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We studied the morphologies of olivine, clinopyroxene and plagioclase
microcrysts in olivine-rich basalts from the December 2005 eruption
at Piton de la Fournaise, to reconstruct the thermal history of the
magma prior to reaching the surface. Olivine microcrysts and their
melt inclusions show textural and compositional evidence for rapid
growth caused by successive cooling and reheating cycles below the
liquidus of olivine (1230°C). Clinopyroxene crystals are corroded,
which indicates reheating above the liquidus of clinopyroxene
(1140°C).  Clinopyroxene crystallization—dissolution is also evi-
denced by the composition of melt inclusions in olivine microcrysts.
We interpret the cooling—heating cycles experienced by olivine and
clinopyroxene microcrysts as evidence for thermal convection in the
shallow magma storage zone (2-2-5 km depth) of the volcano.
Plagioclase microcrysts do not record temperature fluctuations, and
hence probably crystallized in the conduit. Given the small size of
the olivine and clinopyroxene microcrysts and their rapid growth, it
us likely that convection preceded the December 2005 eruption by
only a_few days at most. Our results suggest that convection is tran-
stent and proceeds in small-scale cells at low Rayleigh number
(<10%), rather than vigorous and continuous convection at high
Rayleigh number.
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INTRODUCTION

An important goal of volcanology is to constrain the
thermodynamic parameters of magmatic systems, so as
to understand their evolution and to predict eruptions.
In particular, a large number of experimental studies (e.g.
Kushiro, 1978; Scarfe & Cronin, 1986; Richet et al., 2000)
have focused on the variations in density of magmas,
because density is probably one of the most important
parameters driving the ascent of melts or their stagnation
at different levels in the Earth’s mantle and crust. Magma
density is influenced by temperature variations and by
chemical processes such as crystallization or dissolution of
minerals (e.g. Sparks & Huppert, 1984) or gas exsolution
(e.g. Kazahaya et al., 1994; Allard, 1997, Stevenson &
Blake, 1998). For any viscous liquid, including magmas,
buoyancy forces may cause instabilities if the denser liquids
lie above the less dense ones. Because magmas are gener-
ally heated from below and crystallize from above, density
inversion is prone to be sustained in most magmatic sys-
tems, and may lead to convection (e.g. Jaupart & Parsons,
1985).
are large enough to overcome viscous drag and conductive
cooling effects, and when the cause of the density inver-

Convection occurs when the buoyancy forces

sion is maintained. The vigour of convection is
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determined by the magnitude of the Rayleigh number
(Ra, dimensionless):

Ra — agATd*p

WK
where o is the coefficient of thermal expansion (K ™), g the
gravitational acceleration (m/s?), AT the temperature dif-
ference in the fluid layer (K), d the thickness of the fluid
layer (m), p the fluid density (kg/m”), pu the dynamic vis-
cosity (Pa's) and K the thermal diffusivity (m?s).

A first possibility is that convection involves the whole
thickness of the magma chamber. In this case, very large
Rayleigh numbers are obtained (>10") for any reasonable
values of temperature gradients (10-100°C) and chamber
dimensions (0-1-10 km). This has led to the conclusion
that most magmas chambers are in the vigorously turbu-
lent regime throughout their entire lifetime, especially for
low-viscosity magmas such as basalts (a=10"" K
p=2600 kg/m® p=10-1000 Pa s and K=10"° m?s).
However, Marsh (1989) has suggested that convection
may be self-regulated at lower Rayleigh numbers by the
kinetics of crystallization in the chamber, inducing com-
plex viscosity variations. If so, convection would be a tran-
sient and small-scale process, triggered only when the
cooler, denser boundary layer containing more than 50%
solids at the roof of the chamber exceeds a minimum thick-
ness (independently of the size of the reservoir and its tem-
perature difference with the wall-rock). Once this critical
thickness is reached, the crystal-rich boundary layer sinks
and generates transient instabilities leading to small con-
vection cells in the vicinity of the roof. To date, there is no
evidence on whether natural magma chambers undergo
continuous versus short-lived convection, because this
dynamics is instantaneous at the geological timescale, and
is hard to assess with geophysical or geochemical
approaches.

In this study, we investigate the thermal history of basal-
tic magma prior to the December 2005 eruption at Piton
de la Fournaise volcano (La Réunion Island). The original-
ity of our approach is to use microcrysts contained in the
groundmass of the lavas. Microcrysts have received little
attention except in a few recent studies (e.g. Martel et al.,
2006; Guilbaud et al., 2007) because they are traditionally
interpreted as having crystallized during the solidification
of the magma at the surface. However, a closer look
allows the distinction between microcrysts crystallized on
the surface from those crystallized deeper. The shape of
microcrysts is known to depend largely on the magnitude
and rate of temperature variations during their crystalliza-
tion; recent experimental studies (Faure et al., 2003a,
20036) have classified crystal shapes to constrain these
temperature variations. Taking advantage of this property,
we describe the different morphologies of the microcrysts
and use them as probes of thermal variations in the

chamber. Our textural observation of microcrysts from
Piton de la Fournaise products has critical implications for
the dynamics of convection in a magma chamber.

