; Chevallier and 119 

Vatin-Perignon 1982), described hereafter as Site 4 (Fig. 1b-c). The top of this plutonic body, 120 

subjected to many structural studies, is a detachment that led to a northward destabilization of 121 

the northern flank of Piton des Neiges (Famin and Michon 2010; Chaput et al. 2014a; Chaput 122 

et al. 2014b; Berthod et al. 2016). This northward motion, associated with brittle-ductile 123 

deformation and low-temperature hydrothermal alteration (150–250 °C; Famin et al., 2016), 124 

occurred during shield building (Berthod 2016).  125 

About 3 km North of Site 4, remnants of a plutonic body have been sampled by the SLZ1 126 

geothermal drill hole (Fig. 1b), from 350 to 1314 m below sea level (bsl; Chovelon, 1986; 127 

Demange et al., 1989). These rocks consist of monzogabbros and gabbros (5.97–9.96 wt% 128 

MgO in bulk) between 350 and 795 m bsl, and olivine gabbros (30.1 wt% MgO in bulk) 129 
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below 795 m bsl. The bottom of the plutonic body is not intersected by the drill hole, but 130 

establishes a minimum thickness of 964 m. In parallel with these reports of plutonic rocks in 131 

the Mât River and the drill hole, gravimetric and magnetotelluric studies have documented the 132 

presence of a large, dense body underneath the volcano, extending from the subsurface down 133 

to 4000 m bsl (Malengreau et al. 1999; Gailler 2010; Gailler and Lénat 2012). Finally, 134 

another large plutonic body has been identified under the eastern parts of Piton de la 135 

Fournaise volcano by gravimetric and magnetotelluric campaigns (Rousset et al. 1989; de 136 

Voogd et al. 1999; Malengreau et al. 1999; Gailler et al. 2009; Gailler and Lénat 2010; Gailler 137 

2010; Gailler and Lénat 2012). This plutonic body has been sampled by the SR1 geothermal 138 

drill hole (Fig 1a; Lerebour et al., 1989; Rançon et al., 1989; Augé et al., 1989; Rousset et al., 139 

1989) and shown to comprise a succession of gabbros, wehrlites and dunites from top (838 m 140 

bsl) to bottom (2831 m bsl). Again, drilling does not reach the bottom of this body but 141 

establishes a minimum thickness of 1993m. Although this magma body has been related to 142 

submarine lava flows dated at 3.34 and 3.77 Ma (Smietana 2011), the intricacies of its 143 

relationships with the past activity of Piton de la Fournaise are still debated (Lénat et al. 2001; 144 

Le Friant et al. 2011; Lebas et al. 2018).  145 

 146 

3 Field observations 147 

We conducted new field investigations in the inner parts of Piton des Neiges volcano (Fig. 148 

1a-b) and found three new outcrops of plutonic rocks in the cirque of Salazie along the upper 149 

course of the Mât River (hereafter labeled Site 1, Site 2 and Site 3, Fig. 1c), each hectometric 150 

to pluri-hectometric in size, and located upstream of the gabbroic series of Site 4 described in 151 

Upton and Wadsworth (1972). All the plutonic outcrops are crosscut by a network of 152 

clinopyroxene- and/or plagioclase-rich veinlets (Fig. 2a). The veinlets are centimetric to 153 

decimetric in thickness, and their complexity increases from Sites 1–2 to Sites 3–4. Prehnite-154 

pumpellyite or lower greenschist facies alteration is observed at all sites, but is most apparent 155 

at Site 4. Taken together, the four outcrops occur within an area of 2.5 x 1.0 km and all 156 

present upper contacts with a pile of sills surmounted by a mafic breccia and crosscut by 157 

mafic dykes. These dykes consist of 0.5–1.5-m-thick olivine-rich basalt intrusions dipping 158 

15–30° toward the North. Importantly, the current geometry, i.e. igneous bodies surmounted 159 

by sills and a breccia, results from one or several volcano flank destabilizations that likely 160 

occurred while the plutonic rocks were already solidified (Famin et al. 2016). The main 161 
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features of the four sites are described below.  162 

3.1 Site 1 163 

The plutonic rocks are located in the southernmost part of the area, upstream and at 950–164 

1200 m above sea level (asl), i.e. at a higher elevation than the other plutonic outcrops (Fig. 165 

1c). They are exposed along the river over an area of 600 m north-south and 200 m east-west 166 

for a maximum thickness of 250 m. The mass is composed of centimetric- to plurimetric-thick 167 

lenses of peridotite separated by mafic intrusions (Fig. 2b). No foliation nor lineation is 168 

observed.  169 

3.2 Site 2 170 

The plutonic rocks outcrop about 700 m downstream from Site 1, at 850–940 m asl. Their 171 

exposure spreads over 200 m in the direction north-south and 50 m east-west for a thickness 172 

of 15–20 m. The plutonic rocks at Site 2 consist of plurimetric-thick layers of peridotite with 173 

no apparent foliation or lineation, that gently dip (<10°) toward the north and curve close to 174 

the downstream contact with the pile of sills (Fig. 2c). The layers are cut by fractures that 175 

produce a network of centimetric to pluri-metric lenses.  176 

3.3 Site 3 177 

The plutonic rocks outcrop about 900 m downstream of those at Site 2. They are exposed 178 

over an area of 90 m north-south by 200 m east-west for a thickness of about 20 m at 179 

elevations of 750–870 m asl. The eastern and western parts of the plutonic mass are crosscut 180 

by a pluri-hectometric syenite intrusion, as detailed in section §3.5. The plutonic rocks of Site 181 

3 consist of a layered gabbro (Fig. 2d-e) with centimetric- to pluri-decimetric-thick layers and 182 

a N60 45°S magmatic foliation defined by variations in modal proportion and/or grain-size of 183 

olivine, clinopyroxene and plagioclase (Fig. 3). The gabbroic layers show a magmatic 184 

lineation with an average orientation N8 48°S (Fig. 3) outlined by pluri-millimetric to 185 

centimetric elongated crystals of clinopyroxene and plagioclase. The gabbroic layering is 186 

affected by SE-NW trending thrust syn-magmatic faults (Fig. 2d). Layering is ductilely 187 

deformed with structures that share similarities to slump structures in sedimentary rocks. 188 

These dynamic structures include west-verging overturned folds (Fig. 2e-f), centimetric 189 

lenticular schlierens, discontinuous layering, and rare mafic autholiths. The schlierens are 190 

generally made of plagioclase crystals and are mostly parallel to the layering.  191 

3.4 Site 4 192 
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These plutonic rocks form the outcrop previously described by Upton and Wadsworth 193 

(1972). These rocks are exposed about 200 m downstream from those exposed at Site 3, past 194 

the syenite intrusion. The plutonic rocks of Site 4 outcrop between 660 and 750 m asl, over a 195 

distance of 300 m and, for a thickness of about 20 m. They consist of a fine-layered gabbro 196 

with a foliation oriented N92 44°S on average (Figs 2f-g, 3) similar to that observed at Site 3. 197 

Their layering tends to be thicker and laminar compared with those of the layered gabbro of 198 

Site 3, ranging from centimetric to metric in thickness (Fig. 2g). Similarly to Site 3, the 199 

magmatic lineation of the plutonic rocks of Site 4 is defined by the fabrics of elongated 200 

crystals of plagioclase and clinopyroxene, although scarcer and more dispersed than there, 201 

with an average orientation N212 43°S (Fig. 3). The fine layered gabbro is also affected by 202 

several E–W trending reverse faults. Dynamic structures such as slumps and cross beddings 203 

are locally observed (Fig. 2f). The northern limit of the gabbroic outcrop corresponds to a 204 

detachment fault, gently dipping northward, and in which mafic sills were intruded (Famin 205 

and Michon 2010).  206 

3.5 Syenite intrusion 207 

The syenite intrusion crosscuts the layered gabbros of Sites 3 and 4 (Fig. 1c) at 750–850 208 

m asl, over an area of 200 m north-south by 300 m east-west in the Mât River. The second 209 

outcrop, located upstream Site 3, is exposed over an area of 200 m north-south by 20 m east-210 

west. The intrusion is fine-grained and massive and thought to be emplaced during the 211 

differentiated stage of Piton de Neiges, i.e. with an age younger than 0.35 Ma (McDougall 212 

1971). Unlike the layered gabbros, the syenite does not show any field evidence of prehnite-213 

pumpellyite or lower greenschist facies alteration. 214 

 215 

4 Samples & analytical methods  216 

A multi-method approach was carried out to provide an integrated analysis of the four sites. A 217 

first set of 44 samples was collected for their petrographic examination (Tab. 1). Among 218 

them, 39 samples were used to determine in situ chemical compositions of the mineral phases 219 

present in the plutonic rocks. The analyses were performed using the CAMECA SX-100 220 

electron microprobe analyzer (EPMA) of the Laboratoire Magmas et Volcans (Clermont-221 

Ferrand, France). The beam was set at an accelerating potential of 15 kV and a probe current 222 

of 15 nA for major, minor and trace elements (Na, Al, Si, Ca, Fe, Mg, Ti, Mn, K, and P), with 223 

10 s counting times for each element and 20 µm beam diameter. Routine calibration was 224 
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performed with a CAMECA set of natural and synthetic mineral standards: orthoclase (K), 225 

albite (Na), Al2O3 (Al) wollastonite (Si, Ca), fayalite (Fe), forsterite (Mg), TiMnO3 (Ti, Mn), 226 

NiO (Ni), Cr2O3 (Cr). The same operating conditions were used for olivine, clinopyroxene, 227 

plagioclase, and oxides analysis. The second set of 19 samples was used for bulk rock major- 228 

and trace-element compositions (4, 2, 8, and 5 samples for Sites 1, 2, 3 and, 4, respectively). 229 

The analyses were performed in the Service d’Analyse des Roches et des Minéraux (SARM) 230 

at the Centre de Recherches Pétrographiques et Géochimiques (Nancy, France). Major 231 

elements concentrations were quantified with a Thermo Fischer ICap 6500 ICP-OES on three 232 

aliquots of whole-rock powders and completed with trace element analyses by a 233 

Thermo Elemental X7 ICP-MS. The samples were prepared for the analyses by fusion with 234 

