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Footprints and conditions of multistep alkali
enrichment in basaltic melts at Piton de la

Fournaise (La Réunion Island, Indian Ocean)
G. Boudoire** .A.Di Muro*®.L. Michon*¢.N. Metrich*

Abstract

Deciphering magma evolution below ocean basaltic volcanoes is all the more challenging because magma mixing is a
com-mon process tending to modify the pristine geochemical diversity during magma ascent. On the western flank of the
Piton de la Fournaise volcano, transitional basalts have compositions that testify to origins down to the upper mantle and
display a widespread geochemical diversity ranging from a tholeiitic affinity to an alkaline one. There, we show that
evolved melt inclusions and matrix glasses (MgO < 9 wt%) record an alkali enrichment coupled with a Ca/Al ratio
decrease, which tracks the effect of clinopyroxene crystallization at the depth of the mantle-crust underplating layer. At
this depth and shallower, reverse zoning of olivine crystals, clinopyroxene dissolution, and hybrid melt compositions
testify to extensive mixing pro-cesses leading to a homogenization of the pristine geochemical footprint of melts upon
ascent. Enrichment in incompatible trace elements in some evolved melt inclusions suggests that magma ponding at the
depth of the mantle-crust underplating layer favours also assimilation of melts originating from low degrees of partial
melting of cumulates (wehrlites, dunites). Conversely, the most primitive melt inclusions documented so far at La
Réunion Island (MgO up to 11.2 wt%) better preserve a pristine geochemical variability related to partial melting of a
slightly heterogeneous mantle source. We suggest that these slightly distinct source components may mirror the
compositions of recent melts from the two closely located Piton de la Fournaise and Piton des Neiges volcanoes.
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Ocean basaltic islands are among the largest volcanoes on
Earth. Their magmas commonly span large geochemical
spectra (Dasgupta et al. 2010) predominantly mirroring pre-
eruptive magma evolution in either deep (mantle) or shallow
(crustal) reservoirs. Actually, magma ascent often proceeds
by progressive steps of transfer between multiple magma
ponding zones (Hildner et al. 2011; Kliigel et al. 2015) that
leads to the emission of variably degassed and apparently
homogeneous evolved melts (Jennings et al. 2017). On the
contrary, fast magma ascent in a few days/weeks from the
deep part of the plumbing system up to the surface is less
common, meanwhile favours the emission of gas-rich primi-
tive melts at the surface, as at Kilauea (Hawaii; Helz et al.
2014; Poland et al. 2014; Rae et al. 2016).

At Piton de la Fournaise (PdF), historical eruptive activ-
ity, which mainly takes place inside the Enclos Fouqué cal-
dera (central area), is characterized by weak intereruptive
outgassing and by the emission of homogenous evolved and
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degassed transitional basalts. These “steady state basalts”
have a chemical composition intermediate between tholei-
itic and alkaline basalt and ascend from crustal reservoirs
(Upton and Wadsworth 1966; Albarede et al. 1997; Boivin
and Bachelery 2009; Di Muro et al. 2014, 2015, 2016; Guri-
oli et al. 2018). Conversely, the NW rift zone (peripheral
area, NWRZ), linking the Enclos Fouqué caldera with the
quiescent neighbouring Piton des Neiges (PdN) volcano, has
been recently found to be the locus of (i) a large emission of
lavas with compositional and petrological variability (Valer
2016; Boudoire et al. 2019), (ii) significant soil CO, gas
emissions (Liuzzo et al. 2015; Boudoire et al. 2017), and (iii)
deep seismicity down to mantle level (Michon et al. 2015;
Boudoire et al. 2017). The scoria cones within this rift zone
emit transitional basalts with either a tholeiitic or an alkaline
affinity, defined on the basis of the alkalinity index (Al =
[K,O + Na,O - 0.37 X (SiO, - 39)]; Rhodes 1996; Bureau
et al. 1998a; Lénat et al. 2012; Walther et al. 2015; Valer
2016; Boudoire et al. 2019). As a whole, the geochemical
variability of basalts emitted within the NWRZ has been
mainly attributed to deep fractionation of clinopyroxene
(Albarede et al. 1997; Brugier 2016; Boudoire et al. 2019),
minor source effects (Valer et al. 2017; Boudoire et al.
2019), and contamination by small amounts of low-degree
partial melts derived from cumulates (Boudoire et al. 2019).
However, the geochemical footprint of each process and
the conditions favouring such melt variability remain still
poorly constrained. Indeed, previous studies were mainly
based on bulk rocks and experimental petrology that makes
it challenging to decipher melt evolution during magma
ascent. For instance, if the role of deep fractionation
of clinopyroxene in the evolution of PdF melts has been
extensively inferred (Albarede et al. 1997; Brugier 2016;
Boudoire et al. 2019), barometric and physico-chemical
conditions controlling clinopyroxene stability need further
constraints. This is even more true considering that: (i) no
clinopyroxene phenocrysts were described in basalts with
an alkaline affinity, and (ii) the rare magnesian melt inclu-
sions previously analysed do not present an alkali enrich-
ment (Bureau et al. 1998a, 1999; Brugier 2016; Boudoire
et al. 2019). Likewise, slight source effects were inferred
by slight variations of some canonical incompatible trace
element ratios (Nb/U; Valer et al. 2017) and Sr-Nd isotopes
(Boudoire et al. 2019), but their origin and their influence on
the full geochemical melt variability are not well established.
Here, we aim at identifying the geochemical characteris-
tics of Piton de la Fournaise melts, determining the origin of
their geochemical variability, and, more broadly, improving
our understanding of magma evolution beneath ocean basal-
tic islands. To address these questions, we combined detailed
geochemical study of melt inclusions and crystal zoning
from a set of transitional basalts emitted along the NWRZ,
whose bulk rocks have an alkaline affinity and show limited

crystal recycling. Our results are compared with those previ-
ously obtained from transitional basalts emitted in the same
peripheral area and recording a tholeiitic affinity (Bureau
et al. 1998b; Valer et al. 2017) and “steady state basalts”
emitted in the central area since 1998 (Bureau et al. 1999;
Vigouroux et al. 2009; Villemant et al. 2009; Di Muro et al.
2014). Our study fully complements previous works focused
on the geochemical variability of lavas emitted at Piton de
la Fournaise and aims at deciphering both the early steps
of deep magma evolution and the footprints of magmatic
processes controlling melt evolution in the plumbing system.

Geological settings

La Réunion Island (Indian Ocean) is the youngest intraplate
basaltic island related to the hotspot that formed the Deccan
flood province in India, 65 Myr ago (Mahoney et al. 2002).
The 7-km-high volcanic edifice is built on the Indian oceanic
crust with a Moho at 10.2—13 km below sea level (Gallart
et al. 1999; Fontaine et al. 2015). Two volcanic edifices form
the island (Fig. 1). Piton des Neiges (3.1 km asl) forms the
north-western part of the island and is the oldest and largest
edifice. Its subaerial activity started at least 2.2 Myr ago, and
it has now been dormant for 29 kyr (Quidelleur et al. 2010;
Salvany et al. 2012). Piton de la Fournaise (2.6 km asl) has
been built on the south-eastern flank of Piton des Neiges
starting at least 0.53 Myr ago. It is one of the most active
basaltic shield volcanoes on Earth (Roult et al. 2012). Both
volcanoes emit transitional magmas produced by partial
melting of a common mantle source (Fisk et al. 1988; Hanyu
et al. 2001; Valer et al. 2017). However, some authors have
reported minor variations of incompatible trace and alkali
elements (Fisk et al. 1988), and of Pb-Hf-Nd-Sr isotopes,
which were attributed to either (i) the impingement of two
small-scale blobs of plume material at the base of the litho-
sphere of La Réunion, one leading to the Piton des Neiges
activity and the other to the Piton de la Fournaise activity
(Bosch et al. 2008), or (ii) a two-step mixing involving three
mantle source components (Nauret et al. 2019).

At Piton de la Fournaise, nearly 95 % of the eruptions
since the eighteenth century took place inside the central
Enclos Fouqué caldera, while less than 5% of the erup-
tions occurred along the rift zones radially cross-cutting the
volcanic edifice (Fig. 1; Villeneuve and Bachelery 2006;
Michon et al. 2015). Central eruptions inside the Enclos
Fouqué caldera and peripheral eruption along the NE and
SE rift zones (NERZ and SERZ) are closely linked to the
central shallow plumbing system and to the seawards dis-
placement of the steep eastern flank (Michon et al. 2015;
Peltier et al. 2015). This activity classically leads to the
emission of strongly degassed transitional basalts displaying
a very homogeneous evolved composition (MgO = 6.5+0.8
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Fig. 1 Digital elevation model of the Piton de La Fournaise vol-
cano, showing the main geomorphological features and the general
trends of the three rift systems (dashed lines) converging towards
the central area (Enclos Fouqué caldera): the North-West rift zone
(NWRZ), the South-East rift zone (SERZ), and the North-East rift

zone (NERZ). The location of the eruptive products described in this
study is reported (TB, Trous Blancs; PdC, Piton de Caille; PC, Petit
Cratere; BPC, Below Petit Cratere; PdS, Plaine des Sables fall; HA,
Piton Haiiy). BPC refers to a lapilli layer close to the eruption of Petit
Cratere



wt% and K,0+Na,O = 3.5+0.2 wt% on average in glasses;
Villemant et al. 2009; Di Muro et al. 2014, 2015, 2016).
Conversely, the NW rift zone, on which we focus here, con-
nects the western flank of Piton de la Fournaise with the
older Piton des Neiges edifice. It has been proposed that the
deepest part of the Piton de la Fournaise plumbing system
is offset beneath the western flank of the volcano and that
magma bodies settled beneath the NWRZ may feed the Piton
de la Fournaise reservoirs and their eruptions (Michon et al.
2015; Liuzzo et al. 2015; Boudoire et al. 2017, 2019). The
transitional basalts emitted within the NWRZ are generally
more primitive and alkaline than the central ones (MgO =
7.3+0.8 wt% and K,0+Na,0 = 4.0+0.3 wt% on average
in glasses; Brugier 2016; Boudoire et al. 2019), show a bi-
modal distribution with tholeiitic and alkaline affinity (Bru-
gier 2016; Valer et al. 2017), and are coeval with the central
activity (Boudoire et al. 2019).