BACKGROUND

La Réunion Island is made of two main volcanoes: Piton
des Neiges, whose activity started in Pliocene times and
ended 12 kyr ago (McDougall, 1971; Deniel e/ al., 1992),
and Piton de la Fournaise, which has been active since
530ka (Gillot & Nativel, 1989). The most frequently erupted
products at Piton de la Fournaise are ‘Steady State
Basalts” (49-50 wt % SiOy; 57 wt % MgO; 10-12 wt %
CaO; 0-7-0-9 wt % KyO, Albarede et al., 1997), flowing in
small volumes (0-1-10°-10" m? from vents located near
the summit cone at temperatures of 1150-1170°C
(Coppola et al., 2007, Boivin & Bachelery, 2009). Less
frequent eruptions of picrobasalts and picrites with 8-28
wt % MgO (those with more than 20 wt % are referred
to as ‘oceanites, Lacroix, 1923) are also observed in large
volumes (>107 m”) erupting from vents located on the
lower parts of the volcano slopes. The picrites, picrobasalts
and Steady State Basalts have similar matrix glass compo-
sitions and their bulk-rock compositions plot on an olivine
control line consistent with olivine accumulation (Boivin
& Bachelery, 2009). Albarede et al. (1997) demonstrated
the fractionation of olivine and clinopyroxene from the
basalts without significant contribution of plagioclase.
Vlastélic et al. (2007) identified a temporal increase in the
CaO/AlyOg5 ratio of bulk lavas erupted over the period
1996—2006 (Fig. 1a). This increase is continuous over time
once the inter-eruptive periods are removed (Fig. 1b),
which led Vlastélic et al.
magmas become enriched during eruptions by removing
clinopyroxene from the conduit.

Based on ground deformations and the location of

to the conclusion that the

earthquakes swarms, at least three reservoirs have been
evidenced at Piton de la Fournaise (Aki & Ferrazzini,
2000): (1) a deep reservoir located beneath the oceanic
crust at ~12 km below sea level (b.s.l) (Cayol & Cornet,
1998; Sigmundsson et al., 1999); (2) an intermediate reser-
voir at 5 km b.s.l. (Battaglia & Bachelery, 2003; Battaglia
et al., 20056; Fukushima et al., 2003); (3) a shallow reservoir
at ~0-5 above sea level (a.s.l); that is, 2-2-5 km beneath
the summit (Lénat & Bachelery, 1990; Nercessian et al.,
1996; Sapin et al., 1996; Battaglia et al., 2005a; Peltier et al.,
2005). The shallow reservoir has been shown to constitute
an important growth zone for olivine macrocrysts (Famin
et al., 2009). It has been re-supplied during March 1998
(Battaglia & Bachelery, 2003), from the middle of 2001 to
December 2002 (Vlastélic et al., 2005; Peltier e al., 2007),
during February 2005 (Vlastélic ez al., 2007), October 2005
(Peltier et al., 2008) and the first half of 2006 (Coppola
et al., 2009). Importantly, there was no evidence of a
refilling event during the December 2005 eruption.
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Fig. 1. CaO/Al,Og variations in bulk lavas from 9 March 1998 to 8 August 2006 plotted against (a) time and (b) cumulative eruption duration.
Modified after Vlastélic et al. (2007). Eruptions are shaded in light grey for aphyric basalts (6-7 wt % MgO), medium grey for picrobasalts
and picrites (8—20 wt % MgO) and dark grey for oceanites (>20 wt % MgO). Most eruptions were accompanied by seismic activity in the shal-
low magma storage zone located at 2-2:5 km depth. The magma erupted on March 1998 at Hudson vent is assumed to have a deeper origin

(Bureau et al., 1998, 1999; Battaglia et al., 20055).

Monitoring of the recent activity indicates that most of the
eruptions, including the December 2005 eruption, come
from the shallow reservoir.

The December 2005 eruption was preceded by 2 months
of increasing seismic activity at low intensity (fewer than
120 events per day) in the shallow storage zone (Peltier
et al., 2008). On 26 December at 10:45 UTC, a strong
crisis of more than 900 events occurred at the roof of the
shallow reservoir. Ground deformation indicated the lat-
eral propagation of a dyke from the eastern side of the
roof of the chamber. The magma reached the surface at
13:00 UTC and effused in small volumes near the summit
cone. At 19:55 UTC, a new fissure opened on the northern

side of the Enclos Fouqué caldera, at 4-:3 km NNE of the
summit and 16 km a.s.l. (Fig. 2). The effusions from this
vent ended 24 days later on 18 January 2006. The total
volume of erupted magma was estimated to be 1.5 x 10" m”

SAMPLING AND ANALYTICAL

TECHNIQUES

Four samples were collected on days 2, 5, 15 and 24 of the
December 2005 eruption, 1 km downstream of the vent
(Fig. 2). Samples from days 2 and 5 were naturally cooled
in air, whereas samples from days 15 and 24 were quenched
in water. In addition, lapilli (@ 5-50 mm; O represents
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Fig. 2. Map of the December 2005 eruption at Piton de la Fournaise (La Réunion Island). Most eruptions during the period 1998-2005 started
with magma intrusion into the shallow storage zone (2-2-5 km beneath the summit cone), which propagated in a dyke at 0-2-2 m/s (Battaglia
& Bachelery, 2003; Peltier et al., 2005, 2007; sce also Toutain et al., 1992). Lavas erupted from new fissures opened along N30 or N130 trends

(Michon et al., 2007; Letourneur et al., 2008).

the maximum dimension) were collected around the vent
after the eruption. Samples were mounted in epoxy and
prepared as polished thin sections for optical microscopic
examination. Major element compositions of the different
phases were determined using a CAMECA SX-100 elec-
tron probe micro-analyser at Nancy University (Irance),
at 15kV voltage, 10nA current and 10 s peak counting
time (Na measured first). Natural and synthetic mineral
standards were used for calibration: orthoclase (Si, K),
albite (Na, Al), wollastonite (Ca), hematite (Fe), olivine
(Mg), pyrophanite (Ti, Mn), NiO (Ni), KTiy(POy); (P),
Cry0O5 (Cr). Minerals were analysed with the beam
focused at 1-2 um. Because of their tiny size (@ <10 um),
melt inclusions were also analysed with a focused beam,
with the possible drawback of alkali loss. Matrix glasses
were analysed with a beam defocused to 20 pm to reduce
alkali loss. Melt inclusions were not re-homogenized
before analysis, and no correction for possible post-
entrapment chemical changes (epitaxial crystallization or
iron loss by diffusion) was applied. Analytical uncertainty
(lo) is 1-2% for major elements, 5-15% for minor ele-
ments and 50—100% for trace elements. Detection limit is
in the range 0-:05-015 wt % for CaO, K,O, TiO,, P,O;
and Cry0s, and 0:15-0-2 wt % for SiOy, Al,Os FeOt,
MnO, MgO, Na,O and NiO.