LiBO2 and dissolution with HNO3. Analytical uncertainty (1σ) is 1 – 15% for major elements 235 

and 5 – 15% for minor and trace elements. 236 

 237 

5 Results 238 

5.1 Rock types and textures 239 

The representative parageneses and textures of samples are given in Figures 4, 5, and 6, 240 

and their modal compositions are given in Table 2. The samples collected at Sites 1 and 2 are 241 

peridotitic rocks consisting of dunites and wehrlites containing less than 10 vol% of 242 

plagioclase. In contrast, the samples collected at Sites 3 and 4 are principally gabbroic rocks, 243 

including olivine gabbros, gabbros, ferrogabbros and anorthosites containing more than 10 244 

vol% of plagioclase. Overall the samples, we noted very little evidence of plastic deformation 245 

(such as kink-bands) in the minerals.   246 

 247 

5.1.1 Dunites 248 

Dunites are exclusively observed at Sites 1 and 2 where they represent 33% and 44% of 249 

the samples, respectively (Fig. 4). They present an adcumulate texture made of olivine (≥ 80 250 

vol%), clinopyroxene (< 5 vol%), and minor oxides (Fig. 5a-b). The olivine crystals are 251 

euhedral to subhedral in shape and 0.5–1 cm in diameter and form a cumulus framework. The 252 

clinopyroxene crystals are on average smaller than olivines (0.1–1 cm in diameter) and are 253 

interstitial in the olivine fabric, with anhedral shapes. Oxide crystals include 10–50 µm Cr-254 

spinel inclusions in the olivine crystals and small ilmenite crystals within the olivine 255 
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fractures. Olivine is often partly or entirely altered into serpentine and chlorite.  256 

5.1.2 Wehrlites 257 

The wehrlite samples of Sites 1 and 2 (67 % and 56 % of the samples, respectively; Fig. 4) 258 

present a heteradcumulate texture built on interlocking, poikilitic grains of clinopyroxene 259 

(15–40 vol%) enclosing crystals of olivine (55–80 vol%), plagioclase (<10 vol%) and oxides 260 

(<5 vol%; Fig. 5c-d). The clinopyroxene and olivine crystals are euhedral to subhedral and 261 

present a grain size of 0.1–10 mm and 0.2–5 mm, respectively. The oxides consist of euhedral 262 

10–50 µm Cr-spinel inclusions in olivine and anhedral 5–200 µm titano-magnetite crystals 263 

enclosed in interstitial position. Three wehrlite samples from Site 2 (CB1230513, 264 

CB2230513, and CB4230513 in Table 2) show anhedral to euhedral crystals of plagioclase 265 

and sector-zoned clinopyroxene enclosing rounded crystals of olivine (Fig. 5e-f). The wehrlite 266 

sample of Site 4 (Fig. 4) presents an adcumulate texture made of 1–3 mm diameter, subhedral 267 

to euhedral crystals of olivine and clinopyroxene. The olivine and clinopyroxene crystals are 268 

in cumulus and interstitial position, respectively. The plagioclase crystals are interstitial, and 269 

0.3–3 mm in diameter with a subhedral to anhedral shape. The magnetite and ilmenite crystals 270 

occur as intergrowths homogeneously distributed in the rock with a grain size of 20–300 µm 271 

in diameter. Similarly to the dunites, the olivine crystals in the wehrlites can be partly or 272 

entirely altered into serpentine and chlorite, with secondary titano-magnetite in the fractures 273 

(Fig. 5e, g). Plagioclase is locally altered into sericite. 274 

 275 

5.1.3 Olivine gabbros 276 

Olivine gabbro is a dominant lithology at Site 4 (70% of the samples; Fig. 4). In contrast, 277 

it represents 25% of the samples collected in Site 3. The samples are mesocumulates to 278 

adcumulates made of cumulus crystals of olivine (2–45 vol%) and clinopyroxene (39–55 279 

vol%) embedded in interstitial plagioclase (15–49 vol%) and oxides (Fig. 6a-b). The crystals 280 

of olivine and clinopyroxene are subhedral to euhedral and > 1 mm in diameter, except for 281 

one sample (SAL111) in which the olivine crystals are euhedral and in interstitial position. 282 

Plagioclase occurs in the olivine gabbro samples as large crystals (0.4 to 1 mm) with anhedral 283 

to euhedral shapes and both cumulus and interstitial positions. The oxide crystals consist of 284 

intergranular titano-magnetite intergrowth with ilmenite, homogeneously distributed in the 285 

rock. Minor phlogopite (< 1 vol%) occur as small anhedral crystals (< 100 µm) in association 286 

with clinopyroxene and plagioclase. Olivine displays various degrees of iddingsitization, most 287 
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apparent at Site 4. Clinopyroxene can be partly or entirely replaced by uralitic amphibole and 288 

chlorite. Plagioclase may be altered into sericite and albite. Successive mineralization of 289 

prehnite, zeolite, and calcite are observed in fissures. 290 

5.1.4 Gabbros 291 

The gabbro rock type represents 25 and 15% of the samples collected at Sites 3 and 4, 292 

respectively (Fig. 4). The samples display an adcumulate to mesocumulate texture 293 

characterized by fine-grained crystals of clinopyroxene (44–80 vol%; Fig. 6c-d) and 294 

plagioclase (20–54 vol%). The clinopyroxene crystals are in cumulus position and have a 295 

stubby shape and a grain size in the range 0.05–0.3 mm. Plagioclase crystals are subhedral to 296 

euhedral tablets in cumulus or interstitial position with a grain size ranging from 0.2 to 1 mm, 297 

defining a strong fabric. The samples contain also minor oxides (1–5 vol%) consisting in 298 

intergrown crystals of titano-magnetite and ilmenite. As for olivine gabbros, magmatic 299 

minerals locally show evidence of uralitic and/or sericitic alteration. 300 

5.1.5 Ferrogabbros 301 

The ferrogabbros of Site 3 (42% of the samples) and Site 4 (10%) have a texture similar to 302 

the above-mentioned gabbro samples, except that they contain up to 5 vol% of Fe-Ti oxides 303 

crystals in cumulus and interstitial position and a lower abundance of clinopyroxene and 304 

plagioclase in cumulus and interstitial position (25–50 vol% and 40–45 vol%, respectively; 305 

Fig. 6e–f). Several samples display a slightly greater range of grain sizes but are not distinctly 306 

porphyritic in appearance. The clinopyroxene crystals present also a stubby shape with a grain 307 

size in the range 0.05–0.3 mm. Plagioclase shows a tabular shape and a grain size of 0.2–1 308 

mm that define, in some cases, a strong fabric (Fig. 6e–f). Local alteration is similar to that of 309 

other gabbros. 310 

5.1.6 Anorthosites 311 

The anorthosites occur only as veinlets that crosscut the plutonic masses at Sites 1, 2, 3, 312 

and 4. The samples collected at Site 3 are made of cumulus crystals of plagioclase (~ 96 313 

vol%), clinopyroxene (~ 3 vol%), and sparse Fe-Ti oxide (< 1 vol%) forming an adcumulate 314 

texture. The plagioclase and clinopyroxene crystals show euhedral to subhedral shapes with a 315 

grain size ranging from 0.1 to 1.5 mm. Anorthosites are locally altered into assemblages of 316 

chlorite + sericite + albite + zeolite ± calcite. 317 

5.1.7 Syenite  318 
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The syenite intrusion crosscutting Sites 3 and 4 is composed of sub-euhedral alkali 319 

feldspar (< 10 vol%, <500 µm) and amphibole (<1 vol%, up to 5 mm) macrocrysts, embedded 320 

in a groundmass containing microcrysts of elongated plagioclases, sodic pyroxenes, and Fe-Ti 321 

oxides. Unlike the layered gabbros, the syenite can be vesicular. Vesicles are filled with 322 

calcite. 323 

 324 

5.2 Chemical composition of minerals 325 

Representative chemical compositions of olivine, clinopyroxene, plagioclase, and oxides 326 

are given in Tables 3–6 and plotted in Figures 7–10. Compositional zoning is weak or absent 327 

in the samples, hence only representative compositions were reported for each mineral. 328 

 329 

5.2.1 Olivine 330 

The data given in Table 3 and Figure 7 indicate that two olivine groups can be 331 

distinguished based on their Fo content: Fo-rich olivine at Fo>81 in the peridotites of Site 1 332 

(Fo84.1–87.9) and Site 2 (Fo81–89.5), and Fe-rich olivine at Fo<80 in the gabbros of Site 3 (Fo75.2–333 

76.4) and Site 4 (Fo69.8–Fo79.3). Among the Fo-rich group, the olivine grains in the dunites 334 

present a scattered Fo distribution with a mode at Fo82.5 (in samples from Site 2) and two 335 

other main populations at Fo87.5–88 (Sites 1 and 2) and Fo89.0–89.5 (Site 2 only; Fig. 7). The 336 

wehrlites show similar olivine compositions to the dunites but with the main mode around 337 

Fo85.5 (Fig. 7). The olivine composition at Fo89.5 in dunite from Site 2 represents one of the 338 

highest Fo content measured in the subaerial domain of La Réunion, after the highest value at 339 

Fo90.6 reported by Sobolev and Nikogosian for olivine of Piton des Neiges (1994). Among the 340 

Fe-rich olivine group, three populations can be observed in the olivine gabbros of Sites 3 and 341 

4: the main mode at Fo73–77 and two less represented populations at Fo70–70.5 and Fo78.5–79 (Fig. 342 

7). It is important to note that interstitial olivine has a composition similar to cumulus olivine.  343 

The CaO contents of olivine, plotted in Figure 7b, may be classified into three 344 

populations: (1) a low CaO (0.05–0.20 wt%), high Fo84–89 population in dunites and wehrlites 345 

from Sites 1 and 2; (2) a high CaO (0.20–0.40 wt%), high Fo80-89 population only found in the 346 

dunites and wehrlites of Site 2; (3) A low CaO (~0.01–0.12 wt%), low Fo70–79 population in 347 

the wehrlite and olivine gabbros of Sites 3 and 4. Importantly, the olivine grains of the 348 

population (2) show rounded contours in the wehrlites (Fig. 5e-h) and their compositions are 349 

similar to that of olivine-bearing lavas erupted at Piton de la Fournaise (Boudoire et al. 2019).  350 
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 351 

5.2.2 Clinopyroxene 352 

Clinopyroxene compositions are presented in Figure 8. A correlation is observed between 353 

the Mg# of clinopyroxenes and the rock, as the most mafic rocks (Sites 1 and 2) contain high-354 

Mg# clinopyroxenes whereas evolved rocks (Sites 3, 4) contain lower Mg# clinopyroxenes 355 