Sampling strategy

The few studies of basalts emitted along the NWRZ (periph-
eral area) of Piton de la Fournaise have been mostly based
on (1) transitional lavas carrying an abundant amount of
olivine crystals having a polymodal distribution (in size
and composition) testifying to crystal recycling and accu-
mulation (Bureau et al., 1998a, b; Welsch et al. 2013; Valer
et al. 2017; Boudoire et al. 2019) and (2) aphyric transi-
tional basalts with a tholeiitic affinity (Bureau et al., 1998a,
b). In this study, we excluded lavas and pyroclasts carrying
abundant and potentially recycled crystals in order to focus
only on crystal-poor fast-quenched olivine basalts. Selected
basalts were emitted by NWRZ vents extensively studied for
the geochemistry of bulk rocks (Fig. 1; Walther et al. 2015;
Valer 2016; Boudoire et al. 2019).

In order to cover the whole known geochemical diversity
of basalts emitted from NWRZ vents, we selected basalts
on the basis of their bulk rock Mg number (Mg# = [Mg>*
/ (Mg?* + Fe?")] by assuming the proportion of Fe,0j is
18% in Piton de la Fournaise melts, on average; Pichavant
et al. 2016) and alkalinity index (AI; see equation above
from Rhodes (1996)). These geochemical markers allow us
to discriminate between primitive and more evolved basalts
and transitional basalts with either an alkaline (AI>0) or a
tholeiitic affinity (AI<0). We have selected fast-quenched
unaltered pyroclasts (lapilli, scoriae, bombs) to minimize
the effects of post-trapping processes that may have affected
melt inclusions composition. Such an approach allows us to
discriminate (Fig.1; Table 1):

(1) Primitive basalts (Mg# > 0.65) with either an alka-
line (Al = 0.4+0.1; Trous Blancs: TB) or a tholeiitic affin-
ity (AI = —0.3; Piton de Caille: PdC). Trous Blancs (>9
kyrs) glassy lapilli layer is here investigated also for crystal

composition and zoning, fluid inclusions and melt inclu-
sions composition, and barometry. Piton de Caille (<5
kyrs) basalts have been already analysed for crystal compo-
sition, fluid inclusions and melt inclusions composition, and
barometry (Bureau et al. 1998b). We have completed here
the PdC dataset with a study of crystal zoning.

(2) More evolved transitional basalts (Mg# = 0.60-0.62;
below Petit Cratere, BPC; Plaine des Sables fall, PdS; Piton
Haiiy, HA; Petit Cratere, PC) (Fig. 1). We studied the melt
inclusions in all these products. Below Petit Cratere (<5
kyrs) glassy lapilli were also analysed for crystal composi-
tion and zoning, fluid inclusions composition, and barom-
etry. A study of crystal zoning was also performed in basalts
from Petit Cratere (470 yrs BP). Plaine des Sables (380 yrs
BP) and Piton Haiiy (<5 kyrs) glassy lapilli were previously
analysed for crystal compositions and fluid inclusions (Bou-
doire et al. 2019), and we have completed the dataset with a
study of melt inclusions composition.

Our analyses from basalts emitted from peripheral
vents in the NWRZ were compared with published data
on basalts from the 1998-2010 period emitted in the cen-
tral area between two long periods of rest (1992-1998 and
2010-2014; Bureau et al. 1999; Vigouroux et al. 2009; Ville-
mant et al. 2009; Di Muro et al. 2014). A particular attention
was paid to basalts emitted at the Hudson central vent (H)
during the 1998 central eruption, the only one characterized
by a positive Al during this period and associated with deep
seismicity and recording high pressures of crystallization
down to the mantle depth (Bureau et al. 1999; Di Muro et al.
2016; Boudoire et al. 2019).

Lava and melt inclusions compositions are then corre-
lated with the available bulk rock composition of intrusive
rocks like dunites (D) and wehrlites (W) found as enclaves
in tephra of La Plaine des Sables (Upton et al. 2000; Peters
et al. 2016) and of gabbroic blocks (G) found scattered in
the ashes of the Bellecombe explosive event (Upton et al.
2000), whose main characteristics are reported in Table 1.

Analytical methods
Mineralogy and crystal zoning

Zoning profiles in clinopyroxenes were acquired with a
JEOL JXA-8900RL electron microprobe using 15 kV
potential and 15 nA defocused beam coupled with a 5-15
s counting time per element (University of Gottingen, Ger-
many). Relative errors are 0.5-1.5% (SiO,, MgO, FeO,
CaO, Al,05), 1-4% (Ti0,), 5-15% (Na,O, Cr,05, NiO),
and 5-35% (K,O, MnO). Electron microprobe analyses on
olivine were performed using a CAMECA SXFive at Cam-
paris (Paris, France) with 15 kV, 20 nA focused beam, and
a counting time varying from 10 to 50 s depending on the



(6661 'Te 30 neaing)
suorsn[our pmp/£30
-[erour-(£ 10T T8 19
I9[BA 6661 T8 19
neang) suorsnjour I[N
(610T
‘Te 32 axropnogq ‘600C
‘[e 19 urwe) suois
-njoul pimp-(mainal
p 10f :610T 'Te 1
anopnog) A8op.raunu
/204 Y INg-($10T T8 12
oA Id ‘600C Te 12
JUBWI[[IA “600C T8 12
XnoIno3IA ‘6661 T8 10
neang) suoisnyoul jjapy

(610€ 'Te 10 d110pnog)
£Sojproutui/suols
-njout pmypiooL ying
(610€ 'T& 12 s10pnog)
K3o[eIaurjp;/suors
-youl pIm/Aoor yng
(610T 'Te 10 s110pnog)
K3oreraurwu/suors
-n[our pIng/201 yng

(88661 'Te 10 neaing)

suorsn[our jjowy/A3oe

-IQUT/SUOISN[OUT PINy
-(910T 19[BA) Yoo1 Y[ng

(610T T8 1

axopnog G10¢ [e 10
IoyeAL) Yoo1 yIng

Suoz
-SUOISN]OUL 12

SUOISN[OUT J[9JA

suoIsn[our 39N
3uruoz-£30

-[eIQUIW-SUOISNIUT

PINy-SUOISN[OUT O

3uoz
3uruoz-£30
-[BIOUIW-SUOISN[OUL
pIng-suorsnjour 3N

8YCFOL'0 100 F 190 100F L0 (L=®T0FCT0+

2Z0000°0F29I#0L°0 010 F 290 Z00F6L0 (9pI=WZ0F #0-

8= 10F 60+

TO0F 090 CO0FLLO (II=wWTOFT0+

210000°0+09C+0L 0 = 10FVv0o+

Saavpouyy

H :(uospnpy)

1[[ide-eae] av 8661 8661 YIIBJAl
0I-86
:suoydnaa  Joa1s
yndvy-vavy avoroc=8661 =SD]2,, 010C-8661

SHpspq puonisuv.y :suoydnis .gua?)

quiog oLy 0d 242104 11ag

mpdey (eSeis A[ed) L1y > VH :Aney uoyd

SPd :1rey
nide7  (oSeisisep) 08¢ & SI[qeS SIP dure[d

= Od{ PRIBIL)
nidey sy > mad mopg
SHDSDQq [PUONISUD.I] PIA]0Ad 210wt :Suoydn.ia (pidydiiag

paq mojof
ul S|DAGULUL 2] SLIy > JPd “Anv) ap uopd
1de] 05P6 < G :SouB[g SNOAL,

spwsnq puorsuv.ay aapuirid :suondn.ad (piaydriag

(eIMyBI9)I]) SISATRUY

(Apmis siyy) sisATeuy

f0v/0RD  (TV) Xopur Aymureyy

ad£) orduwreg (d9) 8V SIS

[OoIeasal 1Y) ur parpnys syonpoid Jo (s1oxrew [eoruayd0as ‘od£) ordwes ‘o3 uondnio) sonsLIAIORIRYD UIRIA | d]qeL



mineralogy (Boudoire

et al. 2019)
Bulk rocks (Upton et al.

mineralogy (Boudoire
2016)-fluid inclusions/

et al. 2019)
Bulk rocks (Upton et al.

2000; Peters et al.
2016)-fluid inclusions/
2000; Peters et al.

Bulk rocks (Upton et al.
2000)

Analysis (literature)

Analysis (this study)

875 /%S

Mg#

1.08 £0.62 0.86 +0.04 -

4.09 £0.26 0.86 = 0.02
1.15+0.33 0.84 +0.03 -

Alkalinity index (AI) CaO/Al,O4

404 +0.2 (n = 30)
~12+09(n=23)
~0.7+ 04 (n=10)

Sample type

Granular enclaves
Granular enclaves
Granular enclaves

Age (BP)

Dunite (Piton
Chisny): D
Chisny): W
Be): G

Fonts in regular are for basalts with an alkaline affinity and in italic for basalts with a tholeiitic affinity. Geochemical markers (alkalinity index = K,O + Na,O — 0.37 x (SiO, — 39), Mg#, CaO/
Al,05) were determined for bulk rocks (Valer 2016; Valer et al. 2017; Boudoire et al. 2019), except for BPC (*) for which only glassy groundmass has been analysed. The description of analyses

performed in this study and sources of complementary published data are reported

Table 1 (continued)
Wehrlite (Piton
Gabbros (Bellecombe:

Sites

element (Appendix 1). Relative analytical error measured is
0.8—4% for concentrations >15 wt%, 6-18% for concentra-
tions in the 1-15 wt% range, and 15-100% for concentra-
tions in the 1-0.2 wt% range. Absolute error on forsterite
content (Fo) in olivine is <0.8 %.

Fluid inclusions and shrinkage bubbles

Fluid inclusions and shrinkage bubbles in melt inclusions were
analysed at room temperature at IPGP (Paris, France) using a
Horiba T64000 Raman spectrometer manufactured by Jobin-
Yvon, offering an excellent spectral resolution (<1 cm™') for
peak identification (counting time: 2x180s). Fluid inclusions
(Appendix 2) were excited using an argon ion laser at 488 nm
wavelength with an average power of 1.13W. The stabilized
laser power on the sample was not measured. Based on former
acquisitions, we consider that it was in the range 10-100 mW
and most probably lower than 100 mW because no surrounding
glass was burnt during the analyses. Laser heating of fluid inclu-
sions during analysis (>60 s per fluid inclusion) should lead to
a constant and stable temperature increase in fluid inclusions in
the range 4-100 °C above room temperature by considering the
homogeneity of host crystal radius (around 1 mm), thickness
(<400 pm), and mineralogy (olivine only in our case) (Hagiwara
et al. 2021). In our study, the temperature of the fluid inclu-
sions is estimated in the range 33-49 °C (during analyses) based
on the relation linking the temperature to the intensity of CO,
hot bands and of the Fermi dyad bands (Hagiwara et al. 2021;
Appendix 2). Such a range of temperature allowed to exceed
the critical temperature of CO, (31 °C) during the analysis.
Consistently, no moving CO, vapour bubble was detected in
fluid inclusions immediately after the analysis arguing for the
presence of a homogenous CO, phase during the analysis. As
reported by Boudoire et al. (2018) during the Raman investiga-
tion of CO,-rich fluid inclusions in other samples from Piton
de la Fournaise, no other gaseous species were detected in both
fluid inclusions and shrinkage bubbles in melt inclusions over
an extended spectral window of 200-4000 cm™".