PETROGRAPHY

A striking feature of the December 2005 eruption is the
increasing MgO content in lavas with increasing eruption
duration (Peltier et al., 2008). For example, samples from
days 2 and 5 are transitional picrobasalts with 9-12 wt %
MgO (Le Bas, 2000) and samples from days 15 and 24 are
oceanites with up to 26 wt % MgO (Table 1). Lapilli con-
sist of vesicular glassy fragments or olivine grains coated
with a film of glass. All of the lava samples contain macro-
crysts (@ >0-5 mm), mesocrysts (@ 0-1-0-5 mm) and vesi-
cles in a groundmass of glass and microcrysts (@ <01
mm). We use the terms ‘macrocryst’, ‘mesocryst’and ‘micro-
cryst’ rather than ‘phenocryst, ‘microphenocryst’ and
‘microlite’ because these terms are strictly descriptive and
devoid of petrogenetic interpretation. Macrocrysts are
exclusively of olivine, mesocrysts are either olivine or
an assemblage of clinopyroxene 4 plagioclase, and
microcrysts are olivine + clinopyroxene + plagioclase 4
Cr-spinel £ Fe—Ti oxide (Fig. 3a—h). In addition to their
grain size, each crystal population has specific textures,
core compositions and/or types of inclusions.

Macrocrysts and mesocrysts
Olivine macrocrysts exhibit the typical compositional and
petrographic features of picrite olivine, described in
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Table 1: Bulk compositions of lava samples collected
throughout the December 2005 eruption

Day: 2 5 18 24
Sample: 0512-271 0512-301 0512-303  0601-091 0601-181
SiO, 47-06 48-28 48-34 43-70 43-63
Al,03 12:21 13-44 13-34 7-64 7:07
Fe,03 13-36 12-91 12-89 14-31 14-63
MnO 0-18 0-18 0-18 0-19 0-19
MgO 1210 9-04 9-44 24-52 26-4
Ca0 10-22 10-88 10-76 6-31 578
Na O 2:35 2:61 260 1-49 1-33
K,0 0-61 0-65 0-64 0-34 0-30
TiO, 2:36 2:62 259 1-48 137
P,05 0-28 0-32 0-31 0-18 0-17
LOI —0-51 —0-85 —0-57 —0-62 —0-45
Total 100-31 100-15 100-63 99-67 100-31
Ca0/Al 03 0-84 0-81 0-81 0-83 0-82
K20/TiO, 0-26 0-25 0-25 0-23 0-22

From Vlastélic et al. (2007). LOI, loss on ignition.

previous studies (Clochiatti et al., 1979; Albarede &
Tamagnan, 1988; Bureau et al., 1998; Famin et al., 2009).
They have a homogeneous core composition (Fogs gs) and
a 10 pm thick edge (Fogo 79; Fig. 4, Table 2). Most macro-
crysts are polyhedral (i.e. with a simple polygonal shape;
Fig. 3a) with occasional kink-bands. They contain euhe-
dral Cr-spinel crystals (Table 2), primary melt inclusions
and planes of secondary melt and fluid inclusions.

Olivine mesocrysts have a larger range of core composi-
tions (Fogs g;) with edges of Fogo 79 (Fig. 4, Table 2). They
often appear as clusters of several grains. Olivine meso-
crysts are polyhedral or skeletal (i.e. a polygonal shape
with cavities) with occasional 50-200 pm long dendritic
overgrowths (Fig.
Cr-spinel crystals.

Mesocrysts of clinopyroxene (@ 0-1-0-5 mm) and plagi-
oclase (@ 0-1-0-2 mm) are exclusively observed in samples
from day 5 of the eruption (Figs 3¢ and 4, Table 2).
Clinopyroxene mesocrysts are Al-, Tirich and Na-,
Cr-depleted salite or augite with sector-zoning (Ens 49
Fsip10 Woys 37, 2:22-6:35 wt % AlyOs, 0-:89-269 wt %
TiOg, 0-:00-0-43 wt % NayO, 017-0-98 wt % CryOs).
Plagioclase mesocrysts have a composition in the range
Any g Clinopyroxene and plagioclase mesocrysts are
grouped into clusters, in which plagioclase laths crosscut

3b). They also contain euhedral

clinopyroxene grains. Importantly, plagioclase crystals
have a well-faceted lath-like shape and are undeformed,
whereas clinopyroxene grains have corroded shapes and

MICROCRYSTS AT PITON DE LA FOURNAISE

display undulose extinction. It is also important to note
that plagioclase—clinopyroxene clusters are devoid of oli-
vine and spinel, whereas olivine & spinel clusters are
devoid of plagioclase and clinopyroxene.

Microcrysts

In the groundmass of picrobasalts and picrites the volume
proportion of microcrysts relative to matrix glass increases
from the chilled margins of the samples toward their inte-
rior (Fig. 3d—f). Samples quenched in water and lapilli con-
tain a smaller fraction of microcrysts than air-cooled
samples.

In the glass-poor groundmass of sample interiors, two
textures of microcryst are observed: larger blocky (i.e.
with a small number of faces) microcrysts (@ 10-100 um)
of olivine + clinopyroxene + plagioclase (Fig. 3d), and
tiny fibrous (i.e. with an elongated or feather-like shape)
microcrysts (@ <10 pm) of olivine + clinopyroxene + pla-
gioclase 4 Fe-Ti oxides (Fig. 3f). Fibrous textures are also
observed as dendritic overgrowths on the edges of blocky
olivine microcrysts (Fig. 3e). In lapilli and towards the
chilled margins of the samples, tiny fibrous microcrysts
and dendritic overgrowths disappear and only the popu-
lation of larger blocky microcrysts remains. Fibrous micro-
crysts and dendritic overgrowths are therefore considered
to have crystallized during sample cooling and are not con-
sidered further here. On the other hand, blocky micro-
crysts appear to have crystallized before quenching and
hence are relevant to magmatic and/or eruptive processes.