(Fig. 8a). The clinopyroxene crystals of Site 1 consist of ~En48 Fs7Wo45 diopside at Mg# = 356 

86–89, with 0.03–1.18 wt% Cr2O3 and 3.37–3.70 wt% Al2O3 (Tab. 4, Fig. 8a, b, and c). The 357 

clinopyroxene crystals of Site 2 have more variable compositions at En38–49Fs5–17Wo39–48 and 358 

Mg# = 69–90 spread over the fields of diopside and augite, with Cr2O3 contents ranging from 359 

below the detection limit to 1.41 wt% and Al2O3 contents at 1.07–5.99 wt%. These variations 360 

might correspond to sector zoning observed in some samples (Fig. 5g-h). Clinopyroxene 361 

crystals at Site 3 are also diopside/augite at En40–46Fs8–16Wo40–47, with a Mg# at 73–84, Cr2O3 362 

ranging from below the detection limit to 0.69 wt% and Al2O3 from 0.99 to 5.18 wt%. The 363 

clinopyroxene crystals of Site 4 are diopside/augite at En40–46 Fs7–15Wo42–49 with Mg# in the 364 

range 73–86, less than 0.55 wt% Cr2O3, and 0.88 to 8.07 wt% Al2O3. It is important to note 365 

that the Cr2O3 content of clinopyroxene decreases with the Mg# from the peridotites of Sites 1 366 

and 2 to the gabbroic rocks of Sites 3 and 4 (Fig. 8b). 367 

 368 

5.2.3 Plagioclase 369 

As a general observation, the composition of plagioclase is bimodal in the layered gabbros 370 

and peridotites, with a high anorthite population (An65-81) observed at Sites 1, 3, 4, and a 371 

lower anorthite population (≤ An65) found at Sites 2, 3, 4 (Fig. 9a). The plagioclase crystals 372 

occurring in the anorthosite veinlets of Site 1 have a composition at An77–82Ab18–22Or0.4–0.9 373 

(Tab. 5). The plagioclase crystals of the wehrlites of Site 2 show chemical compositions that 374 

are either intermediate (~ An57) or albitic (~ An06), a probable result of late alteration. The 375 

plagioclase crystals of Site 3 are An51–82 grains with some albitic individuals at An14–23 376 

(gabbro sample CB7230513). The plagioclase crystals of Site 4 occur mainly as An47–87 377 

grains. Plotted in K2O vs. An space (Fig. 9b), the K2O content of plagioclase increases overall 378 

from 0.07–0.16 wt% at Site 1, to 0.12–0.35 wt% to Site 2, and to 0.03–0.64 wt% at Sites 3 379 

and 4. We note that the composition range at An75.3–82.2 of plagioclase in the anorthositic 380 

veinlets of the Site 3 is similar to that of the plagioclase crystals observed in the anorthositic 381 

veinlets of the Site 1. 382 
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 383 

5.2.4 Oxides 384 

The oxides include Cr-spinel, titanomagnetite and ilmenite. We note that Cr-spinel and 385 

titanomagnetite crystals do not contain internal Ti-rich exsolutions. Their compositions are 386 

given in Table 6 and illustrated Figure 10. Cr-spinel crystals in the dunites and the wehrlites 387 

of Sites 1 and 2 show overlapping compositions with high contents in Cr2O3 (26.32–45.24 388 

wt%) and FeOt (24.64–41.70 wt%), and moderate amounts of Al2O3 (8.77–17.77 wt%), MgO 389 

(4.95–10.60 wt%) and TiO2 (1.05–6.27 wt%). No Cr-spinel was observed at Sites 3 and 4, 390 

and no titanomagnetite was observed at Sites 1 and 2. The titanomagnetite crystals at the Sites 391 

3 and 4 show overlapping compositions, with contents at 2.89–26.35 wt% TiO2, 1.49–9.81 392 

wt% Al2O3, and 47.97–82.10 wt% FeOt. Only two magnetite crystals were found in the study 393 

area and only at Site 4: one at 88.65 wt% FeOt in a wehrlite, and another at 80.17 wt% FeOt 394 

in an olivine gabbro. Their composition is distinct from the titanomagnetite crystals with 395 

contents in TiO2 and Al2O3 lower than 1 wt% (Fig. 10a). The ilmenite crystals were found in 396 

all types of plutonic rocks of Sites 2, 3, and 4 except in the wehrlites. Their chemical 397 

compositions are in the range 43.2–54.89 wt% TiO2, 0.03–1.28 w% Al2O3, and 38.35–52.35 398 

wt% FeOt. It is important to note that their FeOt content increases while their TiO2 content 399 

decreases from the dunites of Site 2 to the olivine gabbros, gabbros and ferrogabbros of Sites 400 

3 and 4 (Fig. 10). 401 

 402 

5.3 Whole-rock geochemistry  403 

The whole-rock composition of samples is reported in Table 7 and plotted in Figure 11. 404 

Consistent with our petrographic analysis, the plutonic rocks of Sites 1 and 2 show ultramafic 405 

compositions with high MgO contents (32.96–42.58 wt%) and low SiO2, CaO, and TiO2 406 

contents (36.11–39.92 wt%, 0.72–4.23 wt%, and 0.16–0.74 wt%, respectively; Fig. 11). This 407 

contrasts with the differentiated compositions of plutonic rocks at Sites 3 and 4 with more 408 

intermediate MgO, SiO2, CaO, and TiO2 contents (6.75–22.06, 39.98–48.31, 11.36–16.66 409 

wt%, and 0.70–4.93 wt%, respectively). Related to their various modes and mineralogy, the 410 

olivine gabbros, gabbros and ferrogabbros show distinct chemical compositions, which are 411 

best observed in the SiO2 vs. TiO2 space (Fig. 11d). The olivine gabbros have intermediate 412 

contents in SiO2 and low contents in TiO2 (43.52–46.04 wt% and 0.70–0.93 wt%, 413 

respectively), the gabbros have high contents in SiO2 and intermediate contents in TiO2 414 
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(46.30–48.31 wt% and 0.74–1.51 wt%, respectively), and the ferrogabbros are defined by low 415 

contents in SiO2 and high contents in TiO2 (39.98–41.88 wt% and 3.14–4.93 wt%, 416 

respectively). The sample CB2260513 has been classified as a gabbro under the microscope, 417 

but since it has 18.18 wt% FeO in bulk composition, it should be classified as a ferrogabbro 418 

instead. The chemical composition of rocks samples collected at Site 3 tends to overlap with 419 

five of the samples from the SLZ1 drill hole and referenced K31 through K35 (gabbros at 420 

46.5–50 wt% SiO2; 6.08–9.96 wt% MgO; 10.81–12.65 wt% CaO; 2.01–2.75 wt% TiO2; 421 

Chovelon, 1986; Demange et al., 1989). One sample of olivine gabbro (K42) from the drill 422 

hole shows an intermediate mafic composition at high MgO (27.7 wt%) and low SiO2, CaO 423 

and TiO2 contents (43.9 wt%, 7.29 wt%, and 0.35 wt%, respectively) between the Sites 1–2 424 

and the Sites 3–4.  425 

 426 

The trace element composition of samples is given in Figure 11e. The chondrite-427 

normalized REE enrichment patterns of dunites and wehrlites from Sites 1 and 2 appear 428 

similar and follow a simple slope of depletion as the atomic number increases from La to Lu 429 

(i.e. from LREE to HREE), with no Eu anomaly except for one sample from Site 2 430 

(CB1150914). It is important to note that this pattern is similar and remarkably parallel to that 431 

of the erupted products of Piton des Neiges during its basaltic and differentiated stages, 432 

despite the 2 to 30 times dilution of REE in peridotites. The enrichment patterns of olivine 433 

gabbros, gabbros, and ferrogabbros of Sites 3 and 4 are similar to that of the dunites and 434 

wehrlites of Sites 1 and 2, at the difference that they have a marked depletion in LREE and a 435 

clear positive Eu anomaly. These rocks show relatively high concentrations in Gd to Lu in 436 

comparison with the erupted products of Piton des Neiges, with dilution factors of only 1 to 4. 437 

The samples show also two trends in the Th vs. Sm space (Fig. 11f): variable enrichments in 438 

Th and low Sm contents for the peridotitic rokcs at Sites 1–2, and low Th and high Sm 439 

contents for the gabbroic rocks at Sites 3–4.  440 

 441 

6 Discussion 442 

6.1 Peridotites and layered gabbros 443 

Previous studies on the gabbroic mass outcropping at Site 4 have suggested that these 444 

rocks are remnants of an ancient magma body that supplied the volcanic activity of Piton des 445 
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Neiges (Upton and Wadsworth 1972; Chevallier and Vatin-Perignon 1982; Upton et al. 2000; 446 

Pronost 2001). The structural and textural characteristics of these rocks, have indicated a 447 

variety of magmatic processes, including fractional crystallization, crystal settling, 448 

convection, and slumps. Our investigations in the Mât River reported three new plutonic 449 

outcrops (Sites 1, 2, and 3, Fig. 1c), which, combined with Site 4, offers a unique opportunity 450 

to scrutinize in situ the frozen dynamics of magma flowing and cooling within the magmatic 451 

system of Piton des Neiges volcano. 452 

 453 

6.1.1 Peridotitic units  454 

Sites 1 and 2 host peridotitic lithologies (dunites and wehrlites, Figs 4 and 5) and are 455 

primitive in nature, having abundant Mg- and Cr-rich minerals (Fo81–89.5 olivine, 456 

clinopyroxene at Mg# = 69 – 90, and Cr-spinel at 26.32 – 45.24 wt% Cr2O3, (Figs 7, 8, 10 and 457 

12), and high bulk MgO contents (32.96–42.58 wt%, Fig. 11). A first assumption is that all 458 

those rocks are imprints of the crystallization of high-temperature and high-MgO magmas. 459 

The primitive composition of the peridotites and the lack of any evidence of tectonic 460 

exhumation suggest that these magmas did not significantly differentiate in deep storage 461 

before their crystallization at shallow levels (≤ 2.5 km depth) in the volcanic edifice.  462 

According to the olivine-augite Mg-Fe-exchange geothermometer of Loucks (1996), the 463 

re-equilibration of the peridotite layers would have happened in the range 1130–1165 ± 6 °C 464 