Pressure estimates were obtained using the CO, density
deduced from the Fermi dyad split (4; van den Kerkhof and
Olsen 1990; Frezzotti et al. 2012) between the 1388 and 1285
cm™! bands, using the equation of Wang et al. (2011) cali-
brated for Jobin-Yvon Horiba spectrometer at 1800-grooves/
mm gratings with a 532-nm wavelength. This instrumental
configuration is similar to that used in our study with the
exception of the laser wavelength. However, laser wavelength
plays only a minor role in the equations (maximum difference
of 0.01 g.cm™ for CO, density calculations with 514- and
532-nm wavelengths), whereas gratings and spectral resolution
have a larger influence (up to 0.1 g.cm™ between a 600- and
a 1800-grooves/mm gratings) (Lamadrid et al. 2017). Raman
spectra have been acquired on a single window collection
according to the recommendations of Lamadrid et al. (2017).



The total uncertainty (e(TOT)) on CO, density related to the
use of the CO, densimeter of Wang et al. (2011) and to the
analysis of fluid inclusions is:

e(TOT) = \2/ e(analytical)2 + .e(temperature)2 + e(processing)2

where e(analytical) is the uncertainty related to the use of
the CO, densimeter of Wang et al. (2011), e(temperature) is
the uncertainty related to the effect on the Fermi dyad of the
heating of fluid inclusions by the laser (Hagiwara et al. 2021),
and e(processing) is the uncertainty related to spectral resolu-
tion by peak fitting (<0.014 g.cm™>; Kobayashi et al. 2012).
By comparing the CO, densimeters of Wang et al. (2011)
with those obtained with an instrumental configuration close
to that used in our study (Song et al. 2009; Fall et al. 2011;
Lamadrid et al. 2017), the maximum difference between CO,
densities (e(analytical)) is 0.019 g.cm_3 for A in the range
103.7-104.45 cm™! (covering the range of fluid inclusions)
and 0.031 g.cm™ for A in the range 102.9-103.6 cm™" (cov-
ering the range of shrinkage bubbles). This analytical uncer-
tainty overlaps also the standard deviation (0.011 g.cm™) on
the equation of Wang et al. (2011). The temperature depend-
ency of the Fermi dyad bands between 33 and 49 °C leads to
a maximum g(temperature) of 0.018 g.cm™ for A in the range
103.7-104.45 cm™" (covering the range of fluid inclusions)
and 0.012 g.cm™ for A in the range 102.9-103.6 cm™" (cov-
ering the range of shrinkage bubbles). Finally, e(TOT) in this
study is equal to 0.029 g.cm™ for fluid inclusions and 0.036
g.cm™ for shrinkage bubble.

Rare sulphate and (hydrated) carbonates were sometimes
detected in a few fluid inclusions. A similar observation was
made by Boudoire et al. (2018, 2019) who highlight that
the initial presence of a CO,-H,0O mixture has to be taken
into account by considering 10 mol% of H,O in the initial
exsolved phase that leads to a density increase not exceed-
ing 0.03 g.cm™ (equation from Hansteen and Kliigel (2008)).
Corresponding pressures were estimated with the ISOC code
provided by Bakker (2003) based on the equation of state
(EOS) of Duan et al. (1992, 1996) for (i) CO,-H,0O mixtures
(90 mol% of CO,, 10 mol% of H,O, and 0 mol% for the other
species), (ii) fluid inclusions olivine(forsterite)-host, and (iii)
a temperature of 1250 °C (intermediate temperature between
that of melt inclusions and matrix glasses; Table 3). Any
uncertainty on melt temperature results only in minor errors
on pressure (<50 MPa for a shift of 100°C).

Melt inclusions and glasses
Major, trace, and volatile elements
Major elements in melt inclusions were measured with the

CAMECA SXS5 electron microprobe at Camparis (Paris,
France) using 15 kV potential and 10 nA defocused beam

coupled with a counting time varying from 10 to 30 s
depending on the element (Appendix 3). Analytical error
measured is <1.7% for concentrations higher than 15 wt%,
3-10% for concentrations in the 2—15 wt% range, and more
than 13% for concentrations <2 wt%. Measurements were
reiterated when possible (between 2 and 7 measurements) in
order to minimize the uncertainty (Appendix 3). Concentra-
tions of volatiles in glasses (S, Cl, and P) were determined
with a 30 nA defocused beam and a longer counting time
(200 s) on peak (Appendix 3). Their accuracy was checked
using international reference glasses (VG2: S=1458 ppm
and Cl=310 ppm; ALVI98R23: S=1110 ppm). Our meas-
urements are 1423+11 ppm of S and 281+12 ppm of CI
for VG2 and 1076+47 ppm of S for ALVI8R23. Detection
limits are 46 ppm for S and 47 ppm for CL.

Trace elements in melt inclusions, glassy matrices, and
minerals were determined by laser ablation ((LA)-ICP-MS)
using a 193 ArF excimer laser system (Resonetics M50)
with a 7500 cs Agilent ICP-MS (LMV Clermont-Ferrand,
France) with helium as carrier gas for analyses (Appendix
3). Laser repetition of 2-3 Hz and a 26—44-pm diameter spot
were used. The background was measured for 30s before
ablation and acquisition. Calibration was made on a NIST
612 glass standard using CaO as the internal reference ele-
ment. Reproducibility and accuracy are better than 10% for
most elements with respect to the BCR2-G standard (Jenner
and O’Neill 2012).

Dissolved H,0

Dissolved H,O in glasses was measured by Raman spectros-
copy with a 514.5-nm wavelength argon ion laser using a
Labram HR800 spectrometer (ENS Lyon, France) equipped
with a Peltier-cooled CCD detector (Appendix 3). Analyses
were performed by focusing a 1-pm-wide laser beam (aver-
age power on the sample of 7.4 mW) through an Olympus
microscope in confocal setting with the highest magnifica-
tion (x100). Spectra were collected in the 200—1500 cm™!
(counting time of 2x30 s) and 2800-4000 cm™! (counting
time of 2X50 s) domains corresponding to the aluminosili-
cate network + CO, domains and the OH+H,0O domain,
respectively. Selected analytical conditions minimize scatter
from the embedding medium and prevent sample heating
and oxidation. Calibration was performed on a set of basaltic
reference glasses (H,Or Etna range: 0.4-3.04 wt%; Mercier
et al. 2009, 2010; Di Muro et al. 2014). Those glasses were
regularly analysed during a same session in order to check
and correct any potential instrumental drift. Water estima-
tion was obtained by external calibration on peak intensities
(H,07 band at 3580 cm™") and cross-checked with estima-
tions from the internal calibration (silicate network band
at 980 cm™!) in order to correct potential errors related to
defocusing (see Mercier et al. (2009) for a review of the



procedure). By reiterating analysis of the basaltic reference
glasses, the accuracy of the analysis was better than 0.05
wt% H,0, on average. In this study, reiteration of the meas-
urements in a same melt inclusion led also to a standard
deviation of 0.05 wt% H,O on the average of the measure-
ments that we consider as representative of the analytical
uncertainty in this study.

Dissolved CO,

Due to its low solubility in melts, quantifying the initial CO,
in melt inclusions is challenging (Venugopal et al. 2020).
Recent studies have highlighted the role of the shrinkage
bubble in the underestimation of the CO, initially dissolved
in the melt (Wallace et al. 2015; Aster et al. 2016; Tuohy
et al. 2016; Venugopal et al. 2020) and promoted the combi-
nation of several analytical methods to recalculate it (Moore
et al. 2015). In this study, we make an attempt to estimate the
initial content of CO, dissolved in melt inclusion by adding
the CO, exsolved in the shrinkage bubble ([CO2],) with that
dissolved in the glass ([CO2]y,,)-

In the absence of carbonates in shrinkage bubbles (no
peaks in the 1040—1100 cm™~! Raman spectra; Frezzotti et al.
2012), the CO, content in shrinkage bubbles ([CO2]) was
calculated using the formula of Hartley et al. (2014):

dcop X Ry,
d X R

glass

[CO2],(ppm) = 10° x

glass

where dcq, is the CO, density (g.cm™>) of the shrink-
age bubble estimated by the use of the Fermi dyad (see the
methodology for fluid inclusions above) with an uncertainty
of 0.036 g.cm™ and dy1as 18 the glass wet density (g.cm™)
calculated from the equation of Lange and Carmichael
(1987) based on the composition of melt inclusion (ranging
from 2.63 to 2.72 g.cm™ in this study). R/Ryjqs 1 the ratio
between the volume of the shrinkage bubble and the glass,
respectively. The petrographical estimation of this ratio
assuming an ellipsoid and a sphere as representative of the
melt inclusion and of the shrinkage bubble, respectively,
may lead to a significant uncertainty due to the potentially
irregular shape of melt inclusion (£10%; Hartley et al. 2014;
Hanyu et al. 2020). To overcome this difficulty, we used
the computational method of Riker (2005) that predicts the
pre-eruption shrinkage bubble volume fraction as a func-
tion of the difference between trapping temperature and
pre-eruption temperature. Both temperatures were estimated
from the composition of the glass in the melt inclusion and
of the embayment by using the thermometer of Helz and
Thornber (1987), recalibrated by Putirka (2008). Predicted
fraction of the shrinkage bubbles is lower than 1.9% in this
study. Petrographical control performed on two melt inclu-
sions has revealed that the absolute difference between

measured and estimated volume fraction of the shrinkage
bubble is lower than 0.2% of the total volume in this study.
This value is considered as representative of the uncertainty
on volume fraction in this study. Only melt inclusion with a
single shrinkage bubble and an apparent bubble volume frac-
tion lower than 5% was investigated to avoid the analysis of
pre-eruptive vapour bubbles trapped during crystal growth
(Hanyu et al. 2020).

The residual CO, dissolved in the glass ([CO2]y,,,) Was esti-
mated by the use of the thermodynamically based model for
the solubility of H,O-CO, in silicate melt of Duan (2014) that
is valid over a wide range of temperature, pressures, and melt
compositions. Estimations of the residual dissolved CO, content
with this model were performed by considering (i) the dissolved
H,0 content determined by Raman spectroscopy and (ii) the
pressure estimation from the CO, density of the shrinkage bub-
ble (see details above). The variability on CO, content by taking
into account the uncertainties on H,O measurements and pres-
sure estimation does not exceed 200 ppm of CO,. Duan (2014)
reports an additional uncertainty of 9.7% on the estimation of
the CO, estimation in his model.