The texture and composition of the larger blocky micro-
crysts is homogeneous in all of the samples, whatever
their location in the sample interior or chilled margin.
The composition of blocky olivine microcrysts is in the
range Fogs 75 (i.e. higher Fe contents than macrocrysts
and mesocrysts), with a narrower range from Fogy to Fozg
at their edges in contact with the matrix glass (Fig. 4,
Table 2). Blocky olivine microcrysts display two special
types of morphologies according to the terminology of
Faure & Schiano (2004): closed hopper (Fig. 3g) and com-
plex swallowtail shapes (Fig. 3h). The closed hopper mor-
phology consists of an hourglass shape with pairs of
funnel-shaped cavities symmetrically arranged along the
[001] axis about the centre of the crystal. The cavities are
filled with melt and then closed by crystal growth, thus
constituting primary melt inclusions. A single crystal may
contain up to three symmetrical pairs of melt inclusions
(Fig. 3g); however, one or two pairs are more commonly
observed. The complex swallowtail morphology consists
of interlocking closed hoppers oriented in the same direc-
tion and merged into a single crystal (Fig. 3h). The com-
plex swallowtail crystals contain several primary melt
inclusions trapped at the junction of closed hoppers or
within the closed hoppers. A shrinkage bubble is occasion-
ally found in the melt inclusions of the two crystal types.
Both  morphologies randomly

occasionally  contain
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Ol Micro: Closed Hopper

Fig. 3. Crystal populations observed in the samples of the December 2005 eruption: (a) olivine macrocryst hosting a melt inclusion and Cr-spinel
microcrysts [day 24, water-quenched sample, backscattered electron (BSE) image]; (b) cluster of four olivine mesocrysts decorated with large den-
drites (day 5, air-cooled sample, transmitted light photomicrograph with crossed Nicols); (¢) complex clusters of intersertal clinopyroxene and pla-
gioclase mesocrysts (day 5, air-cooled sample, transmitted light photomicrograph with crossed Nicols); (d) blocky microcrysts of Ol + Aug + P1
with dendritic overgrowths (<5 pm) in a glass-rich matrix (day 15, margin of water-quenched sample, BSE image); (e) fibrous and blocky textures
of olivine microcrysts in a glass-poor groundmass (day 24, margin of water-quenched sample, transmitted light photomicrograph with plane polar-
ization); (f) blocky microcrysts surrounded by a network of fibrous microcrysts with interstitial glass (day 24, core of water-quenched sample, BSE
image); (g) closed hopper-shaped olivine microcryst with three pairs of melt inclusions symmetrical about the centre of the grain (day 24, water-
quenched sample, transmitted light photomicrograph with crossed Nicols); (h) complex swallowtail-shaped olivine microcryst exhibiting melt
inclusions (day 24, water-quenched sample, transmitted light photomicrograph with crossed Nicols). Mineral abbreviations are after Kretz (1983).

2292



WELSCH et al.

Equilibrium with the melt
atK;=0.3+0.03

MICROCRYSTS AT PITON DE LA FOURNAISE

Qlivine Macrocrysts Wo Clinopyroxene
25| [ Edges (10) @>05mm S——m___
B Cores (35) =
L LY
En Fs
@ Mesocrysts (15), @0.1 - 0.5 mm
O Microcrysts (14), @ < 0.1 mm Wollastonite
1 H L H 1|_| 'l 1 L L 1 1
. 55; B4 Bo 82 81 pllge | Olivine Mesocrysts
i [ Edges (25) @0.1-05mm
M Cores (32) -
14}
812
g ' o Subcalic Augite
3 10
o il
L g
w 90 Magnesium Intermediate
5] Pigeonite Pigeonite
4 Clinoenstatite
- EEn 0 2 P ) %
O 1 1 1 L L 1 Il L
e/, | Olivine Microcrysts | _ Plagioclase
i [ Edges (52) @ <0.1mm & [ Microcrysts (23), @ < 0.1 mm
- B Cores (60) 4 M Mesocrysts (13), 801 - 0.2 mm
s0f 6
25} 5
20f 4
15F 3
[ 1 [] |_|

85 B84 &3

g2 81

80 79

Fo (%)

78 77 T8 75 74 73

Fig. 4.

occurring inclusions of euhedral Cr-spinel. The closed
hopper morphology is more frequently observed than the
complex swallowtail morphology. Blocky olivine micro-
crysts also display small dendritic overgrowths (<5 pm)
on their edges. It should be noted that Drever & Johnston
(1957) reported similar olivine morphologies in the ground-
mass of other picrites.

Clinopyroxene microcrysts are sector-zoned augite of
composition Engg 49 Fsig1o0 Woys 36 (1.e. with higher Fe
contents than clinopyroxene mesocrysts; Fig. 4, Table 2)
with an irregular shape, and containing 2-44-7-31 wt %
AlyOs, 122-3-02 wt % TiOs, 0-12-0-47 wt % NayO and
0-04-0-93 wt % Cry0s3. Plagioclase microcrysts consist of
Anj g laths (similar to the composition of plagioclase

71 70 69 68 67 66 63 62 61

An (%)

65

Compositions and shapes of olivine, clinopyroxene and plagioclase populations observed in the samples of the December 2005 eruption.

mesocrysts; Iig. 4, Table 2). They occur alone in the mesos-
tasis or crosscut and embed clinopyroxene microcrysts
(Fig. 3d). Both clinopyroxene and plagioclase microcrysts
are aggregated, yielding clusters similar to the mesocrysts
of day 5 sample.