(Tab. 8). The peridotites display adcumulate and heteradcumulate textures in which 465 

clinopyroxene was clearly the second silicate phase to precipitate after olivine (Fig. 5). REE 466 

patterns confirm our textural observations and reject the cumulative origin of the 467 

clinopyroxene (Fig. 11e-f). The adcumulate peridotites may be interpreted as the result of 468 

melt segregation, settling, and accumulation (Coats 1936; Tait and Jaupart 1996; Cawthorn 469 

1996) or in situ crystallization on the magma reservoir margins (Campbell 1977; Walker et al. 470 

1988; Marsh 1996). 471 

The fact that the peridotites at Sites 1 and 2 have a similar enrichment pattern in REE with 472 

the erupted products of Piton des Neiges volcano (Fig. 11f-e) suggests that the two are related 473 

genetically. These outcrops represent the first tangible evidence of a primitive, consolidated 474 

magma body at Piton des Neiges volcano, which was inferred indirectly from gravimetric 475 

surveys (Malengreau et al. 1999; Gailler and Lénat 2012) and the presence of peridotitic 476 

xenoliths in the erupted products (Upton and Wadsworth 1972; Upton et al. 2000).  477 
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Finally, the fact that the peridotites are crosscut by thick anorthositic veinlets indicates a 478 

late transport of residual melts through the plutonic rocks after partial to complete 479 

solidification (Pallister and Hopson 1981). Given the geochemical similarity of the host rocks 480 

and veinlets, it is likely that these anorthositic melts result from local mineral and melt 481 

segregation (Figs 9 and 12).   482 

 483 

6.1.2 Layered gabbros 484 

 485 

The plutonic rocks outcropping at Sites 3 and 4 present more differentiated compositions, 486 

with gabbroic lithologies (wehrlites, olivine gabbros, gabbros, ferrogabbros and anorthosites, 487 

Figs 4 and 6), intermediate mineral compositions (Fo69–79 olivine, clinopyroxene at Mg# = 73 488 

– 86, An47–87 plagioclase, and FeTi-oxides, Figs 7–10 and 12), and moderate to low bulk MgO 489 

contents (6.75–22.06 wt%, Fig. 11). These outcrops provide evidence of crystallization from 490 

magmas having an intermediate composition. The estimated temperatures of re-equilibration 491 

from Loucks (1996) suggest that the gabbroic layers of Sites 3 and 4 were at about 1039 – 492 

1118 ± 6 °C, i.e. at temperatures lower than the peridotites at Sites 1 and 2 (Tab. 8). The thin 493 

layering, the pronounced lineation, and the abundance of discontinuous and folded layering, 494 

syn magmatic faults, cross bedding and schlierens at Site 3 (Fig. 2d-f) suggest a high-energy 495 

environment (Wager and Brown 1967; McBirney and Noyes 1979; Hunter and Sparks 1987; 496 

Hoover 1989; McBirney and Nicolas 1997; Irvine et al. 1998; McBirney 2009). In contrast, 497 

the magmatic flow at Site 4 appears relatively more regular and laminar, with scarcer 498 

structures relatable to a high-energy environment (Fig. 2g-f). Any single or even a few cases 499 

of igneous layers can be successfully explained by one or a combination of several 500 

mechanisms (Cawthorn 1996). It is important to note that Berthod (2016) showed that the 501 

plutonic body occurring in the Mât River displays the same palaeomagnetic signature than La 502 

Montagne massif (Quidelleur et al. 2010) and consequently suggests that the plutonic rocks 503 

outcropping at Site 3 were not tectonically tilted from their since 2.2 Ma. Thus, because 504 

layering have not been moved from their original position and are strongly inclined (43–44°S, 505 

Fig. 3), we suggest that the dynamic structures observed at Sites 3 and 4 were sorted and 506 

deposited by settling and magmatic crystal-liquid suspension currents, sometimes coupled 507 

with convective boundary-layer currents (Irvine et al. 1998). It is also likely that convective 508 

turbulences occurred in the reservoir through the influxes of fresh mafic magma into the 509 

chamber (Jaques 1981; Holness 2005).  510 
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We consider two different origins for these magmas: either they come from deeper levels 511 

in the edifice (following the classic model of shield building after Wolfe et al., 1997), or they 512 

come from the differentiation of primitive magmas at a similar level in the edifice. The fact 513 

that the gabbroic rocks at the Sites 3–4 show different enrichment patterns, with a relative 514 

depletion in LREE, may indicate either a different magma, a mixing between the magma at 515 

Site 1–2 and another one, or fractionation processes within the same source. In the latter case, 516 

the change in enrichment pattern can be explained by extensive fractionation and 517 

accumulation of clinopyroxene (which are abundant in the peridotitic lenses but even more in 518 

the gabbroic layers; Table 2) given that this mineral has a higher affinity for HREE than for 519 

LREE (Duncan et al. 1989; Blundy and Wood 1994; Johnson 1998; Norman et al. 2005; 520 

Peters et al. 2016; Barrat and Bachèlery 2019). We note that clinopyroxene accumulation is 521 

evidenced by whole-rock and mineral geochemistry (Figs 11b-d and 12c). 522 

Similarly to the veinlets in the peridotite units, we interpret the anorthositic veinlets in the 523 

layered gabbros as residues of late liquids that crosscut the plutonic bodies after their partial 524 

to complete solidification (Pallister and Hopson 1981). 525 

 526 

 527 

6.2 Pluton dynamics: single reservoir or stacked intrusions? 528 

 Gravimetric and magnetotelluric studies, as well as the SLZ1 borehole, indicate a 529 

large (pluri-kilometric in diameter) igneous body underlying the cirque of Salazie. The four 530 

outcrops described here are inferred to belong to this large plutonic complex. Nevertheless, 531 

our field investigations also show that the four distinct plutonic outcrops are separated from 532 

each other by sheet intrusions and breccia deposits (Fig. 1c), it is unclear whether these 533 

outcrops correspond to four different magma bodies or to subparts of larger structures.  534 

Given their similar textures (Fig. 5) and mineral chemistry (Figs 7–12 and Tab. 9) and the 535 

proximity of the outcrops (Site 1 at 950–1200 m asl, Site 2 at 850–940 m asl, and only ~700 536 

m apart, Fig. 1c), it is likely that the peridotitic units at Sites 1–2 belong to the same plutonic 537 

complex. Similarly, the gabbroic rocks at Sites 3–4 have close textures (Fig. 6), mineral 538 

chemistry (Figs 7–12 and Tab. 9), and dynamic structures (Fig. 2) and they are located in the 539 

same vicinity (Site 3 at 750–870 m asl, Site 4 at 660–750 m asl, and only ~200 m apart, Fig. 540 

1c), which, taken together, suggest that these gabbroic rocks might be parts of a same plutonic 541 

complex.  542 
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The question then arises as whether these gabbroic and peridotitic units correspond to a 543 

single petrologically and geochemically zoned magma reservoir (e.g., Skaergaard; Wager and 544 

Deer 1939; Wager and Brown 1968; McBirney 1995; Tegner et al. 2009a; Salmonsen and 545 

Tegner 2013), or to a stack of several independent intrusions as for many other layered 546 

plutons (Glazner et al. 2004; Morgan et al. 2008; Michel et al. 2008; Grocott et al. 2009; 547 

Leuthold et al. 2012; Leuthold et al. 2014). In an attempt to answer that question, the essential 548 

features of each site are summarized and compared in Table 9. 549 

 550 

The single reservoir hypothesis is supported by trends in the whole-rock geochemistry, 551 

showing a northward decrease in MgO and an increase in SiO2, CaO, Na2O, K2O and Fe2O3 552 

in the order Site 1 => Site 2 => Site 4 => Site 3 (Tabs 7 and 9, Fig. 11). Accordingly, the 553 

forsterite content in olivine, the Mg number in clinopyroxene and the oxides, and the 554 

anorthite content in plagioclase all tend to decrease from one site to another according to the 555 

same sequence (Figs 7–10). This would hence point to fractional crystallization as the main 556 

magmatic process in a unique magma reservoir, yielding to the compositional evolution of the 557 

magma from mafic at Sites 1–2, to intermediate at Sites 4–3 (Fig. 12). However, this 558 

sequence of differentiation may appear incomplete since there are notable gaps in whole-rock 559 

and phase compositions between the Sites 1–2 and the Sites 4–3 (Figs 7–12 and Tab. 9). One 560 

possibility for these gaps is the lack of exposed series in between these sites. The peridotitic 561 

series and the gabbroic series only outcrop 900 m apart in the Mât River (Fig. 1c), and it is 562 

hence possible that, in between, buried under the breccia, lies a third mass of plutonic rocks 563 

that connects the Sites 1–2 to the Sites 4–3. In this case, the buried series would contain the 564 

rest of the plutonic record, with layers transitioning in chemical composition and mineral 565 

assemblage from peridotitic to gabbroic lithologies.  566 

However, the single reservoir interpretation is complicated by the fact that the peridotitic 567 

units of Sites 1–2 occur at higher altitudes than the gabbroic ones of Sites 4–3, since the most 568 

mafic layers are usually set at the base of magma chambers and more differentiated layers 569 

atop (Cawthorn and Walraven 1998; Cawthorn 2007; Tegner et al. 2009b; Salmonsen and 570 

Tegner 2013). This forces us to consider that the succession of Sites 1–2–4-3 is an inverse 571 

plutonic sequence, which would thus correspond to a roof of the magma chamber. Layered 572 

series are not always observed in the upper parts of mafic reservoirs, perhaps because they 573 

seldom form in these regions, or because their preservation is more subject to magma 574 

dynamics and weathering than the lower series (Jaupart and Tait 1995). However, the 575 

processes related to their formation have been described in the upper parts of several sills, 576 
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intrusions, and lava lakes (e. g. Simkin 1967; Brown and Wager 1968; Helz et al. 1989; 577 

Latypov et al. 2007). One obstacle to that hypothesis is the compact texture of peridotitic 578 

layers at Sites 1–2, which seem particularly difficult to achieve in a context of density 579 

inversion where the crystals lay atop the melt. But many crystals would be locally plated by 580 

laminar currents against the margins of the magma chamber (McBirney and Noyes 1979; 581 