Results (with all the uncertainties described above) and
details are provided in Table 3, together with some FTIR
measurements performed in glassy melt inclusions.

Correction from post-entrapment processes

Melt inclusions were corrected for post-entrapment crys-
tallization (PEC) on the basis of olivine-melt equilibrium
(Kp=0.306; Fisk et al. 1988) and of clinopyroxene-melt equi-
librium (Kp=0.27; Putirka 2008). These equilibrium values are
in accordance with (i) recent and various experimental results
obtained on Piton de la Fournaise melts (Brugier 2016) and (ii)
conclusions from the modelling of predicted K, as a function of
the pressure, melt composition, and water content through the
AlphaMELTS code (Boudoire 2017). At Piton de 1a Fournaise,
Fe?*/Fe** in spinel ranges from 1.31 to 2.19 (1.83 in average).
The correlation between forsterite content in olivine and the
Fe?*'Fe** of hosted spinel (Bureau et al. 1998b; Boudoire 2017)
was used to estimate the Fe>*/Fe" in basaltic melts (Maurel and
Maurel 1982).

PEC values (see Appendix 3 for a full description) range
from 0.1 to 5.8 % in melt inclusions from evolved periph-
eral basalts with an alkaline affinity (BPC, CHI, HA) to
6.3-12.4% in those from primitive peripheral basalts with an
alkaline affinity (TB). A few primary melt inclusions trapped
in clinopyroxene crystals from Trous Blancs lavas and to a
minor extent some primary melt inclusion in olivine crystals
from La Plaine des Sables fall display a negative PEC per-
centage (down to —21%). These negative PEC percentages
may reflect post-trapping dissolution of the walls of the host
crystals (see Discussion). Melt inclusions from evolved periph-
eral basalts with a tholeiitic affinity (PC) undergo weak PEC



in olivine (2.6-7.2%) but record large PEC in clinopyroxenes
(16.0-22.1 %). In order to select PEC threshold able to limit
the influence of PEC on recalculated melt inclusions com-
position, we filtered melt inclusions based on the Mahalano-
bis distance method through a homemade Python code. This
method allows recognizing outliers in multivariate datasets
(De Maesschalck et al. 2000). A greater dispersion in major
elements (CaO, SiO,, MgO, FeOy) contents (i.e. a higher fre-
quency of outliers for each major element) is evidenced for
PEC threshold >7.5 %, on average. For instance, Boudoire
(2017) reports a greater variability of the FeO content in melt
inclusions for PEC values >7.5 % (26 = 3.4 wt%) than for PEC
values <7.5 wt% (26 = 2.2 wt%). Consequently, we retained
only melt inclusions corrected from a PEC ranging from O to
7.5% (31 melt inclusions for 51 analyses performed) in order
to minimize any bias related to the post-trapping processes.

Following the recommendations of Boudoire (2017) for the
investigation of melt inclusions at Piton de la Fournaise, Fe
loss correction (Danyushevsky et al. 2000; Gaetani and Wat-
son 2002; Davis et al. 2003) was not applied in order to not
introduce a bias due to the natural variability of FeO content
in melt inclusion potentially linked to various extents of early
clinopyroxene crystallization. Fe loss effect was only inferred
for some melt inclusions in crystals from lavas erupted in the
central area that are not the scope of this study. On the con-
trary, melt inclusions in crystals from tephra erupted in the
peripheral area (like those investigated in this study) do not
show evidence of Fe loss effect as testified by (i) the absence of
systematic S loss related to the formation of sulphur globules
(Danyushevsky et al. 2000), (ii) the absence of MgO enrich-
ment, and (iii) the position of the melt inclusions close to the
bulk rock-matrix glass line (see Boudoire (2017) for a com-
plete discussion). As potential Fe loss is expected to significa-
tively affect FeO and MgO content only (Tuohy et al. 2016;
Boudoire 2017), this effect is even more limited in our study
by excluding melt inclusions whose PEC is higher than 7.5%
that have the largest variability in composition.

Results
Crystal zoning
Olivine

The composition of olivine phenocrysts in the primitive
basalts with an alkaline affinity (TB) from NWRZ periph-
eral vents ranges from Fogq | to Fog; ; (Fig. 2; Appendix
4). A main mode is identified at Fogg 5_g7, close to the
equilibrium with the bulk rock (Fig. 2) and similar to that
reported in primitive products with a tholeiitic affinity
(PdC) from the same area (Fogs_g7; Bureau et al. 1998b).

In more evolved basalts (BPC) from the NWRZ, olivine
composition is more iron-rich and ranges from Fog, ¢ to
Fogs g, with a main mode at Fog, 5_g5 at the equilibrium
with the hosting melt (Fig. 2; Appendix 4). This mode
is consistent with that at the equilibrium with bulk rocks
in other evolved basalts with an alkaline affinity (PdS,
HA, PC; Fogs g5) in the same area (Fig. 2; Boudoire et al.
2019).

In TB and PdC primitive basalts from the NWRZ area,
the most magnesian olivine phenocrysts (i.e. Fo,gs) are
unzoned (10 profiles; Fig. 3a, b). Only a few rare crystals
with iron-rich cores were identified (Fo_g,). These inher-
ited crystals show a progressive reverse zoning towards
Fogs_gs 5 rims (2 profiles; Fig. 3¢).

In more evolved basalts from the NWRZ, the same pat-
tern is observed: olivine crystals whose core composition
is at the equilibrium with the hosting melt (Fog; g5 in BPC)
are unzoned (3 profiles). Conversely, olivine crystals with
iron-rich cores (Fog,_g3) are reversely zoned (4 profiles;
Fig. 3d). For these inherited crystals, forsterite content
is constant on the first 100-200 pm of the core and then
progressively increases towards the rim (Fog, gs).

In order to avoid the analysis of melt inclusions in
inherited crystals retrieved during magma ascent, only
unzoned homogeneously sized (>0.5 mm) olivine phe-
nocrysts at the equilibrium with the hosting melt or even
more magnesian were analysed for melt inclusions (Fig. 2).

Clinopyroxene

In the NWRZ area, clinopyroxene phenocrysts are abun-
dant in primitive basalts with alkaline affinity (TB; Appen-
dix 5). Their average composition (EnsyWo,,Fs () falls in
the range of augitic composition previously reported in
other peripheral clinopyroxene-bearing lavas (Appendix
5; Boudoire et al. 2019). Using a K, = 0.27 for Fe-Mg
partition between melt and clinopyroxene (Putirka 2008;
Brugier 2016), we found that these clinopyroxenes are
slightly more evolved (Mg# = 84) than expected from the
composition of their host bulk rock (Mg# = 87).

In the more evolved basalts from NWRZ vents (PC;
Appendix 5), augite phenocrysts have an average compo-
sition (EnygWo34Fs;,) similar to that analysed in primi-
tive basalts with an alkaline affinity (TB). In these more
evolved basalts, augite phenocrysts (Mg# = 0.85+0.02) are
in equilibrium with the hosting bulk rock (Mg# = 0.85).

In primitive basalts from peripheral vents along the
NWRZ (TB), the compositions of clinopyroxene cores and
rims are indistinguishable. Conversely, clinopyroxene phe-
nocrysts in more evolved basalts from NWRZ vents (PC)
present both sector zoning in cores (crystal growth effect;
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Fig.2 Range of forsterite contents of olivine crystals in transitional
basalts of Piton de la Fournaise. The analyses performed in this study
are highlighted with continuous lines. Analyses from previous stud-
ies are highlighted with dashed lines (see Boudoire et al. (2019) for a

Kouchi et al. 1983; Mollo et al. 2010; Hammer et al. 2016)
and oscillatory zoning in rims (Fig. 4; Fig. 5a, b). High-
resolution (2-5 pm) elemental profiles from crystal core to
rim (section cut across the c-axis; Fig. 5) reveal a progres-
sive Mg depletion anticorrelated with Cr-Ti enrichment in
cores, followed by various steps of Mg-Cr enrichment and Ti
depletion towards the rims. The Mg-Cr-rich bands are often
preceded by resorption surface (dark arrows on Fig. 5). Fe

review). Numbers are the composition of olivine composition at the
equilibrium with the hosting bulk rock. Filled coloured ranges are the
composition of olivine crystals hosting melt inclusions described in
this study

contents and Ti/Al ratios are almost flat in most parts of the
profiles (core and mantles) and increase close to the rim,
independently of the oscillatory zoning (Fig. 5a).

Fluid inclusions

Measurements (46) of CO, fluid inclusions were performed
in olivine phenocrysts from TB and BPC basalts to complete



the dataset available on basalts from peripheral vents along
the NWRZ (Table 2; Bureau et al. 1998b; Boudoire et al.
2018, 2019). Even rare, isolated, and primary (Fig. 6a) CO,
fluid inclusions are predominant in olivine phenocrysts of
our samples. Secondary CO, fluid inclusions are only ubiq-
uitous in rare olivine crystals not at the equilibrium with the
hosting melt (Fig. 6b).

The density of the mixture CO,+H,0 (90+10%) var-
ies from 0.06 to 0.79 g.cm™> without systematic difference
between primary and secondary fluid inclusions. The cor-
responding pressures, which correspond to minimum trap-
ping pressures (Hansteen and Kliigel 2008), range between
3.3 and 4.4 kbar for fluid inclusions in olivine crystals from
primitive basalt with an alkaline affinity (TB; Table 2). Inter-
estingly, they overlap with the pressure domain reported
from primitive basalts with tholeiitic affinity (3.1-5.7 kbar
for PdC; Bureau et al. 1998b). The Prg,, 120, determined
between 0.4 and 4.6 kbar for the more evolved BPC basalts,
are in full agreement with those measured in other basalts
with either a tholeiitic or an alkaline affinity emitted in the
peripheral area along the NWRZ (Boudoire et al. 2019).

Melt inclusions

Melt inclusions (MIs) described in this study have been ana-
lysed far from cracks and do not present evidence of post-
trapping crystallization as oxides and daughter minerals.
Their longest axis varies from >200 pm to <50 pm inde-
pendently of the hosting olivine composition. They present
a well-rounded shape, are glassy, and often host a single
shrinkage bubble (Fig. 6¢). Because up to 80-90% CO, can
diffuse into this bubble, the inferred initial CO, in melts can
be highly underestimated (Moore et al. 2015; Aster et al.
2016). Hence, we tried to retrieve the CO, amount initially
dissolved in the melt by measuring the P, into the bubble
and the dissolved H,O content (Table 3). The few melt inclu-
sions hosting several bubbles and potentially trapping a deep
exsolved fluid phase were not taken into consideration for
the recalculation (Fig. 6¢). Trail of fluid inclusions tracking
volatile leakage from melt inclusions by decrepitation are
sometimes present but rarely optically resolvable (Fig. 6d).