Composition of melt inclusions and

matrix glasses

The major element compositions of matrix glasses and
melt inclusions in olivine microcrysts are reported in
Table 3. No significant alkali loss is observed in a compari-
son of matrix glasses (analysed with a defocused beam)
and melt inclusions (analysed with a focused beam).
Within each closed hopper olivine crystal, the two melt
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Table 2: Representative analyses of the crystal populations
Olivine macrocryst  Olivine mesocryst Blocky olivine microcrysts Clinopyroxene Clinopyroxene Plagioclase Cr-spinel
mesocryst microcryst microcryst inclusion
Shape: Polyhedral Dendritic polyhedral ~ Closed hopper  Complex swallowtail ~ Anhedral Anhedral Lath Euhedral
Core Edge Core Edge Core  Edge Core Edge
wt %
SiO, 40-08 39-38 40-36 39-30 39-66 3866 3818 39:40 51-26 48-39 51-27 —
AlLO3 — — — — — — — — 299 6-40 30-35 17-24
FeO, 14-58 18-48 14-85 19-1 16-17 18656 2388 18:38 813 864 0-99 28-16
MnO 0-22 0-26 0-24 0-16 013 034 029 0-31 0-20 0-21 0-07 0-45
MgO 44-86 41-37 44-84 4111 42-69 4156 36:89 41-31 17-4 1452 019 11-96
Ca0 0-27 0-35 0-23 0-47 0-40 044 043 0-51 1871 19-16 13-98 —
Na,O 0-02 — — 0-04 — 0-06 0-03 — 0-19 0-29 328 0-06
K50 — — 0-01 0-02 0-04 004 — 0-05 — 0-02 0-11 0-03
TiO, - 0-05 0-01 0-09 0-06 0-11 0-04 0-08 124 2:48 0-11 2:83
P,0s 0-13 — 0-02 0-06 012 009 — 0-04 - 0-32 0-20 -
NiO 0-24 0-10 0-32 0-09 0-18 0-25 0-11 0-03 — 0-06 0-05 0-17
Cr,03 0-04 0-03 0-04 0-01 0-02 0-07 0-02 0-02 0-33 0-29 — 39-64
Total 100-43 100-01 100-92 100-45 99-65 10025 99-88 100-13 100-44 100-78 100-59 100-42
No. O/cation 4 4 4 4 4 4 4 4 6 6 32 4
Si 1-00 1-01 1-00 1-00 1-01 0-99 1-00 1-01 1-88 178 9-31 -
Al — — — — — — — — 0-13 0-28 6-50 0-64
Fe 0-30 0-40 0-31 0-41 0-34 0-40 0-53 0-39 0-25 0-27 0-15 074
Mn 0-01 0-01 0-01 — — 0-01 0-01 0-01 0-01 0-01 0-01 0-01
Mg 167 157 1-66 1-56 161 159 1-45 157 0-95 0-80 0-05 0-56
Ca 0-01 0-01 0-01 0-01 0-01 0-01 0-01 0-01 073 0-76 272 —
Na — — - — - - - - 0-01 0-02 1-16 -
K — — — — — — — — — — 0-03 —
Ti — — — — — — — — 0-03 0-07 0-01 0-07
P — — — — — — — — — 0-01 0-03 —
Ni 0-01 — 0-01 - - - - - - - 0-01 -
Cr - — - — - - — - 0-01 0-01 — 0-98
Total 3-00 299 3-00 3-00 299 301 3-00 299 4-00 4-00 19-97 3-00
Mg-no.* 0-86 0-82 0-86 0-81 0-84 082 075 0-82 0-83 0-75 0-28 0-43
Kb matrixT 0-23 0-32 0-24 0-33 0-27 032 046 0-32
Fo85 Fo80 Fo84 Fo79 Fo82  Fo80 Fo73 Fo80 En49 End4 An71
Fs13 Fs15 Ab28
Wo38 Wo42 Oor1

The compositions of olivine edges were obtained from spots at a distance of <10 um from the border of crystals.

*Mg-number = atomic ratio Mg/(Mg + Fe*").
+Coefficient of distribution Kp 94 = (xﬁ{'g /xg”lg) /(xfff+ /
and the uniform glassy matrix (day 24 sample).

inclusions of a given symmetrical pair have a similar com-
position (e.g. GHI and CHI’ in Fig. 3g, Table 3). However,
the composition varies from one pair of melt inclusions to
the next (e.g. CHI and CH2 in Fig. 3g, Table 3). As for
most eruption products of Piton de la Fournaise, the com-
position of the matrix glasses is similar to the bulk-rock

Xg‘fH) modelled from Toplis (2005) between olivine crystals

composition of the Steady State Basalts. The coefficient of
distribution of Fe-Mg (A, Roedder & Emslie, 1970)
between the matrix glasses and the edges of olivine macro-
crysts, mesocrysts and microcrysts (Fogog—70) is close to the
equilibrium value of 0-3 £ 0-03 computed using the
method of Toplis (2005). Conversely, the A values indicate
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Table 3:

eruption

MICROCRYSTS AT PITON DE LA FOURNAISE

Representative analyses of glass inclusions in olivine microcrysts and matrix glasses for the December 2005

Glassy matrixes Melt inclusions

Day: 2 15 24 2 5 15 24
CH core CHrim CHcore CScore CHcore CHrim CH1core CH1 core CH2rim CS core CS rim