Pallister and Hopson 1981; Irvine 1982; Nicolas et al. 2009), and even grow behind the 582 

solidification front, trapped within the viscous melt (Marsh 1996; Marsh 2006). In fact, these 583 

processes could be consistent with the presence of residual glass in between the crystals of 584 

some of the samples (Fig. 5g-h). Given that the melt concentrates incompatible elements such 585 

as Sm and Th, the presence of interstitial glass in the peridotites of Sites 1–2 could explain 586 

their high Sm and Th contents. In contrast, the glass-poor gabbros of Sites 4–3 shows variable 587 

and low Sm contents. Moreover, the adcumulate textures observed in several samples from 588 

Sites 1–2 could be also consistent with crystallization and maturation of olivine within a 589 

thermal gradient (Walker et al. 1988).  590 

 591 

Given the difficulties in interpreting the Site 1–2–4-3 sequence as belonging to a single 592 

zoned magma reservoir, it seems more plausible to consider that the sequence observed at 593 

Sites 1–2–4-3 represents a stack of several independent intrusions. Contrasted chondrite-594 

normalized REE enrichment patterns (Fig. 11e) and Sm/Th behaviors (Fig. 11f) between Sites 595 

1–2 and Sites 4–3 support this second interpretation. Moreover, because the REE enrichment 596 

of a parental magma undergoing extensive fractionation of clinopyroxene should be lower 597 

than that of the daughter liquid, the layered gabbroic rocks cannot derive from peridotitic 598 

magmas. Furthermore, the layered gabbros and the peridotites outcrops are separated by 599 

magmatic intrusions and breccia deposits, which is consistent with these outcrops 600 

representing distinct magma bodies (Figs 1c and 13a). All these lines of evidence seem to 601 

indicate that the plutonic rocks outcropping at Sites 1, 2, 3, and 4 by the Mât River represent 602 

at least two different intrusions, one peridotitic (Sites 1–2) and another one gabbroic (Sites 4–603 

3). In this respect, the plutonic rocks excavated at SLZ1 drillhole might belong to the second 604 

intrusion. In consequence, we suggest that the plutonic complex of Piton des Neiges is more 605 

likely made by incremental stacking of several independent magma intrusions, rather than by 606 

solidification of a single large magma reservoir. Separated magma intrusions are consistent 607 

with the inferred plumbing system of shield volcanoes in which magmas are stored in distinct, 608 

small ponding zones and/or sills (Lénat and Bachèlery 1990; Poland et al. 2009; Peltier et al. 609 

2010; Montgomery-Brown et al. 2011; Baker and Amelung 2012; Di Muro et al. 2014) and 610 
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support the assumption that the feeding system of a volcano can be made of an array of sills 611 

and dykes grown incrementally by an amalgamation of new magmatic injections (Deniel et al. 612 

1987; Annen and Sparks 2002; Glazner et al. 2004; Gudmundsson 2012; Annen et al. 2015; 613 

Blundy and Annen 2016; Karakas et al. 2017; Cashman et al. 2017; Sparks et al. 2019). 614 

 615 

6.3 Stages of pluton growth in the evolution of Piton des Neiges 616 

The original volcanic summit was ~3.5 km asl (Fig. 13b) and these plutonic rocks outcrop 617 

at 650 to 1000 m asl. This implies that the magma was stored at ~2.5 km below the surface. 618 

This depth is consistent with the physical model of Ryan (1987) in which magmas are 619 

preferentially stored at levels of neutral buoyancy, commonly corresponding to depths of 2 – 620 

4 km below volcanic edifices (Ryan 1988; Fodor and Galar 1997; Albarède et al. 1997; 621 

Bureau et al. 1998; Battaglia et al. 2005; Scoates et al. 2008; Welsch et al. 2009; Peltier et al. 622 

2009; Famin et al. 2009; Allibon et al. 2011; Lénat et al. 2012; Baker and Amelung 2012; 623 

Larrea et al. 2013). The Piton des Neiges volcano is situated ~7 km above the ocean floor, 624 

which inhibits direct transfer of magma from deep crustal levels to the summit zone (Pinel 625 

and Jaupart 2000) and favours shallow crustal storage. 626 

However, the striking differences between Sites 1–2, and Sites 4–3, in terms of petrology, 627 

geochemistry and structure, raise the question of their relationship and their integration in the 628 

evolution of Piton des Neiges volcano.  629 

Indeed, the gabbroic series of Sites 4–3 are clearly discordant with the formations of Piton 630 

des Neiges due to the development of a main detachment that cuts the plutonic body during 631 

the shield building stage of Piton des Neiges while the gabbroic rocks were at a temperature < 632 

250°C (Famin and Michon, 2010; Famin et al., 2016). The gabbroic series also show a 633 

marked depletion in LREE that makes a genetic link between these plutonic rocks and the 634 

mafic and differentiated lavas of Piton des Neiges rather unlikely. Conversely, the 635 

clinopyroxene crystals of the layered gabbros have geochemical affinities with those found as 636 

phenocrysts in the ankaramites of the La Montagne massif (2.1 – 1.9 Ma), on the northern 637 

flank of Piton des Neiges (McDougall and Watkins 1973; Quidelleur et al. 2010).  In addition, 638 

the series at Sites 4–3 have petrological and geochemical similarities with the plutonic rocks 639 

excavated by the SLZ1 drill hole in the cirque of Salazie (Fig. 1b). These comparisons 640 

suggest that the gabbroic plutonic intrusion extends north of the observed outcrops. The 641 

southward dip of the gabbro layers at Sites 4–3 corroborates this interpretation by suggesting 642 
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that the gabbro unit is bulged northward. Based on their study of depocenters, Lebas et al. 643 

(2018) concluded that the eruptive center of Piton des Neiges in its first construction phase 644 

(“Proto-Piton des Neiges”) was located several kilometers north of the more recent eruptive 645 

center corresponding to the actual summit. It is thus tempting to attribute the gabbroic part of 646 

the plutonic complex of Piton des Neiges to the La Montagne phase (Quidelleur et al. 2010; 647 

Salvany et al. 2012), associated with an eruptive center located in the cirque of Salazie (Fig. 648 

13b, EC Proto-PdN). 649 

The presence of a detachment zone overlain by a breccia unit made of basaltic lavas at the 650 

contact with the plutonic rocks of Site 4 suggests that the plutonic complex was at the root of 651 

a large flank destabilization (Famin and Michon 2010; Chaput et al. 2014a; Berthod et al. 652 

2016). The discordant contact between the layered gabbro and the debris avalanche deposits 653 

shows that the flank collapse removed a large part of the plutonic complex (Berthod 2016; 654 

Berthod et al. 2016). The collapse occurred once the upper parts of the layered gabbros were 655 

already solidified (Famin et al. 2016). We thus propose that the lateral offset between the 656 

summit of Piton des Neiges to the south (Fig. 1) and the deep dense body underlying the 657 

cirque of Salazie results from this structural failure that led to a migration of the volcanic 658 

center to the south (EC PdN in Fig. 13b, Gailler and Lénat 2012). The presence of a deeper 659 

dense body underlying the cirque of Cilaos revealed by geophysical data (Gailler and Lénat 660 

2012) supports this assumption.  661 

 662 

The mineral and whole-rock compositions of the peridotites of Sites 1–2, positioned at the 663 

foot of the current summit of Piton des Neiges (Figs 1 and 13b), are consistent with both the 664 

crystallization of Mg-rich magmas and the eruption of basalts and olivine-rich basalts during 665 

the shield-building stage of Piton des Neiges (Fig. 11). Moreover, the sills of peridotites at the 666 

Site 2 show a northward gentle dip concordant with those of the sills related to the basaltic 667 

period of Piton des Neiges (Fig. 2c). Therefore, we tentatively interpret the peridotites of Sites 668 

1–2 as part of the magmatic system of Piton des Neiges (Fig. 13b, EC PdN). The primitive 669 

mineral compositions of the peridotites of Sites 1–2 suggest that these rocks crystallized from 670 

poorly differentiated magmas similar to those observed along the NW rift zone between Piton 671 

des Neiges and Piton de la Fournaise (Boudoire et al. 2019).  672 

Finally, a batch of more differentiated magma was then intruded after the cooling of the 673 

peridotites and layered gabbros, yielding the syenite plutonic mass (younger than 0.35 Ma 674 
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according to McDougall, 1971) inserted in between the Sites 3 and 4 during the Phase IV of 675 

the Piton des Neiges (Page 1994). 676 

7 Conclusions 677 

Our petrological study of the plutonic rocks outcropping at Sites 1, 2, 3, and 4 of the Mât 678 

River provides new insights on the magmatic system of Piton des Neiges volcano. The four 679 

outcrops consist of dunites and wehrlites overlying layered olivine gabbros, gabbros, and 680 

ferrogabbros. The dunite and wehrlite layers may correspond to the lower parts of a magma 681 

reservoir, formed by crystal separation from a primitive magma, settling and accumulation as 682 

evidenced by their adcumulate and heteradcumulate textures. In contrast, the olivine gabbro, 683 

gabbro and ferrogabbro layers define a zone formed from differentiated magmas in a high-684 

energy environment, as evidenced by the presence of overturned folds, schlierens, and 685 

discontinuous layering. These plutonic outcrops have diverse structural, textural and 686 

compositional features, and are interpreted as remnants of at least two independent magma 687 

bodies: one peridotitic and the other gabbroic. These two systems were active at different 688 

periods of time. The differences in whole rock and phase compositions of layered gabbros and 689 

peridotites support this hypothesis. Hence, we propose that the four outcrops are parts of a 690 

pluri-kilometric composite plutonic complex, built by successive stacks of genetically 691 

unrelated magma intrusions over the entire lifetime of shield-building. Pluton growth began 692 

with gabbroic magmas emplaced from a volcano center located in the cirque of Salazie, and 693 

then shifted to more mafic magma compositions, emplaced from a southward volcano center 694 

corresponding roughly to the present-day Piton des Neiges summit. 695 
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 1069 

Tab. 1 Sets of samples collected at Sites 1, 2, 3 and 4; asl: above sea level. 1070 

 1071 

Tab. 2 Modal composition of samples collected at Sites 1, 2, 3 and 4. Ol: olivine, Cpx: 1072 

clinopyroxene, Plg: plagioclase, Amph: amphibole, and Ox: oxides. 1073 

 1074 

Tab. 3 Representative compositions for olivine at the four investigated sites.  1075 

 1076 

Tab. 4 Representative compositions for clinopyroxene at the four studied sites. 1077 

 1078 

Tab. 5 Representative compositions for plagioclase at the four studied sites. 1079 

 1080 

 1081 

Tab. 6 Representative compositions for oxides in rocks from the four investigated sites 1082 