Major elements

The most magnesian melt inclusions (MgO = 10.8-11.2
wt%; CaO/Al,O; = 0.82-0.83) described at Piton de la
Fournaise are hosted in olivine Fo g5 of TB basalts (Fig. 7a;
Table 4). Most of them (the inclusion Fog; ; on Fig. 7b) have
a positive alkalinity index (Al up to 0.7), which is corre-
lated with high contents in alkali elements (K,O + Na,O
= 3.4-3.7 wt%), in P,05 (0.30-0.34 wt%), and in TiO,
(2.5-2.8 wt%) and a low content in SiO, (<48 wt%; Fig. 7c).

A few melt inclusions (the inclusion Fog, ; in Fig. 7b) have a
tholeiitic affinity (Al down to —1.4), which is correlated with
lower content in alkalis (K,0 + Na,O = 3.0-3.1 wt%), in
P,05 (0.18-0.28 wt%), and in TiO, (2.4-2.5 wt%) and higher
content in SiO, (49-51 wt%; Fig. 7c). The composition of
this second group is fully comparable with that previously
described in other high magnesian olivine crystals from
lavas having a tholeiitic affinity (PdC: Bureau et al. 1998b;
H: Bureau et al. 1999).

Melt inclusions in Fo_gs in BPC, PdS, and HA basalts
display lower MgO contents (7.5-10.4 wt%) and CaO/Al,04
ratio (0.71-0.87). Their contents in alkali elements (K,O +
Na,O = 3.0-3.9 wt%), in P,05 (0.26-0.40 wt%), in TiO,
(2.3-3.0 wt%), and in SiO, (47-49 wt%) span the full range
of compositions between the two poles observed in the most
magnesian melt inclusions. Interestingly, similar variability
is observed for melt inclusions previously analysed in oli-
vine crystals from basalts emitted in the central area (Fig. 7).

In our dataset, the most evolved melts correspond to (1)
melt inclusions in Fo_g, olivine crystals and En,;Wo3Fs 4
clinopyroxene (MgO = 5.7-6.5 wt%; CaO/Al,0; =
0.66-0.96) from PC basalts and (2) most of matrix glasses in
all samples (MgO = 4.4-7.7 wt%; CaO/Al,05 = 0.60-0.79).

Trace elements

The composition of high magnesian melt inclusions (TB)
covers a relatively large range of compatible (Ni = 57-180
ppm; Co = 34-50 ppm; Fig. 8a, b, ¢), highly incompatible
(Th =1.4-2.5 ppm; La = 13-21 ppm; U = 0.39-0.60 ppm;
Fig. 8d, f), and alkali (Ba = 94-202 ppm; Rb = 12-26 ppm;
Fig. 8e) trace elements. Melt inclusions with a well-marked
alkaline affinity (inclusion Fog, |, hereafter called “Pole
1) are characterized by high contents in alkali (Ba, Rb)
and highly incompatible (Th, La, U, Pb, Nb) trace elements
(Appendix 3). Surprisingly, contents in highly compatible
trace elements (Ni, Co, Sc) do not decrease (and in some
cases increase) with the increasing contents in highly incom-
patible trace elements like Th (Fig. 8a, b, c).

The composition of more evolved melt inclusions (BPC,
PdS, HA) covers an even larger range of trace elements con-
tents that overlaps previous published data (Fig. 8; Di Muro
et al. 2014; Valer 2016; Valer et al. 2017). Among more
evolved melt inclusions, we address here the peculiar com-
position of two melt inclusions labeled Fog, 5 and Fog, 4 in
Fig. 8. Together with the inclusion Fog; ; (Pole 1) from TB,
they mostly bracket the trace element geochemical diversity
described in this study. The first one (inclusion Fog, 3, here-
after called “Pole 2”) displays a similar content in compat-
ible trace elements (Ni = 146 ppm; Co = 45 ppm) than Pole
1 (inclusion Fog, ;) but is more depleted in both alkali (Ba
= 94 ppm; Rb = 12 ppm) and incompatible (Th = 1.6 ppm;
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«Fig. 3 Representative zoning profiles (Fo content) in olivine crystals
from a Trous Blancs (TB), b, ¢ Piton de Caille (PdC), and d below
Petit Cratere (BPC) transitional basalts. The analytical uncertainty is
reported for each point of the profiles

La = 15 ppm; U = 0.44 ppm) trace elements. The second
one (inclusion Fog, 4, hereafter called “Pole 3”) displays a
similar content in highly incompatible trace elements (Th
= 2.6 ppm; La =22 ppm; U = 0.72 ppm) than Pole 1 but is
more enriched in compatible trace elements (Ni = 353 ppm;
Co = 59 ppm) and depleted in alkali trace elements (Ba =
140 ppm; Rb = 18 ppm).

As a matter of fact, the trace element composition of most
melt inclusions lies between that of these three peculiar
melt inclusions. For instance, ratios of variably incompat-
ible trace elements such as La/Yb and Th/Yb mostly range
between 8.6+1.4 and 11.4+1.9 and between 0.9+0.1 and
1.440.2 based on Pole 2 and Pole 1, respectively. Some
ratios of highly incompatible trace elements (Ba/Th, Rb/
Th, Nb/U, Ce/Pb) also show significant variations (Appendix
3). For instance, Ba/Th ranges between 53+7 and 83+13 in
Pole 3 and Pole 1, respectively (Fig. 8e). On the contrary,
other ratios, as La/Th and Th/U, do not show significant
variations (= 8.5+1 and 3.6+0.5, respectively), with the
exception of the matrix glasses, which are variably depleted
in U independently on their composition in major elements
(Fig. 7, Fig. 8f).

Volatiles

The composition of high magnesian melt inclusions (TB,
PdC) covers also a relatively wide range of volatiles contents
(H,O = 0.4-1.4 wt%; S = 585-3709 ppm; Cl = 210-418
ppm). This range is similar to that previously defined by
Bureau et al. (1998b) in melt inclusions in high magnesian
olivine crystals from Hudson basalts (Fig. 9). Melt inclu-
sions with a well-marked alkaline affinity (Pole 1) show
high ratios of both highly and variably incompatible trace
elements (Fig. 8) and also high CI content (Cl = 338 ppm;
Fig. 9a). On the opposite, those with a tholeiitic affinity
(Pole 2 and PdC), having low ratios of highly and variably
incompatible trace elements, display low Cl content (Cl =
184 ppm). Unfortunately, no data are available on dissolved
volatiles and major elements for Pole 3, defined only on the
basis of trace elements. However, melt inclusions with a
composition in trace elements close to Pole 3 range inter-
mediate between Pole 1 and Pole 2 in both Cl content and
alkalinity. No noticeable systematic difference is observed
regarding other volatiles such as H,O (1.2+0.2 wt%) and
S (1797+91 ppm) between these endmembers (Fig. 9b, c).
A large variability of S (from 1706 to 585 ppm) and H,O
contents (from 1.4 to 0.4 wt%) can occur (TB) but with-
out noticeable variations in K,O (0.9-0.8 wt%) and FeO-

(10.6-11.6 wt%) contents or PEC (4—6 %) and independently
of the size of the melt inclusions.

The compositions of more evolved melt inclusions in oli-
vine crystals from magmas emitted in both NWRZ (periph-
eral) and central areas broadly range between the composi-
tions of the two endmembers Pole 1 and Pole 2 described
above (Fig. 9a). An overall decrease in Cl, H,O, and S con-
tents is observed from evolved melt inclusions in olivine
crystals from lavas from NWRZ vents (Cl = 306+77 ppm;
H,0 = 1.1+0.2 wt%; S = 1556+321 ppm) to those from
central vents (Cl = 269+50 ppm; H,0 = 0.8+0.2 wt%; S
= 10324237 ppm) and matrix glasses (Cl = 237+29 ppm;
H,0 = 0.2+0.1 wt%; S = 288+309 ppm). We estimate that
the extent of Cl degassing from matrix melts does not exceed
23% with respect to the pre-eruptive concentrations recorded
by melt inclusions (black arrows on Fig. 9). Early sulphide
saturation buffers the maximum pre-eruptive S concentration
in the mafic melts from eccentric vents (Fig. 9c).

Dissolved CO, content in melt inclusions is highly vari-
able for a same product (Table 3). For high magnesian melt
inclusions (TB), recalculated CO, contents span a very large
range from 13+156 ppm to 3029+564 ppm overlapping pre-
vious estimates made at Piton de la Fournaise without taking
into account the CO, content trapped by the shrinkage bub-
ble (PdC, 775-1765 ppm; Hudson, up to 4317 ppm; Bureau
et al. 1998b, 1999). For more evolved melt inclusions, recal-
culated CO, contents also cover a large range from 283+259
to 1518+152 ppm.

Discussion

New insights on magma ponding and degassing
at Piton de la Fournaise

Both pressures from CO,-rich fluid inclusions or recalcu-
lated CO,-H,O saturation pressures in melt inclusions (Duan
2014) are undistinguishable between melts emitted along
the NWRZ having either an alkaline or a tholeiitic affinity
(Tables 2, 4).

The pressure distribution recorded by fluid inclusions
brings the evidence of two main barometric modes and
points out two levels of entrapment or reequilibration and
multi-stage magma ascent (Figs. 10a, 11; Hansteen and
Kliigel 2008). The first and shallowest mode, at 0.3 kbar,
is mostly recorded by fluid inclusions in olivine crystals
from central lavas and highlights a well-constrained stor-
age zone located close to sea level below the summit cone
(Gallart et al. 1999; Peltier et al. 2009; Lénat et al. 2012;
Di Muro et al. 2014; Fontaine et al. 2015; Lengliné et al.
2016). The second and main mode at 4.2 kbar is represented
by the majority of fluid inclusions investigated in olivine
crystals from eccentric magmas emitted along the NWRZ
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Fig.4 BSE imagery of sector-zoned clinopyroxene in Petit Cratere (PC) bombs. a Section cut across the c-axis. b Section cut along the c-axis. 1,
Mg-Si-rich and Ti-Al-Cr-poor core dark sectors. 2, Ti-Al-Cr-rich and Mg-Si-poor core bright sectors. 3, oscillatory zoning at the rims

and corresponds to the depth of the underplating layer at
the mantle-crust transition (10—15 km below sea level;
Figs. 10a, 11). A similar pressure mode was also identi-
fied by clinopyroxene barometry performed on lava samples
erupted within the NWRZ (Boudoire et al. 2019). Higher
pressures are rarely recorded by fluid inclusions (up to 5.7
kbar; PdC; Table 2) but testify to even deeper levels of crys-
tallization located in the mantle (Figs. 10a, 11; Hansteen and
Kliigel 2008) as suggested by geophysical studies (Fontaine
et al. 2015). The mantle-crust underplating layer is thus the
main level recorded in the most magnesian olivine crystals
cargo at Piton de la Fournaise and is the site of entrapment
of a CO,-rich fluid phase and of fluid inclusion reequilibra-
tion at high pressure.