wt %

SiO, 4895 50-07 4981 5315 49-45 5316 5074 49-88 4951 49:92 50-48 4976 4882 49-66
Al,O3 1360 1419 1359 18:02 15-65 17:04 16-80 14-63 14-59 15-61 15-87 14-42 13-84 14-44
FeO, 11-93 11110 1112 799 7-66 882 7-98 10-24 10-32 810 9-30 824 1418 9-59
MnO 015 020 018 011 0-11 013 0-34 0-19 0-25 0-31 0-14 013 017 0-19
MgO 581 58 603 294 4-95 156 1-81 524 5-00 2:65 2:37 4-89 2:07 2:98
Ca0 1075 1138 1118 862 12:58 12-00 13-82 11-25 11-60 1319 13-42 1296 11-98 1351
Na,O 251 274 279 326 2:95 213 291 289 265 2:82 262 2-48 2:44 254
K50 086 080 079 093 0-91 0-96 0-84 0-79 079 0-88 0-74 0-84 0-78 0-63
TiO, 290 291 306 219 2:64 334 344 3-07 2:94 344 344 319 2-88 3-26
P,0s 038 034 028 032 0-35 1-01 0-42 0-31 0-37 0-64 0-62 0-63 0-76 073
NiO 0-02 — — 003 — - 0-12 - 0-06 — 0-09 - 0-02 0-05
Cr,03 — 003 002 — 0-02 0-05 0-05 0-02 — 0-03 0-02 0-03 — —
Total 97:87 9962 9985 9757 9727 100:19 9927 9851 98:06 9758 99-11 9757 9793 9757
CaO/ALO; 079 080 082 048 0-80 070 0-82 077 079 0-84 0-85 0-90 0-87 0-94
K,0/TiO, 030 027 026 042 0-34 0-29 0-24 0-26 0-27 0-25 0-21 0-26 0-27 0-19
Mg-no.* 049 051 052 042 0-56 0-26 0-31 0-50 0-49 0-39 0-34 0-54 022 0-38
Kp matrixt - - — 019 0-33 0-11 0-12 0-29 0-27 0-15 0-12 0-27 0-09 0-14
CIPW

Qtz — — — 647 — 12:10 3-69 0-19 0-85 375 4-87 279 351 452
Pl 4542 4732 4583 5937 5173 52:12 5527 4977 4891 52:39 5196 4782 4606 4877
Or 520 473 467 550 5-38 567 5-02 473 473 532 4:37 5-08 4-67 378
Di 2325 2492 2584 740 27-19 15-99 2412 24-32 24-81 28-84 2810 2881 26:23 3088
Hy 17-47 1372 1279 1268 359 425 — 12-66 12-45 0-14 113 6-39 9-83 2-40
ol 018 1116 157 — 2:38 — - — — — - — — —
lim 562 553 581 416 5-01 634 657 591 568 6-69 659 6-21 5-56 6-34
Mag 196 180 18 129 123 142 129 167 170 133 151 1-36 2:33 158
Ap 090 079 065 074 0-81 2:34 0-97 074 0-88 151 1-44 1-48 1-81 174
Chr — 004 — — — — 0-07 0-03 — 0-04 0-03 0-04 — —

CH, closed hopper; CS, complex swallowtail.
*Atomic ratio Mg-number=Mg/(Mg + Fe*").

TCoefficient of distribution Kp
and host olivine crystals.

Mg—Fe — Lig Liq

disequilibrium between the matrix glasses and olivine
cores at Fog; g and Tozg 73 (Fig. 4). The K values also
indicate disequilibrium between the melt inclusions and
their host olivine microcrysts using the same method.

In Fig. 5, the composition of melt inclusions, matrix
glasses and bulk-rocks is reported as oxide ratios of
elements incompatible in olivine, to exclude artefacts
in the composition of the melt inclusions caused by

Ol-Lia _ <XM9/X819)/(XF92+/X5?2+) modelled from Toplis (2005) between melt inclusions

post-entrapment epitaxial crystallization or iron diffusion
(in olivine microcrysts AlyOs, KoO, TiOy and PyO; are
below the detection limit and CaO is in the range
0-24-0-46 wt %). In Fig. 5a, the matrix glasses have a
narrow range of KyO and PyO; contents (0-35-0-86 and
0-27-0-38 wt %, respectively). Bulk-rock contents are simi-
lar in the samples of days 2 and 5 (picrobasalts) but lower
in those of days 15 and 24 (oceanites). Melt inclusions
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Fig. 5. (a) Ky,O vs PyOs5 contents and (b) KyO/TiO, vs CaO/Al, O3 ratios in bulk-rocks, matrix glasses and olivine microcryst-hosted melt
inclusions for the sample set of the December 2005 eruption. *Bulk rock data of Vlastélic et al. (2007). Error bars are smaller than the symbols
in (b). CH, closed hopper-shaped olivine microcryst (50 pm long BSE image); CS, complex swallowtail-shaped olivine microcryst (50 pm long
BSE image).
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have compositions either similar to the matrix glasses, or
specifically enriched in PyOs5 (up to 101 wt %) or enriched
in both oxides (up to 249 wt % KyO and 0-82 wt %
P,Os5) with respect to matrix glasses. In Fig. 5b, CaO/
Al,O3 and Ky,O/TiO, ratios in matrix glasses are very
homogeneous (0-79-0-83 and 0-25-0-30, respectively) and
similar to those of the bulk-rocks. In contrast, the melt
inclusions show a much wider range of CaO/Al,O5 and
KyO/TiO, ratios (0-48-106 and 0-19-0-54, respectively).
Importantly, the CaO/Al,O5 and Ky,O/TiO, ratios of the
melt inclusions respectively increase and decrease in the
course of the eruption whereas those of matrix glasses and
bulk-rocks remain constant.

DISCUSSION

Crystal morphologies and temperature

of the magma

The morphology of the crystals forming from a magma
depends on variations in temperature, pressure and melt
composition, and may hence be used to reconstruct the
crystallization history of the magma. 1o do so, it is first
important to assess whether these crystals developed
before the eruption, in the surface lava flows or during the
quench. Fibrous microcrysts and overgrown edges of
larger crystals are clearly related to the quench, as they
are more abundant in air-cooled samples (Fig. 3f) than in
water-quenched samples, and in the interior of water-
quenched samples than in their outer parts (Fig. 3d
and e¢). This was also noted for pillow lavas by
Kirkpatrick (1979) and experimentally reproduced by
Faure et al. (2007). On the other hand, blocky microcrysts
are equally abundant in water-quenched and air-cooled
samples, and even occur in lapilli, showing that crystalliza-
tion occurred before the magma reached the surface.