 1083 

  1084 

Tab. 7 Whole-rock compositions of samples collected at Sites 1, 2, 3 and 4. L.O.I.: Loss on 1085 

ignition; b.d.l.: below detection limit. Peridotite*: rock type based on hand sample 1086 

descriptions. 1087 

 1088 

Tab. 8 Temperatures of re-equilibration calculated with the olivine-augite Mg-Fe-exchange 1089 

geothermometer of Loucks (1996). The geothermometer has a standard error of ± 6 °C.  1090 

 1091 

 1092 

Tab. 9 Summary of the mean characteristics of Sites 1, 2, 3 and 4 1093 

 1094 

Figure captions 1095 

 1096 

Fig. 1 Location maps. a) La Réunion Island with the massifs of Piton des Neiges (PdN) and 1097 
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Piton de la Fournaise (PdF). The drill holes SLZ1 (in the cirque of Salazie) and SR1 (on the 1098 

eastern flank of PdF) are indicated with yellow stars. The black rectangle indicates the studied 1099 

area. b) Shaded relief of the cirque of Salazie. c) Geological map of the studied area based on 1100 

our field observations, and showing the locations of the four plutonic outcrops (labeled Site 1 1101 

through 4) in the Mât River. SHI: sub-horizontal intrusion. Coordinates in UTM WGS84, 1102 

zone 40S. 1103 

 1104 

Fig. 2 Field characteristics observed in Sites 1, 2, 3 and 4 (see Fig. 1c for location). a) 2 – 2.5 1105 

cm-thick clinopyroxene- and plagioclase-rich veinlets observed in Site 1 (also observed in 1106 

Site 2). b) Lenses of peridotites separated by mafic intrusions at Site 1 (also observed in Site 1107 

2). c) Overview of the outcrop in Site 2, which is crosscut and surmounted by mafic and 1108 

differentiated intrusions. d) Example of east-dipping syn-magmatic thrust faults in Site 3. e) 1109 

West-verging overturned folds observed in Site 3. f) Example of folded layering in Site 4, g) 1110 

Layering in Site 4 through modal variations in plagioclase, olivine and clinopyroxene.  1111 

 1112 

Fig. 3 Stereographic diagrams of the magmatic lineations and poles to foliation measured in 1113 

Sites 3 and 4. No apparent foliation or lineation is observed at Sites 1 and 2. Stereo diagrams 1114 

are equal area and lower hemisphere. 1115 

 1116 

Fig. 4 Rock types sampled at Sites 1, 2, 3 and 4. N: number of samples 1117 

 1118 

Fig. 5 Representative parageneses and textures of samples collected at Sites 1 and 2 1119 

(transmitted light microphotographs). a) Dunite from Site 1 made of anhedral grains of 1120 

olivine in cumulus position, and anhedral crystals of clinopyroxene and oxides in interstitial 1121 

position (sample CB4010414). b) Dunite from Site 2 with only olivine crystals (sample 1122 

GABAMONT2). c) and d) Wehrlite samples from Sites 1 and 2, respectively, in which the 1123 

olivine is euhedral and in cumulus position, and clinopyroxene is poikilitic (samples 1124 

CB1010414 and GABAMONT). e) and f) Wehrlite from Site 2 made of rounded grains of 1125 

olivine and euhedral, sector-zoned crystals of clinopyroxene in cumulus position, and 1126 

plagioclase in interstitial position (CB4230513). g) and h) Plagioclase-wehrlites from Site 2 1127 
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displaying a mesocumulate texture with euhedral olivine in cumulus position, and 1128 

clinopyroxene and plagioclase in interstitial position (CB1230513). Ol: olivine, Cpx: 1129 

clinopyroxene, Plg: plagioclase, Amph: amphibole and Ox: oxides. 1130 

 1131 

Fig. 6 Representative parageneses and textures of samples collected at Sites 3 and 4 1132 

(transmitted-light microphotographs with crossed polars). a) and b) Olivine gabbros (samples 1133 

SAL111 and CB12260513 from Sites 3 and 4, respectively), in which euhedral olivine, 1134 

clinopyroxene and plagioclase show intergrowth textures. c) and d) Gabbros (samples 1135 

SAL110 and CB2260513, respectively). Euhedral crystals of plagioclase and clinopyroxene 1136 

e) and f) Strong magmatic fabrics, marked by elongated plagioclases in ferrogabbros (samples 1137 

CB16260513 and CB2290513, respectively). 1138 

 1139 

Fig. 7 Chemical composition of olivine at Sites 1, 2, 3 and 4. a) Fo histograms. b) Fo vs. CaO 1140 

diagram for olivine in the layered gabbros and peridotites. See the description in the main text 1141 

for populations (1), (2) and (3).  1142 

 1143 

Fig. 8 Chemical compositions of clinopyroxene at Sites 1, 2, 3 and 4. a) Mg# histograms, b) 1144 

Mg# vs. Cr2O3, and c) Mg# vs. Al2O3. 1145 

 1146 

Fig. 9 Chemical compositions of plagioclase at Sites 1, 2, 3 and 4. a) Anorthite (An) 1147 

histograms, b) Anorthite vs. K2O.  1148 

 1149 

Fig. 10 Chemical compositions of oxides at Sites 1, 2, 3 and 4. a) Cr2O3 vs. FeOt, b) TiO2 vs. 1150 

Al2O3. 1151 

 1152 

Fig. 11 Whole-rock composition of samples collected at Sites 1, 2, 3 and 4. a) MgO vs. SiO2, 1153 

Peridotite*: rock type based on hand sample descriptions. b) MgO vs. CaO. c) SiO2 vs. CaO. 1154 

d) SiO2 vs. TiO2. e) Chondrite-normalized REE spider diagram (McDonough and Sun, 1995). 1155 

f) Th vs. Sm diagram. Purple hexagon symbols represent bulk analyses of sample from Site 3 1156 

(Pronost 2001). 1157 

 1158 
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Fig. 12 Composition of cumulate mineral assemblages. a) Average Mg# for clinopyroxene 1159 

plotted against Fo olivine contents, b) Average Mg# for oxides plotted against Fo olivine 1160 

contents, c) Average anorthite contents versus average Mg# for clinopyroxene, d) Average 1161 

Mg-numbers for oxide phases versus average Mg# for clinopyroxene. 1162 

 1163 

Fig 13 a) NE–SW cross section of the studied area gathering the main characteristics of each 1164 

outcrop of plutonic rocks (see Fig.1c for location) and introducing our two hypotheses. The 1165 

first hypothesis considers that the plutonic rocks exposed by the Mât River at Sites 1, 2, 3 and 1166 

4 correspond to different levels in the upper margin of a single magma chamber, where 1167 

peridotitic layers top off gabbroic layers. In our second hypothesis, the four outcrops are parts 1168 

of a multiple level magma storage feeding the volcano built by repeated injections of magma. 1169 

b) Sketch of the Piton des Neiges (with vertical exaggeration of the actual topography) with 1170 

the location of the four plutonic outcrops at Sites 1, 2, 3 and 4 (S1, S2, S3 and S4, 1171 

respectively). We suggest that gabbroic series in Sites 3–4 belong to the magmatic system of 1172 

a volcanic edifice that predated the building of Piton des Neiges (i.e. Proto-Piton des Neiges). 1173 

Then, a large destabilization toward the North affected severely the magmatic system of the 1174 

old volcano, and lead to a migration of the volcanic center further south for the edification of 1175 

Piton des Neiges and the emplacement of peridotitic series at the Sites 1–2. EC: eruptive 1176 

center. Dashed line: supposed topography of the Proto-Piton des Neiges. The presence of a 1177 

high resistivity body underlying the cirque of Cilaos is revealed by geophysical data (Gailler 1178 

and Lénat 2012). 1179 
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a)

Sites Structural 
Modal 

composition

WR 

Majors

WR 

Traces 
EPMA

S1 - 3 4 2 3

S2 - 9 2 2 8

S3 24 12 8 4 12

S4 37 20 5 2 16

Total 61 44 19 10 39

b)

Sample 

number
Rock type

Y (UTM 

40K)

X (UTM 

40K)

Alt (m 

asl) 

Thin 

section

WR 

Majors

WR 

Traces
EPMA

Site 1

CB1010414 Peridotite 344518 7668658 1077 X X X

CB2010414 Peridotite 344518 7668654 1077 X X

CB4010414 Peridotite 344518 7668658 1077 X X X

SAL205 Peridotite 344518 7668654 1077 X X

SAL206 Peridotite 344518 7668654 1077 X X

Site 2

gabamont2 Peridotite 343808 7669828 865 X X

gabamont1 Peridotite 343808 7669828 865 X X

gabamont Peridotite 343808 7669828 865 X X

CB1150914 Peridotite 343845 7669762 882 X X

CB2150914 Peridotite 343808 7669712 876 X X

CB1230513 Peridotite 343837 7669671 920 X X

CB2230513 Peridotite 343837 7669671 920 X X

CB4230513 Peridotite 343837 7669671 920 X X

CB1 Peridotite 343808 7669712 935 X X

CB26 Peridotite 343819 7669766 872 X

CB36 Peridotite 343808 7669840 868 X X

Site 3

CB15290513 Layered gabbro 343727 7670802 753 X X X X

CB16290513 Layered gabbro 343698 7670796 755 X X X

CB17290513 Layered gabbro 343681 7670774 755 X X

CB18290513 Layered gabbro 343649 7670780 755 X X X X

CB61 Layered gabbro 343610 7670798 757 X X

CB57 Layered gabbro 343677 7670781 755 X X

CB55 Layered gabbro 343623 7670758 756 X X

SAL110 Layered gabbro 343667 7670778 755 X X X X

SAL111 Layered gabbro 343621 7670791 756 X X

CB1230913 Layered gabbro 343681 7670774 755 X

CB5230513 Layered gabbro 343407 7670515 860 X X X

CB6230513 Layered gabbro 343394 7670501 871 X X X

CB7230513 Layered gabbro 343446 7670547 854 X X X X

Site 4

CB1290513 Layered gabbro 344240 7670957 677 X X

CB2290513 Layered gabbro 344232 7670941 678 X X

CB3290513 Layered gabbro 344226 7670952 678 X X

CB14260513 Layered gabbro 344193 7670877 684 X

CB13260513 Layered gabbro 344197 7670891 684 X X

CB12260513 Layered gabbro 344226 7670928 683 X X X

CB11260513 Layered gabbro 344217 7670902 684 X

CB10260513 Layered gabbro 344216 7670902 684 X

CB9260513 Layered gabbro 344187 7670853 685 X X

CB8260513 Layered gabbro 344187 7670853 685 X X X

CB6260513 Layered gabbro 344154 7670834 691 X X

CB5260513 Layered gabbro 344154 7670833 691 X X

CB4260513 Layered gabbro 344131 7670831 692 X X

CB3b260513 Layered gabbro 344121 7670828 692 X X

CB3a260513 Layered gabbro 344120 7670828 692 X X X X

CB2260513 Layered gabbro 344106 7670815 693 X X X X

CB1260513 Layered gabbro 344109 7670807 693 X X

CB105 Layered gabbro 344035 7670741 708 X X

CB100 Layered gabbro 343995 7670751 711 X X

CB99 Layered gabbro 343973 7670766 719 X X



Sample name Rock type Texture Ol (vol%)
Cpx 

(vol%)