We note that the average saturation pressure from melt
inclusions is in most cases lower than that estimated from
fluid inclusions in crystals from lavas emitted along the
NWRZ (Fig. 10b; Table 4). The fluid inclusion barometry
fully confirms that the CO,-H,O saturation pressures cal-
culated on the basis of the dissolved contents of these two
species are variably and potentially strongly underestimated,
because of the diffusion of CO, into the shrinkage bubble
(Fig. 6¢c; Wallace et al. 2015; Aster et al. 2016; Tuohy et al.
2016). A good agreement between fluid and melt inclusion
barometry is observed in rare melt inclusions either hosted
in magnesian olivine crystals from Hudson basalts (Bureau
et al. 1999) or recalculated by taking into consideration the
effect of the shrinkage bubble (our study). We found that the
effect of the shrinkage bubble induces a pressure shift up to
3 kbar in our reconstructed melt inclusions as observed for
some melt inclusions from Hudson olivine crystals (black
arrow on Fig. 10b). Our results are consistent with previ-
ous findings of MacLennan (2017) who suggested that the

underestimation of the CO,-H,0 saturation pressure in melt
inclusions is generally <2.5 kbar and that less than 5% of
melt inclusions are unaffected by this effect.

Our data on melt inclusions with an alkaline affinity
provide a new opportunity to reconstruct magma evolution
and degassing at Piton de la Fournaise starting from the
mantle depth, below the NWRZ. We modelled the evolution
of dissolved CO,-H,0 in melts following both open- and
closed-system degassing (1) assuming an initial content of
dissolved CO, of 1.1 wt% in Piton de la Fournaise melts
ponding at 10 kbar (Boudoire et al. 2018) and (2) starting
from an initial dissolved water content of 1.4 wt% (Fig. 10b).
This H,O content corresponds to that measured in the most
magnesian melt inclusions with an alkaline affinity (Pole 1;
Table 4) and strikingly matches those with a tholeiitic one
(1.3 wt%; Di Muro et al. 2014). Even if melt inclusions show
a variable H,0O/K,O ratio that cannot totally rule out the role
of some source effects (as discussed further), the H,0/K,0
variability mainly results from quite constant H,O contents
at variable K,O contents (maximum of 1.3 and 1.4 wt% H,O
for high magnesian melt inclusions with a tholeiitic or an
alkaline affinity, respectively). This behaviour mirrors a pos-
sible buffering of the H,O content dissolved in melts pond-
ing at the depth of the mantle-crust underplating layer, i.e. at
the level of important reequilibration processes as suggested
above (Boudoire et al. 2019).

Our data from recalculated CO,-H,O contents in melt
inclusions with an alkaline affinity deviate from the mod-
elled degassing trends because of higher CO,/H,0 ratios.
This behaviour is commonly reported in many basaltic vol-
canic systems (see Métrich and Wallace (2008) for a review)
where high CO,/H,0 ratios in melt inclusions, with respect
to predicted degassing models, have been attributed to (1)



Fig.5 Backscattered electrons
(BSE) imagery of sector-zoned
clinopyroxene in Petit Cratére
(PC) bombs. Elemental profiles
are reported with an analytical
spacing varying between 5 pm
(a) and 2 pm (b, c, d). The ana-
lytical uncertainty is reported
for each point of the profiles.
Only the most significative
compositional changes are high-
lighted (filled coloured bars)
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Table 2 Range of CO, densities and pressure calculation from fluid inclusions

Number of  FI density Pressure
analysis (g.cm_3) (kbar)
dmin dmax P min P max
Peripheral eruptions: primitive transitional basalts Trous Blancs (TB)* 5 0.66 0.77 33 4.4
Piton de Caille (PdC) 3.1 5.7
Peripheral eruptions: more evolved transitional basalts Below Petit Cratere (BPC)* 41 0.06 0.79 0.4 4.6
Piton Chisny (CHI) 3.8 4.3
Piton Haily (HA) 4.2 4.7
Petit Cratére (PC) 3.3 3.3
Central eruptions: transitional basalts Classical eruptions (98-10) 0 0.9
March 1998 (H) 35

“for new data documented in this study. In italic, transitional basalts with a tholeiitic affinity. The uncertainty on the estimated pressures using
the Fermi dyad (Raman spectroscopy) is lower to 0.4 kbar (see Methods)

Fig.6 Transmitted light micro-
photographs of fluid and melt
inclusions in olivine crystals
from basalts emitted along the
NWRZ. a Primary fluid inclu-
sion in an olivine crystal from
Trous Blancs basalts (TB). b
Trail of secondary fluid inclu-
sions in an olivine crystal from
below Petit Cratere (BPC). ¢
Well-rounded primary melt
inclusions in olivine from Petit
Cratere basalts (PC). A single
gas bubble is present. d Well-
rounded primary melt inclu-
sions in an olivine crystal from
the Plaine des Sables fall (PdS).
Many gas bubbles are present
in the melt inclusion. Note the
presence of a trail of micro-fluid
inclusions that could indicate a
potential volatile leakage from
melt inclusions

Primary fluid inclusion

post-trapping processes as H,O loss by diffusion across
olivine crystals (Massare et al. 2002; Gaetani and Watson
2002; Bucholz et al. 2013) and/or (2) pre-trapping processes
affecting magmas (Baker et al. 2005; Spilliaert et al. 2006;

Witham 2011). In our case,

(1) We show that no correlation is observed between H,O

content, FeO content, and PEC percentage for the melt
inclusions discussed in our study (Appendix 6a). That
minimizes the role of H,O loss by reequilibration and/
or diffusion across olivine crystals (Danyushevsky et al.
2000; Gaetani and Watson 2002; Massare et al. 2002;

2

“Secondary

A

Melt inclusion

200 pm

Multiple
Bubbles

Bucholz et al. 2013; Albert et al. 2019). Water loss can
be discarded in our study by considering the absence of
daughter minerals in melt inclusions and the primitive
nature of the entrapped melt (Sobolev and Chaussidon
1996).

The initial dehydration can thus preferentially be
attributed to processes affecting melts before their
trapping as melt inclusions like (i) mixing between
deep primitive gas-rich melts and shallower more
evolved degassed melts (Witham 2011; Myers et al.
2014), (ii) disequilibrium degassing (Baker et al. 2005;
Gonnermann and Manga 2005; Pichavant et al 2013;
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Fig.7 Composition in major elements of melt inclusions, corrected » 1.0 R
for PEC, and matrix glasses. a MgO vs. CaO/Al,O; with the distinct \E’

groups of lavas usually defined at Piton de la Fournaise (Lénat et al. ; G
2012; Valer et al. 2017). b Alkalinity index Al vs. CaO/AlL,O5. ¢ SiO, 0.9 1

vs. K,O. Grey area is the composition range of melt inclusions and
matrix glasses from the 1998-2010 central products. The composi-
tions of ultramafic enclaves are pointed by the black arrows (D, dun-
ite; W, wehrlite; G, gabbros). Dashed lines are predicted melt evolu-
tion following a wehrlitic differentiation trends. Numbers represent
the forsterite contents of the hosting olivine crystals

87.7
A

0.8 87.1 (Pole 1)

0.7 1

CaO/ALO,

0.6 A

Yoshimura 2015), and/or (iii) CO, flushing affecting
dissolved volatile ratios (Spilliaert et al. 2006; Collins
et al 2009; Blundy and Cashman 2008; Métrich et al. 05
2010). On the one hand, the absence in our dataset

on melts emitted along the NWRZ of reverse correla-

tion between H,O and K,O contents (Fig. 9b) permits 1.0
to exclude the role of magma mixing between primi-
tive gas-rich melts and more evolved-degassed melts.
On the other hand, the slight correlation (R? = 0.55)
between H,O and S contents (Appendix 6b) does not
support the hypothesis of a disequilibrium degassing
due to the low diffusivity of S with respect to H,O
and CO, in basaltic melts (Pichavant et al. 2013).
Conversely, Boudoire et al. (2018) have recently high-
lighted that about 68 wt% of the initial CO, in Piton
de la Fournaise melts is already exsolved in the upper
mantle, as expected owing the CO, dependence on the \ \
pressure (Métrich et al. 2014; Di Muro et al. 2016). 05 , !
We stress that massive early-stage CO, exsolution may 20 15 10
percolate within the upper part of the plumbing system
and increase the CO,/H,O ratio with respect to the
equilibrium degassing trends.

4 6 8 10 12

MgO (wt%)

0.9 1

0.8 A

0.7 1

CaO/Al,O,

0.6

-0.5 0.0 0.5 1.0 15
Alkalinity Index

Our combined barometric results from fluid inclusions
and melt inclusions make the mantle-crust underplating
layer the locus of magma ponding and degassing beneath
the NWRZ (Bureau et al. 1998a; Liuzzo et al. 2015; Bou-
doire et al. 2018), favouring CO,/H,0O increase in magmas as
recorded by melt inclusions in olivine crystals from periph-
eral lavas emitted along the NWRZ.

K,O (Wt%)

Alkali enrichment by degassing-induced
clinopyroxene crystallization and mixing

0.0 T T T T 1
between variably evolved melts 47 48 49 50 51 52
SO, (Wt%)

The role of clinopyroxene in controlling the deep and early

. . . Central vents
evolution of Piton de la Fournaise magmas has been exten-

Melt inclusions & Matrix glasses

Peripheral vents
Primitive basalts with an alkaline-affinity

sively discussed since the pioneering work of Albarede et al. A Meltinclusions (1998-2010)
. . A Matrix glasses @  Meltinclusions
(1997). We have shown that the trend of alkali enrichment Primitive basalts with a tholeitic-affinity (March 1998 - Hudson)
recorded by evolved melt inclusions and mostly in matrix A Meltinclusions @ Secondary melt inclusions
. . More evolved transitional basalts
glasses occurs together with CaO/Al,O; decrease and SiO, A Melt inclusions

enrichment. A similar trend of evolution was documented for Matrix glasses
bulk rocks at Piton de la Fournaise and attributed to the role
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Fig. 8 Composition in compatible (a, b, ¢) and incompatible (d, e, f)
trace elements from melt inclusions and matrix glasses. Clinopyrox-
ene and olivine composition from Appendix 1. Intersection of dotted
lines at 0. Same symbols and legend as in Fig. 7. Grey areas are melt

of late clinopyroxene fractionation (Boudoire et al. 2019).
Our study of melt inclusions and in particular of dissolved
volatile elements provides a new look on the conditions of
deep clinopyroxene stability in the range 3—6 kbar and its
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inclusion compositions in olivine crystals from central products from
the major April 2007 caldera forming eruption (Di Muro et al. 2014).
Data from peripheral basalts (brown filled area) from Valer (2016)
and Valer et al. (2017)

link with the observed enrichment in alkalis in Piton de la
Fournaise residual melts.