For olivine, microcryst core compositions in the ranges
Fogs g and Fosg 75 are in disequilibrium with the matrix
glass (Fig. 4, Table 2), indicating that the blocky micro-
crysts grew in the magma before it reached the surface. In
contrast, their Fogy 79 edges appear to have formed later,
near the surface, in equilibrium with the matrix glass.
The scattered compositions of olivine edges in the range
Fogy g (Fig. 4) may be partly an analytical artefact
between thin crystal edges Fogg 79 (<10 pm) and Mg-rich
cores. Consequently, the morphologies of the blocky
microcrysts can provide evidence of magmatic processes
in the magma chamber or in the conduit.

The degree of undercooling AT (ie. the temperature
difference between the magma and its liquidus) has been
shown to be the most important factor controlling olivine
morphology (Donaldson, 1976). For example,
hopper and complex swallowtail blocky olivine micro-

closed

crysts have been recognized in basalts from the Mid-

Atlantic Ridge and experimentally reproduced by

MICROCRYSTS AT PITON DE LA FOURNAISE

applying cooling—heating cycles below the liquidus and
above the solidus of a synthetic basaltic melt (Faure &
Schiano, 2004). The complex swallowtail shape was
obtained with large undercooling (A7 =132°C below the
liquidus, cooling rate at 1890°C/h) and subsequent heating
(AT=54°C for 5 min). The closed hopper shape was
obtained with smaller undercooling (A7 =70°C, cooling
rate at 437°C/h) and reheating (A7 =34°C for 5 min).
Importantly, one pair of melt inclusions was trapped in
synthetic closed hopper crystals during each cycle of cool-
ing and reheating. Accordingly, Faure & Schiano (2004)
interpreted the shapes of microcrysts in Mid-Atlantic
Ridge basalts as due to thermal convection within the
axial magma chamber.

The closed hopper and complex swallowtail olivine
microcrysts found in our samples (Fig. 3g and h) are simi-
lar in shape to those of the Mid-Atlantic Ridge and syn-
thetic basalts. This suggests that the Piton de la Fournaise
magmas also experienced repeated cooling—heating cycles
prior to reaching the surface. Natural closed hopper crys-
tals have trapped up to three pairs of melt inclusions
(Fig. 3g) and hence must have undergone at least three
cooling—heating cycles. According to MELTS modelling
(Ghiorso & Sack, 1995), set at the quartz—fayalite-magne-
tite (QFM) buffer with an estimated composition of the
parental magma at Piton de la Fournaise (Ludden, 1978;
Famin et al., 2009), the liquidus of olivine occurs at
1230 £10°C over a large range of pressures (0-1-100 MPa)
and water contents (0-1-1 wt %, Fig. 6). Consequently, the
undissolved shape of the olivine microcrysts implies that
their temperature never exceeded 1240°C, whatever their
morphologies.

The history of clinopyroxene meso- and microcrysts in
the magma can also be constrained from their composition
and texture. Their Ti-rich and Na-, Cr-depleted composi-
tions suggest that clinopyroxene crystallization occurred
at low pressures, possibly at less than 4 km depth
(Kornprobst et al., 1981; Nimis, 1999). Again using MELTS
at the QFM buffer for the parental magma at 0-1-100
MPa, clinopyroxene joins the crystallizing assemblage at
1130 £10°C even after exsolution of water (Fig. 6). Sector-
zoning and the presence of Al in the pyroxene indicate
that the incorporation and distribution of elements in the
mineral were controlled by interface kinetics (Lofgren
et al., 2006; Schwandt & McKay, 2006). The experimental
data of Kouchi et al. (1983) have shown that clinopyroxene
acquires sector-zoning during rapid growth at low degrees
of undercooling (AT =13-45°C). In addition, the cor-
roded shape of the clinopyroxene crystals indicates that
this mineral became unstable in the magma after crystalli-
zation. Owing to the narrow range of melt compositional
variations (Table 3), the destabilization of clinopyroxene
was most probably controlled by temperature. The fact
that temperatures up to 1170°C have been measured in
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Fig. 6. Numerical simulations using MELTS (Ghiorso & Sack, 1995) for fractional crystallization from 1300 to 1050°C (5°C increment, QFM
buffer) of a parental magma composition 47-7 wt % SiOq, 2:7 wt % TiOs, 13:25 wt % AlyOs, 16 wt % FeoOs, 10-1 wt % FeO, 017 wt %,
MnO, 9-5 wt % MgO, 0-05 wt % NiO, 10-5 wt % CaO, 2:45 wt % NayO, 0-67 wt % KyO, 0-3 wt % PyOs5, 0-1 wt % CO, and 1 wt % H,O
[in Famin et al. (2009); adapted from Ludden (1978) and Bureau et al. (1998)].

erupted lavas (Coppola et al., 2007; Boivin & Bachelery,
2009) suggests that the magnitude of reheating may have
easily exceeded the liquidus of clinopyroxene in the crystal-
lizing assemblage (i.e. 1130 £10°C). Consequently, we
interpret the presence of corroded crystals of clinopyroxene
as further evidence of cooling and reheating, below and
above 1140°C. Possible explanations for the undulose
extinction of clinopyroxene include compaction in cumu-
lates or impacts between suspended crystals (e.g. Komar,
1972, 1976). In the former case, it is more likely that plastic
deformation occurred in the cooler parts of the magma
storage system, before subsequent dissolution. In the latter
case, deformation may have occurred before, during and/
or after reheating.

The occurrence of clinopyroxene and plagioclase in clus-
ters and their crosscutting relationships indicate that plagi-
oclase crystallized together with clinopyroxene (Fig. 3c
and d). Given that plagioclase is prone to crystallize in the
melt (~45% normative plagioclase in matrix glasses;
Table 3) but reluctant to nucleate (Gibb, 1974), this mineral
could have used clinopyroxene as a substrate to precipitate.