Plg 

(vol%)
Ox (vol%)

Amph 

(vol%)

Site 1

CB1010414 Wehrlite Adcumulate 70 15 10* 5 -

CB2010414 Wehrlite Adcumulate 56 40 0 4 -

CB4010414 Dunite Adcumulate 94 5 0 1 -

Site 2

gabamont Wehrlite Heteradcumulate 80 19 0 1 -

gabamont2 Dunite Adcumulate 100 0 0 0 -

gabamont1 Wehrlite Heteradcumulate 70 30 < 1 0 -

CB1230513 Plg-Wehrlite Mesocumulate 65 25 8 2 -

CB2230513 Wehrlite Mesocumulate 60 34 4 2 -

CB4230513 Wehrlite Mesocumulate 74 25 0 1 -

CB1 Dunite Adcumulate 80 5 0 5 10

CB26 Dunite Adcumulate 98 0 0 2 -

CB36 Dunite Adcumulate 98 0 0 2 -

Site 3

CB15290513 Gabbro Mesocumulate 0 80 20 0 -

CB16290513 Ferrogabbro Mesocumulate 0 35 40 25 -

CB17290513 Ferrogabbro Mesocumulate 0 30 45 25 -

CB18290513 Ferrogabbro Mesocumulate 0 35 40 25 -

CB61 Ol-gabbro Mesocumulate 35 40 20 5 -

CB57* Anorthosite Adcumulate 0 3 96 1 -

CB55 Ol-gabbro Mesocumulate 35 40 20 5 -

SAL110 Gabbro Mesocumulate 0 44 54 2 -

SAL111 Ol-gabbro Mesocumulate 15 50 35 0 -

CB5230513 Ferrogabbro Mesocumulate 15 25 40 20 -

CB6230513 Ferrogabbro Mesocumulate 0 50 40 10 -

CB7230513 Gabbro Mesocumulate 0 60 40 < 1 -

Site 4

CB1290513 Wehrlite Adcumulate 55 33 5 7 -

CB2290513 Ferrogabbro Mesocumulate 0 50 43 7 -

CB3290513 Ol-gabbro Mesocumulate 34 50 15 1 -

CB14260513 Ol-gabbro Mesocumulate 15 45 39 1 -

CB13260513 Ol-gabbro Mesocumulate 10 49 40 1 -

CB12260513 Ol-gabbro Mesocumulate 15 50 35 0 -

CB11260513 Ol-gabbro Mesocumulate 2 55 40 3 -

CB10260513 Ol-gabbro Mesocumulate 35 49.5 15 0.5 -

CB9260513 Gabbro Adcumulate 0 59 40 1 -

CB8260513 Ol-gabbro
Adcumulate to 

mesocumulate
34 40 25 1 -

CB6260513 Ol-gabbro Mesocumulate 28 55 15 2 -

CB5260513 Ol-gabbro Mesocumulate 10 40 49 1 -

CB4260513 Ol-gabbro Mesocumulate 15 40 45 0 -

CB3b260513 Ol-gabbro Mesocumulate 45 39 15 1 -

CB3a260513 Ol-gabbro Mesocumulate 25 45 30 0 -

CB2260513 Gabbro Mesocumulate 0 45 50 5 -

CB1260513 Ferrogabbro Mesocumulate 0 30 45 25 -

CB105 Gabbro Mesocumulate 0 54 45 1 -

CB100 Ol-gabbro Mesocumulate 10 50 40 0 -

CB99 Ol-gabbro Mesocumulate 20 50 30 0 -

* Vein



Rock type

Site S1 S2 S1 S4 S3 S4

Sample CB4010414 Gabamont2 CB1010414 CB1290513 CB55 CB3B260513

Olivine Olivine Olivine Olivine Olivine Olivine

   SiO2  40.04 40.48 39.46 39.12 38.31 38.97

   TiO2  0.01 0.06 0.06 0.00 0.00 0.00

   Al2O3 0.04 0.03 0.01 0.03 0.04 0.02

   Cr2O3 0.04 0.00 0.04 0.04 0.01 0.03

   FeOt 11.48 11.13 14.43 20.70 22.11 19.50

   MnO   0.26 0.16 0.18 0.29 0.34 0.33

   MgO   47.72 46.90 44.80 39.37 38.51 40.71

   CaO   0.15 0.22 0.08 0.04 0.06 0.04

   Na2O  0.00 0.00 0.00 0.00 0.00 0.00

   K2O   0.00 0.00 0.00 0.00 0.00 0.00

NiO – 0.41 – 0.20 – 0.23

Total 99.74 99.38 99.07 99.80 99.38 99.84

Fo (mol%) 87.9 88.0 84.6 77.1 75.6 78.8

Dunite Wehrlite Olivine gabbro 



Rock type Anorthosite

Site S1 S2 S3 S4 S3 S4 S3 S4 S3

Sample CB1010414 CB1230513 SAL111 CB12260513 SAL110 CB2260513 CB18290513 CB1260513 CB57

Clinopyroxene Clinopyroxene Clinopyroxene Clinopyroxene Clinopyroxene Clinopyroxene Clinopyroxene Clinopyroxene Clinopyroxene

   SiO2  51.19 51.80 50.84 50.32 50.69 53.12 52.04 52.53 50.73

   TiO2  1.12 0.90 1.40 1.32 1.42 0.26 0.71 0.54 1.49

   Al2O3 3.58 2.55 3.28 3.77 2.76 1.20 1.96 1.51 3.27

   Cr2O3 1.05 0.57 0.24 0.48 0.08 0.00 0.00 0.03 0.37

   FeOt 4.26 5.93 6.79 6.80 7.29 6.49 8.16 9.29 7.00

   MnO   0.14 0.14 0.15 0.12 0.19 0.24 0.40 0.31 0.12

   MgO   16.34 16.25 15.25 14.98 14.64 15.43 14.93 14.70 14.99

   CaO   21.88 21.12 21.58 21.57 21.74 23.01 21.63 20.92 22.08

   Na2O  0.29 0.21 0.30 0.37 0.38 0.21 0.36 0.32 0.38

   K2O   0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.02 0.00

NiO – 0.04 0.03 0.04 0.04 0.00 0.00 0.00 –

Total 99.85 99.51 99.85 99.79 99.23 99.96 100.21 100.17 100.42

Wo (%) 45.5 43.6 44.8 45.1 45.3 46.3 44.1 42.8 45.5

En  (%) 47.3 46.6 44.0 43.6 42.5 43.2 42.3 41.9 43.0

Fs  (%) 6.9 9.5 11.0 11.1 11.9 10.2 13.0 14.8 11.3

Mg# 87.2 83.0 80.0 79.7 78.2 80.9 76.5 73.8 79.3

Wehrlite Olivine gabbro Gabbro Ferrogabbro 



Rock type Anorthosite

Site S1 S2 S3 S4 S3 S4 S3 S4 S3

Sample CB1010414 CB1230513 SAL111 CB12260513 SAL110 CB2260513 CB16290513 CB1260513 CB57

Plagioclase Plagioclase Plagioclase Plagioclase Plagioclase Plagioclase Plagioclase Plagioclase Plagioclase

   SiO2  48.41 54.04 48.88 48.17 50.57 50.22 54.40 54.08 48.28

   TiO2  0.05 0.11 0.08 0.08 0.00 0.02 0.02 0.09 0.12

   Al2O3 31.90 27.73 32.17 32.43 30.51 30.89 28.67 28.34 32.22

   Cr2O3 0.01 0.00 0.00 0.03 0.00 0.00 0.01 0.00 0.00

   FeOt 0.37 0.73 0.43 0.38 0.43 0.34 0.33 0.54 0.46

   MnO   0.02 0.04 0.00 0.03 0.00 0.02 0.00 0.00 0.03

   MgO   0.06 0.12 0.04 0.05 0.04 0.02 0.02 0.03 0.03

   CaO   15.52 11.62 15.54 16.12 14.14 14.39 11.27 11.64 16.40

   Na2O  2.48 4.68 2.61 2.35 3.43 3.22 4.90 5.00 2.29

   K2O   0.13 0.29 0.11 0.13 0.15 0.13 0.26 0.22 0.12

Total 98.95 99.83 99.87 99.79 99.27 99.25 99.92 99.96 99.96

An (mol%) 77.0 56.8 76.2 78.5 68.9 70.6 55.2 55.6 79.3

Wehrlite Olivine gabbro Gabbro Ferrogabbro 



Rock type

Site S1 S2 S1 S2 S4 S4 S3 S3 S4 S4

Sample CB4010414 CB36 CB1010414 CB1230513 CB1290513 CB1290513 SAL111 SAL111 CB13260513 CB13260513

Phase Cr-Spinel Cr-Spinel Cr-Spinel Cr-Spinel Magnetite Ti-Magnetite Ti-Magnetite Ilmenite Ti-Magnetite Ilmenite