With respect to the initial melt composition calculated
by Boudoire et al. (2019) and used to model melt evolution
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Fig.9 Dissolved volatile contents in melt inclusions (recalculated)
and matrix glasses. a K,O vs. Cl. b K,O vs. H,0. ¢ K,O vs. S. Grey
area is the composition range of melt inclusions and matrix glasses
from the 1998-2010 central products. Same symbols as in Fig. 7. The
“crystallization and degassing” trends fit melt inclusions and related
matrix glasses with respect to the differentiation trends defined in
Fig. 7

at Piton de la Fournaise (AlphaMELTS code; Asimow et al.
2003; Ghiorso et al. 2001; Ghiorso and Sack 1995), we
model here the evolution of PdF magmas starting from
most magnesian melt inclusion documented in our study
(inclusion Fog; ; in TB; H,O = 1.4 wt%; Table 4). Oxygen
fugacity was fixed at NNO-0.5 based on the review of Piton
de la Fournaise melts made by Pichavant et al. (2016). Nev-
ertheless, oxygen fugacity variability is not expected to
play a major role in the Piton de la Fournaise fractiona-
tion sequence (Boudoire et al. 2019). Initial temperature
(1280 °C) was estimated from the MgO thermometer of
Helz and Thornber (1987) modified by Putirka (2008).
The results of a simulated simple fractionation process
(red lines on Fig. 11a) highlight that olivine is the first
phase to crystallize and clinopyroxene appears at 1190
°C (6 kbar) and 1140 °C (3 kbar) in H,O-rich melts (1.6
wt%). While these trends fit the composition of lavas from
NWRZ peripheral vents (Boudoire et al. 2019), they do
not fit the composition of more evolved melt inclusions
and matrix glasses described in this study. Conversely, in
more dehydrated melts, i.e. H,O = 0.4-0.5 wt%, like the
most water-poor melt inclusions (Fig. 10b), clinopyroxene
starts fractionating at higher temperature, between 1230°C
(at 6 kbar) and 1180°C (at 3 kbar). Modelled differentia-
tion trends (blue lines on Fig. 11a) better fit with most
of water-poor evolved melt inclusions and matrix glasses
and overlap uncorrected composition of melt inclusions in
TB clinopyroxenes (Fig. 11a; Appendix 3). Our modelling
supports the idea that decrease in dissolved water at high
pressure, possibly induced by extensive CO, flushing at
the depth of the mantle-crust underplating layer can play
a major role to control the stability of clinopyroxene with
respect to olivine. Conversely, inputs of hot volatile-rich
melts can destabilize and dissolve the early formed clino-
pyroxene (Boudoire et al. 2019). This process is fully con-
sistent with recent experimental studies made on Piton de
la Fournaise melts (Brugier 2016) and resorption textures
observed in clinopyroxene crystals (Fig. 5). We thus cor-
roborate our early findings (Boudoire et al. 2019) showing
that the alkali enrichment associated with low CaO/Al,0O,
observed in some low magnesian (MgO <9 wt%) matrix
glasses and melt inclusions (Figs. 7b, 10a) is triggered by
clinopyroxene fractionation in dehydrated melts ponding
at the depth of the mantle-crust underplating layer and at
shallower levels.

We also document a few melt inclusions with variable
CaO/Al,0O; at intermediate MgO contents (9-10 wt%) that
do not fall on the crystallization trends modelled in the 3—-6
kbar pressure range (Fig. 11a). These compositions may
track (1) a deeper step of clinopyroxene dissolution/crystal-
lization (>6 kbar) and/or (2) the effect of magma mixing
between deep primitive and more evolved melts (Fig. 11a):
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«Fig. 10 a Pressure distribution from fluid inclusions barometry from
NWRZ (in black) and central (in grey) lavas (46 measurements in
this study and 53 analysis from Boudoire et al. (2019)). Piton de la
Fournaise interfaces depth as in Boudoire et al. (2019). Underp.,
underplating layer at the mantle-crust transition. b Comparison
between melt inclusion compositions (H,O and CO,) analysed and
recalculated with different methods (FTIR-SIMS, Raman; see text
for explanation and Table 3). Grey area is the composition range of
melt inclusions and matrix glasses from the 1998-2010 central prod-
ucts: only melt inclusions in olivine crystals from the central Hud-
son (H) basalts are enriched in CO, (highlighted with grey circles).
Melt inclusions in olivine crystals from NWRZ lavas are shown with
triangles. Main pressure modes from fluid inclusion barometry in
crystals from NWRZ and central basalts are reported (see a). Isobars
calculated from Duan (2014). Open-system (OS)/closed-system (CS;
exsolved vapour phase = 1 wt%) degassing paths calculated from
Duan (2014). Error bars for each melt inclusion represent the cumu-
lated uncertainty resulting from the methodology of CO, recalcula-
tion developed in this study (see Methods)

(1) High CaO/Al,Oj; ratios (mostly linked to an impover-
ishment in Al,Oj3) are found in melt inclusions hosted
in Fogz_g¢ olivine crystals rather than in Fo, g4 olivine
crystals. This does not support the hypothesis of an
early effect of deep (>6 kbar) clinopyroxene crystal-
lization but instead of the process of clinopyroxene
dissolution during magma recharges discussed in Bou-
doire et al. (2019) (Fig. 11a; Appendix 6c).

(2) Our petrological investigation on olivine and clino-
pyroxene crystal zoning better supports the hypoth-
esis of magma mixing between deep primitive and
more evolved melts (Fig. 11a). Actually, the most
evolved melts measured (cf PC) and modelled in our
study are in equilibrium with Fog g, olivine crystal
(Fig. 11a) recording reverse zoning (Fig. 3). Moreo-
ver, their clinopyroxenes display melt inclusions
with a negative PEC, and both resorption surface
(Fig. 5) and Mg-Cr-rich bands (Fig. 5) are hardly
attributable to (i) crystal growth effect (Mg and Cr
being anticorrelated in sector zoned clinopyroxenes;
Kouchi et al. 1983; Mollo et al. 2010; Hammer et al.
2016) and/or (ii) convective thermal effect expected
to generate an alternance between Mg-Cr-rich bands
(hotter conditions) and Ti-rich zones (cooler condi-
tions; Danyushevsky et al. 2000; Welsch et al. 2009;
Johnson et al. 2010; Head et al. 2011). We attribute
the oscillatory zoned clinopyroxene rims (Fig. 5) to
a convective effect during magma transfer (in dykes
or sills) as suggested by the progressive Ti/Al ratio
increase in rims (barometric proxy; Boudoire et al.
2019).

Thus, magma ponding at the depth of the mantle-crust
underplating layer (ca. 4 kbar) plays a major role in the
geochemical melt variability at Piton de la Fournaise

by combining the competitive effects of crystallization-
dehydration processes, magma mixing between variably
evolved melts, and recycling or even assimilation of pre-
existing crystals (Fig. 11b). There, melt dehydration and
clinopyroxene crystallization/dissolution control the alkali
enrichment and CaO/Al,O; variability reported in lavas
emitted in the NWRZ (Lénat et al. 2012; Valer et al. 2017,
Boudoire et al. 2019). Conversely, intermediate melt com-
positions, as recorded by steady state basalts emitted in the
central area, record effective mixing of magmas injected
in the central and shallower crustal reservoir. Mixing is
responsible of hiding potential pristine alkali enrichment
(Fig. 11b) and leads to the emission of evolved and hybrid
lavas as commonly observed at oceanic basaltic volcanoes
(Di Muro et al. 2014; Schipper et al. 2015, 2016; Jennings
et al. 2017).

Alkali enrichment by partial melting of a slightly
heterogeneous mantle source and contamination
with low-degree partial melts derived

from cumulates

Besides the main trend in alkali enrichment, together with
CaO/Al,O; decrease and SiO, enrichment, measured in
some evolved melts and matrix glasses and tracking the
effect of late-stage clinopyroxene fractionation, we have
also documented at Piton de la Fournaise alkali enrichment
in high magnesian melt inclusions, i.e. for primitive melts.
Interestingly, these high magnesian (MgO >10 wt%) melt
inclusions have a highly variable alkali and SiO, contents
at constant CaO/Al,0; ratio (inclusions Fog; ; and Fogy ;;
Fig. 7). They support the role of magmatic processes in the
chemical variability of the melts of Piton de la Fournaise
other than the crystallization of deep clinopyroxene invoked
by Albarede et al. (1997).

On one side, the enrichment in major (K,0O, Na,O) and
trace (Ba, Rb) alkali elements in some inclusions (Pole 1)
correlates with an enrichment in incompatible trace elements
(La, Th) and CI and a depletion in SiO, (Fig. 7, 8, 9) that
could be attributed to a lower melting degree of the source
(Reiners and Nelson 1998; Bourdon et al. 2005). We used a
batch melting model based on the composition of a primitive
mantle (Wang et al. 2018) at 3 GPa composed by 53% oli-
vine, 34% clinopyroxene, 8% orthopyroxene, and 5% garnet
as previously discussed by Valer et al. (2017) for La Réunion
magmas. Crystal-melt partition coefficients are from Salters
and Stracke (2004). Through this model, we estimate that
part of the observed geochemical variability (as recorded
by melt inclusions in magnesian inclusions like Pole 1 on
Fig. 12a, b) could be explained by a variation of the degree
of partial melting from 5 to 7%. Higher melting degrees,
8—10%, are recorded in melt inclusions with a tholeiitic
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Fig. 11 a AlphaMELTS simulations of crystallization paths taking
into account the potential effect of water loss induced by CO, flush-
ing. Starting melt corresponds to the most primitive composition
found in the melt inclusions described in this study (inclusion Fog; ;;
TB). Oxygen fugacity is fixed at NNO-0.5 in accordance with recent
review of Piton de la Fournaise melts (Pichavant et al. 2016). Starting

signature (Pole 2) and in central magmas like those of the
large April 2007 eruption. This range of degrees of partial
melting is fully consistent with those previously reported at
La Réunion (Ludden 1978; Albaréde and Tamagnan 1988;
Valer et al. 2017; Vlastélic et al. 2018).