   SiO2  0.00 0.00 0.02 0.03 0.79 0.00 0.03 0.04 0.03 0.00

   TiO2  6.27 1.09 1.88 2.46 0.06 9.31 7.18 48.14 7.26 50.23

   Al2O3 8.77 16.35 11.51 13.21 0.34 5.45 4.23 0.06 3.64 0.09

   Cr2O3 39.30 45.24 35.23 41.98 0.02 8.43 8.17 0.65 4.50 0.19

   FeOt 34.11 24.64 41.70 30.51 88.65 67.57 69.88 42.72 76.64 45.49

   MnO   0.33 0.25 0.40 0.24 0.04 0.42 0.25 0.56 0.29 0.91

   MgO   8.79 10.61 5.73 10.10 0.68 2.67 2.84 4.83 1.53 1.41

   CaO   0.00 0.01 0.00 0.00 0.30 0.04 0.00 0.38 0.00 0.00

   Na2O  0.00 0.06 0.01 0.00 0.00 0.00 0.02 0.00 0.00 0.00

   K2O   0.03 – 0.02 0.01 0.00 0.00 0.00 0.01 0.00 0.01

NiO – – – 0.23 0.20 0.19 0.11 0.10 0.13 0.07

Total 97.60 98.25 96.49 98.77 91.09 94.06 92.72 97.50 94.03 98.39

Mg ♯(%) 31.5 43.4 19.7 37.1 1.3 6.6 6.8 16.8 3.4 5.2

Rock type

Site S3 S3 S4 S4 S3 S3 S4 S4 S3 S3

Sample SAL110 SAL110 CB2260513 CB2260513 CB16290513 CB16290513 CB1260513 CB1260513 CB57 CB57

Phase Ti-Magnetite Ilmenite Ti-Magnetite Ilmenite Ti-Magnetite Ilmenite Ti-Magnetite Ilmenite Ti-Magnetite Ilmenite

   SiO2  0.04 0.04 0.03 0.00 0.07 0.01 0.05 0.00 0.0 0.05

   TiO2  9.90 46.68 9.01 48.69 13.99 47.48 11.71 48.05 12.3 48.43

   Al2O3 4.00 0.14 2.81 0.10 2.27 0.13 2.26 0.30 2.6 0.03

   Cr2O3 2.31 0.26 1.27 0.00 0.06 0.06 0.10 0.00 1.8 0.10

   FeOt 75.57 48.86 76.85 47.53 76.40 49.58 75.94 48.10 76.9 48.42

   MnO   0.32 1.22 0.41 0.70 0.50 1.09 0.50 1.42 0.4 1.59

   MgO   0.80 0.34 0.46 1.37 0.30 0.24 0.17 0.16 0.2 0.15

   CaO   0.08 0.28 0.20 0.02 0.16 0.04 0.11 0.06 0.1 0.21

   Na2O  0.00 0.00 0.02 0.00 0.01 0.04 0.00 0.00 0.0 0.02

   K2O   0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.02

NiO 0.15 0.01 0.06 0.01 0.00 0.04 0.10 0.00 – –

Total 93.19 97.83 91.13 98.42 93.76 98.70 90.95 98.09 94.4 99.02

Mg# 1.9 1.2 1.1 4.9 0.7 0.9 0.4 0.6 0.4 0.6

Dunite Wehrlite Olivine gabbro 

Gabbro Ferrogabbro Anorthosite



Rock type Dunite Werlhite Peridotite* Peridotite* Peridotite* Peridotite* Fe-gabbro Gabbro Fe-gabbro Fe-gabbro Gabbro Fe-gabbro Fe-gabbro Gabbro Ol-gabbro Ol-gabbro Ol-gabbro Gabbro Fe-gabbro

Sample CB4010414 CB1010414 SAL206 SAL205 CB1150914 CB2150914 CB16290513 CB15290513 CB1230914 CB18290513 SAL110 CB5230513 CB6230513 CB7230513 CB12260513 CB3A260513 CB8260513 CB9260513 CB2260513

(wt%)

SiO2 36.11 39.92 37.88 37.57 38.13 39.49 39.98 48.31 42.39 40.38 46.94 40.67 41.88 46.30 46.04 44.90 43.52 48.00 40.36

Al2O3 1.14 4.02 1.38 0.68 2.67 3.64 12.80 14.12 13.562 12.81 14.57 12.91 10.66 15.96 10.72 10.92 5.54 13.45 10.93

Fe2O3 10.67 12.30 11.35 12.36 11.28 13.64 18.36 6.38 15.875 18.90 8.38 18.02 16.41 6.73 9.18 10.12 14.87 6.03 18.18

MnO 0.14 0.16 0.15 0.16 0.15 0.18 0.25 0.11 0.2027 0.24 0.12 0.24 0.20 0.10 0.14 0.15 0.20 0.10 0.18

MgO 38.99 34.26 41.47 42.58 38.41 32.96 6.75 9.97 7.303 6.94 8.96 7.66 11.96 10.49 16.30 16.25 22.06 10.37 9.22

CaO 1.23 4.23 1.11 0.72 1.72 3.07 12.48 16.66 13.183 12.58 16.14 13.50 13.44 14.94 14.54 13.04 11.36 15.47 14.55

Na2O 0.05 0.44 0.05 0.01 0.06 0.27 1.94 1.69 2.051 2.05 1.65 1.67 0.87 1.29 0.81 0.87 0.41 1.75 1.05

K2O 0.04 0.04 0.04 0.01 0.07 0.15 0.11 0.37 0.163 0.11 0.20 0.10 0.06 0.60 0.11 0.09 0.03 0.51 0.09

TiO2 0.28 0.33 0.18 0.16 0.34 0.74 4.93 0.94 3.849 4.83 1.51 4.65 3.14 0.74 0.70 0.72 0.93 0.89 4.28

P2O5 0.05 0.04 0.04 0.04 0.04 0.10 0.80 b.d.l. 0.34 0.47 b.d.l. 0.61 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.

L.O.I. 9.84 4.60 5.19 4.50 6.52 4.68 0.37 1.76 0.86 0.85 1.28 0.63 2.06 2.73 1.17 1.47 1.29 2.25 0.53

Total 98.54 100.34 98.84 98.79 99.39 98.91 98.77 100.31 99.77 100.15 99.75 100.64 100.67 99.88 99.71 98.53 100.20 98.82 99.36

(p.p.m.)

La 1.47 0.70 1.87 5.19 2.76 10.53 2.17 1.65 1.96 2.81

Ce 3.13 1.62 4.04 11.64 7.46 27.22 6.58 4.58 5.42 8.02

Pr 0.41 0.23 0.55 1.56 1.27 4.24 1.20 0.80 0.92 1.39

Nd 1.68 1.00 2.32 6.95 6.82 21.15 6.84 4.48 5.06 7.54

Sm 0.41 0.24 0.59 1.71 2.20 5.81 2.32 1.50 1.67 2.42

Eu 0.14 0.09 0.25 0.55 0.95 2.17 0.93 0.70 0.67 0.96

Gd 0.37 0.26 0.56 1.59 2.33 5.81 2.49 1.62 1.77 2.62

Tb 0.06 0.04 0.09 0.25 0.37 0.89 0.40 0.26 0.28 0.41

Dy 0.37 0.23 0.53 1.51 2.24 5.16 2.37 1.54 1.66 2.50

Ho 0.08 0.05 0.11 0.30 0.43 1.01 0.47 0.31 0.32 0.49

Er 0.19 0.13 0.27 0.73 1.02 2.37 1.08 0.70 0.77 1.13

Yb 0.20 0.13 0.26 0.64 0.82 1.81 0.83 0.54 0.61 0.86

Lu 0.03 0.02 0.04 0.09 0.11 0.25 0.12 0.07 0.08 0.13

Th 0.18 0.08 0.22 0.64 0.16 0.23 0.09 0.06 0.07 0.13

Sc 7.27 6.22 8.26 13.53 56.59 35.75 50.64 48.62 43.28 55.34

Ni 2112 2215 2016 1415 201 48 141 224 421 164

Site 1 Site 2 Site 3 Site 4



Sample Rock type (Fe/Mg)cpx (Fe/Mg)ol KD 
(Ol/Aug)

T (°C)

Site 1

CB1010414 Wehrlite 0.129 0.177 1.371 1165

Site 2

CB4230513 # Wehrlite 0.178 0.171 0.960 1275

CB2230513 # Wehrlite 0.182 0.160 0.880 1278

CB1230513 # Wehrlite 0.203 0.175 0.861 1279

CB1 Dunite 0.103 0.157 1.526 1130

Site 3

SAL111 Ol-gabbro 0.199 0.315 1.584 1118

CB55 Ol-gabbro 0.192 0.320 1.665 1100

Site 4

CB1290513 Wehrlite 0.185 0.304 1.646 1105

CB3290513 Ol-gabbro 0.185 0.299 1.615 1110

CB12260513 Ol-gabbro 0.180 0.305 1.693 1095

CB13260513 Ol-gabbro 0.214 0.360 1.684 1093

CB8260513 Ol-gabbro 0.170 0.328 1.926 1039

CB6260513 Ol-gabbro 0.196 0.358 1.824 1062

CB5260513 Ol-gabbro 0.221 0.353 1.596 1116

CB4260513 Ol-gabbro 0.222 0.361 1.624 1109

CB3b260513 Ol-gabbro 0.163 0.272 1.671 1098

CB3a260513 Ol-gabbro 0.209 0.335 1.602 1113

CB100 Ol-gabbro 0.223 0.370 1.661 1115

CB99 Ol-gabbro 0.227 0.396 1.741 1081

# Ol and cpx in disequilibrium (cf. Fig. 5e-h)



B (SE) A (NW)

Characteristics Site 1 Site 2 Site 4 Site 3

950-1200m a.s.l. 850-940m a.s.l. 660-750m a.s.l. 750-870m a.s.l.

Structural 

characteristics
----

Layered, some 

dynamic 

structures

----

Layered, 

numerous 

dynamic 

structures

Dominante 

Paragenese
---- Olivine gabbro ---- Ferrogabbro

MgO (wt%) 42.3 ---- 38.7 / 15.1 ---- 8.9

Na 2 O (wt%) 0.14 ---- 0.16 ---- 0.98 ---- 1.65

Eu(ppm) 0.12 ---- 0.4 ---- 0.8 ---- 1.19

Ni(ppm) 2164 ---- 1716 / 293 ---- 154

Sc(ppm) 6.7 ---- 10.9 / 49.3 ---- 47.9

Ol Fo (%) 85.6 ---- 85.2 / 74.8 ---- 75.5

Cpx Mg# (%) 87.3 ---- 81.4 ---- 78.9 ---- 77.8

Plg An (%) 80.5 ? 16.8* ? 71.0 ---- 67.8

Ox Mg# (%) 24.9 ---- 26.4 ---- 4.7 ---- 2.9

---- = Continuum

/ = Gap
* = Interstitial plagioclases

Lenses and stratifications, no 

dynamic structure

Dunite and werhlite

Minerals composition

Geochemistry

Field work

Petrology

Altitude