On the other side, variable degrees of partial melting
of a homogenous mantle source fail to explain the varia-
tions of some canonical ratios of highly incompatible ele-
ments like Nb/U, Ba/Th, and Ce/Pb in melts with either
a tholeiitic or an alkaline affinity (Fig. 12c, d; Appendix
7). This is even more true considering that such variations
may occur at variable Ba/Th contents and La/Yb ratios
(between Pole 1 and Pole 2 on Figs. 8 and 12, respec-
tively). Together with the enrichment in radiogenic Sr of
some lavas with an alkaline affinity (Table 1), these obser-
vations better support the role of some minor source het-
erogeneities (Huang et al. 2005; Workman and Hart 2005;
Jackson and Dasgupta 2008; Vlastélic et al. 2018). At La
Réunion, source heterogeneity was invoked to explain (i)
the correlation between Sr isotopes and ratios of variably
incompatible trace elements as Th/Yb (Fig. 12b; Di Muro
et al. 2014; Vlastélic et al. 2018; Boudoire et al. 2019)
and (ii) the Nd-Hf-Pb variability observed between the
old dormant Piton des Neiges volcano and the currently
active Piton de la Fournaise volcano (Bosch et al. 2008;
Nauret et al. 2019). Melt extraction from small-scale dis-
tinct mantle components within the plume characterized
by variable canonical ratios (Ba/Th, Th/Yb on Figs. 8 and
12) and Sr isotope signature may explain the geochemical
variability in trace elements described in high magnesian
melt inclusions (black arrows on Fig. 12). Interestingly, a
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temperature was computed from the hydrous melt composition by the
equation of Putirka (2008). Same symbols as in Fig. 7. b Conceptual
model of the deep plumbing system of Piton de la Fournaise show-
ing magma evolution below the NW rift zone ( modified from Bou-
doire et al. (2019); see Boudoire et al. (2019) for explanation about
the relation between pressure and depth beneath La Réunion island)

compilation of bulk rock data from basalts and mugearites
of Piton de la Fournaise and Piton des Neiges late-stage
activity (Younger Lavas; Smietana 2011) shows that, on
average, (i) high magnesian melt inclusions with a tholei-
itic affinity and marked by low Nb/U, Nb/Y, and Ba/Th
ratios (Pole 1) mirror the composition of the lava emit-
ted during the large 2007 caldera-forming event of the
5th April 2007 at Piton de la Fournaise whereas (ii) those
with an alkaline affinity and marked by high La/Yb, Nb/U,
Nb/Y, and Ba/Th ratios (inclusion Fog; ;) are geochemi-
cally close to the composition of late-stage lavas emitted
by the Piton des Neiges volcano (Fig. 12¢; Appendix 7).
As peripheral products investigated in our study lie on
the NWRZ, i.e. the rift zone linking Piton des Neiges and
Piton de la Fournaise volcanoes, these geochemical sig-
natures raise major issues regarding the current magmatic
activity of both PdF and PdN plumbing systems (Fig. 11b).

Noteworthily, we have documented some evolved melt
inclusions (Pole 3) that are even more enriched in some
highly incompatible elements (Th, U, La) than the geo-
chemical poles described above (Fig. 8). In these melt
inclusions, the selective increase in Th and U leads to
lower Ba/Th and Nb/U ratios, respectively (Fig. 12c, d).
Such observation contrasts with previous findings attribut-
ing the variability of these ratios only to source processes
at Piton de la Fournaise (Valer et al. 2017). Instead, this
behaviour reflects a possible effect of mixing between
mantle-derived magmas and low-degree partial melts
derived from cumulates having experienced an enrichment
in fluid mobile elements (Bureau et al. 1998a; Pietruszka
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Fig. 12 Concentration and ratios in variably incompatible trace ele-
ments in melt inclusions and matrix glasses. Same symbols and leg-
end as in Figs. 7 and 8. The clinopyroxene and olivine compositions
are indicated by the black arrows (Appendix 1). Continuous green
line (intersection at 0) and star fit the bulk rock composition of the
low radiogenic Sr basalt of the 5th April 2007 (Di Muro et al. 2014).
Continuous red line (intersection at 0) and star fit the average com-
position of the late-stage lavas of the currently dormant Piton des
Neiges volcano (younger lavas <350 kyrs; Smietana 2011). Black
dashed line represents the expected variability of melt compositions

et al. 2009; Boudoire et al. 2019). To test this hypothesis,
we have calculated the mixing of:

(1) A melt with a composition intermediate between those
found in Pole 1 and Pole 2 (“TB047-8-2” in Appen-
dix 3) as expected by the formation of hybrid mag-
mas at the depth of the mantle-crust underplating layer
(Fig. 10a)

(2) A melt produced by low degree (=1 %; Pietruszka
et al. 2009; Boudoire et al. 2019) of partial melting
from a standard (i.e. not enriched) wehrlite cumulate
(“94.G17; Upton et al. 2000; Boudoire et al. 2019).
Wehrlite cumulates, together with dunite cumulates,
are expected to represent the composition of the dense
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related to various degrees of partial melting (italic numbers) applying
a modal batch melting of a garnet peridotite solid source (see Valer
et al. (2017) for explanations: starting conditions from Wang et al.
(2018)). Black arrows highlight the effect of source heterogeneities
on the variability in trace elements. The black dotted line represents
the expected variability of melt compositions related to assimilation
of 1% of a partial melt from wehrlite cumulate (see text for explana-
tions; initial conditions: “94.G1” cumulate from Upton et al. (2000);
coefficients of partition between melt-olivine-clinopyroxene at 1 GPa
and 1200 °C from Adam and Green (2006))

layer of underplated material (Pietruszka et al. 2009)
related to the crystallization of magmas ponding at the
mantle-crust interface (Charvis et al. 1999; Fontaine
et al. 2015).

The simulated mixing curves show that the contamination
of mantle-derived melts with such partial melts from wehr-
lite cumulates may lead to an enrichment in incompatible
trace elements (Th, U) together with a decrease of the Ba/
Th and Nb/U ratios as observed in part of the evolved melt
inclusions (Pole 3) and secondary melt inclusions (Fig. 12b,
¢, d; Bureau et al. 1998a; Di Muro et al. 2014). We calculate
that less than 2% of assimilation of partial melt from wehr-
lite cumulates is required to explain most of the enrichment



in trace elements of these evolved melt inclusions. Mean-
while, a larger degree of assimilation (up to 10%) of partial
melt is required to explain the most enriched compositions.
As suggested by Pietruszka et al. (2009), enrichment in Th
and U of the assimilated melts can explain these extreme
compositions.

Previous studies at Piton de la Fournaise have highlighted
the role of U remobilization in bulk rock (Albarede et al.
1997, Pietruszka et al. 2009; Vlastélic et al. 2011) and
melt inclusions (Di Muro et al. 2014) related to a leaching
and transfer by either meteoritic-hydrothermal water or by
magmatic fluids. On the one hand, we measure the highest
Nb/U ratios in part of the matrix glasses (Fig. 12d), and
this process could be related to late-stage U leaching by
meteoritic waters during weathering (Aiuppa et al. 2000)
or by acidic gas in fumarolic environment (Vlastélic et al.
2011). However, the unaltered appearance of those glasses
and the absence of systematic SiO, enrichment together with
a decrease in Al,0;, MgO, and FeO; minimize the role of
late-stage hydrothermal alteration (Vlastélic et al. 2011). On
the other hand, the U enrichment recorded in some evolved
melt inclusions occurs (i) independently of the composition
in major elements and (ii) together with an enrichment in Th
and La leading to constant U/Th and La/Th ratios (Fig. 8).
These results exclude a contamination by late-stage acidic
gases or by meteoritic waters to explain the observed chemi-
cal variability (Aiuppa et al. 2000; Vlastélic et al. 2011).
Instead, we suggest that cumulates located at the depth of
the mantle-crust underplating layer (i.e. preserved from
interaction with meteoritic waters) may be metasomatized
by deep (mantle) magmatic fluids enriched in a range of
elements as U, Th, La (Hedenquist and Lowenstern 1994;
Pietruszka et al. 2009), and radiogenic He produced by U-Th
radioactive decay (Boudoire et al. 2020). We speculate that
this process may be favoured by the occurrence of CO,-rich
fluids in the upper mantle beneath Piton de la Fournaise and
in particular at the depth of mantle-crust underplating layer
(Lowenstern (2001) and references therein).

Conclusion

In this study, we characterize for the first time crystal zon-
ing, fluid and melt inclusions composition, and barometry in
olivine and clinopyroxene crystals from fast quenched mafic
basalts having an alkaline affinity and emitted along the
North-West rift zone linking Piton de la Fournaise and Piton
des Neiges volcanoes. We document here the most primitive
melt inclusions found so far on La Réunion (MgO = 11.3
wt%), and we show that alkaline enrichment in melts emit-
ted from peripheral vents is mainly related to the competi-
tive effects between (1) various degrees of partial melting

of a slightly heterogenous mantle source and (2) late-stage
clinopyroxene crystallization at the depth of the mantle-crust
underplating layer. We suggest that deep pyroxene stability
is controlled by magma water content and melt dehydration
by extensive CO, flushing.

We show that the mantle-crust underplating layer is a
major site of magma evolution and that magma ponding
at that depth (10-15 km below sea level) experiences (i)
CO, flushing and increase in CO,/H,O0 ratios, (ii) mixing
between melts recording slight source heterogeneity, (iii)
crystal recycling/assimilation, and (iv) contamination with
low-degree partial melts from metasomatized cumulates.
Magma mixing is even more advanced for melts ascending
in the crustal part of the volcano plumbing system, leading
to the apparent geochemical homogeneity of evolved and
degassed melts emitted in the central area during the fre-
quent activity of Piton de la Fournaise.

Primitive melts in magnesian-rich unzoned olivine
(Fo, ge) provide snapshots of the mantellic part of the plumb-
ing system (>15 km below sea level) and record a range of
geochemical signatures that lie between that of the current
activity of Piton de la Fournaise and that of the late-stage
activity of the quiescent neighbouring Piton des Neiges vol-
cano. These findings raise major issue regarding the activity
of the NWRZ linking both volcanoes and more generally on
the current magmatic activity below the whole island.
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tary material available at https://doi.org/10.1007/s00445-021-01508-6.
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