In contrast to clinopyroxene, the unzoned composition
and the undissolved shape of the plagioclase microcrysts
indicate that these crystals did not record reheating or
chemical variations in the liquid. Rather, their lath-like
shape (Fig. 3¢ and d) suggests slow growth at a low degree
of undercooling (A7 <40°C in the anhydrous experi-
ments of Kirkpatrick et al., 1979). According to our
MELT'S simulations, plagioclase crystallizes below 1100°C
with I wt % HyO in the melt (the maximum HyO content
in melt inclusions; Bureau ¢t al., 1998), and below 1180°C. if
the water content was less than 0-1 wt % (Fig. 6). Because
the erupted magmas have temperatures up to 1170°C
(Coppola et al., 2007; Boivin & Bachelery, 2009), the
exsolution of water probably enhanced plagioclase
crystallization.

Causes of compositional variations in melt
inclusions

The compositional variations in olivine microcryst-hosted
melt inclusions imply that the olivine crystals sampled
different magma compositions during crystallization
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(Table 3, Fig. 5). An external cause of magma heterogene-
ity, such as re-feeding or contamination of the plumbing
system, is unlikely because the matrix glasses have a uni-
form composition [bulk compositional variations are only
due to olivine addition from picrobasalts (days 2 and 5) to
picrites (days 15 and 24)]. Famin et al. (2009) also noted
that contamination, if it does occur, does not involve signif-
icant volumes of contaminants that could change the
major element concentrations. In addition, Pb isotope
data do not show any evidence for refilling or contami-
nation during the December 2005 eruption (Vlastélic
et al., 2007).

Those melt inclusions showing simultaneous enrichment
in KyO and P,O; (Fig. 5a), probably experienced post-
entrapment crystallization, as
rejects K and P. This process was apparently stronger in
the small melt inclusions (@ <10 pum) in the air-cooled
samples, probably because of intense epitaxial overgrowth
on the inclusion walls. In contrast, post-entrapment crys-
tallization cannot explain the specific enrichment in PyO5
in the other melt inclusions. Element diffusion has to be
examined because it can modify the composition of the
melt around rapidly growing olivine crystals (Faure &
Schiano, 2005). Given that P diffuses more slowly than K
in the melt (Jambon, 1982; Harrison & Watson, 1984), this
element may accumulate at the contact with olivine and
form a boundary layer enriched in P,Os. Subsequent oli-

olivine simultaneously

vine growth may embay portions of such boundary layers
and seal them off from the magma, yielding melt inclu-
sions enriched in PyOs. The fact that the PoOj5 contents
decrease from one melt inclusion to the next within
a single crystal (Fig. 5a) suggests that such boundary
layers were transient before sealing. Melt inclusions
that record boundary layer effects can also experience
post-entrapment crystallization. They are expected to
have higher K,O contents than the matrix glass, which
may correspond to an average of melt inclusions with scat-
tered compositions.

The co-variations of CaO/Al;O3 and KyO/TiO; ratios
in the melt inclusions (Fig. 5b) have also to be considered
in the context of compositional effects in the olivine bound-
ary layer. In the melt, Ca diffuses faster than Al (Liang
et al., 1996) and K diffuses faster than T1 (Jambon, 1982;
Ldlourrette et al., 1996). Fast crystallization of olivine is
therefore expected to enrich the melt inclusions in Al and
Ti, yielding low CaO/Al,O3 and low K,O/TiO, ratios.
However, these ratios show opposite variations in the melt
inclusions from this study, indicating that diffusion kinetics
is not the main cause of chemical variations in the trapped
melts. These variations are neither controlled by olivine
nor spinel equilibrium crystallization—dissolution, because
these minerals cannot yield opposite CaOJ/Al,O5 and
K,O/TiO, variations given their composition (Table 3).
In contrast, clinopyroxene and plagioclase may control

MICROCRYSTS AT PITON DE LA FOURNAISE

these two ratios. The crystallization of clinopyroxene con-
sumes Ca and Ti, which lowers the CaO/Al;O5 ratio and
increases the KoO/TiOy ratio in the melt. Conversely, the
effect of clinopyroxene dissolution is to release Ca and Ti
in the melt, increasing the CaO/Al,O3 ratio and decreas-
ing the K,O/TiO, ratio. Plagioclase crystallization has
the opposite effect because it increases the CaO/Al,Os5
ratio and decreases the K,O/TiO, ratio in the melt. The
reverse is obtained with plagioclase dissolution. In the
CaOJAl,O5 vs KoOJTiOy diagram (Fig. 5b), the melt
inclusion data from this study yield a slope of —0-5 consis-
tent with the crystallization or destabilization of pure clin-
opyroxene without significant influence of plagioclase.
This is in agreement with the suggestion of Albarede et al.
(1997) that plagioclase fractionation is negligible in the
Steady State Basalts. We therefore suggest that the co-
variation of CaO/Al,O3 and K,O/TiO, in the melt inclu-
sions results from clinopyroxene crystallization and disso-
lution (Fig. 5b). The growth mode of closed hopper and
complex swallowtail shaped olivine implies that their
hosted melt inclusions were trapped during reheating and
simultaneously  with
dissolution. This means that clinopyroxene did not dis-
immediately during reheating but
co-crystallized with olivine. This can be explained if oli-

clinopyroxene crystallization or

solve may have
vine and clinopyroxene microcrysts are both metastable,
having rapidly grown in a cooler magma. Indeed, their
crystallization was probably not completed during cooling
and could have continued during a reheating event by
switching the growth mechanism from diffusion-controlled
to interface-controlled (Faure & Schiano, 2004). Olivine
and clinopyroxene may co-crystallize during reheating
but at a lower growth rate and at temperatures below
1140°C. At higher temperatures, clinopyroxene will dis-
solve. In contrast, the high liquidus temperature of olivine
(1230°C) allowed this mineral to continue to crystallize
and to seal the melt inclusions. Consequently, we interpret
the compositions of olivine-hosted melt inclusions as fur-
ther evidence of temperature cycling in the magma,
together with the corroded texture of clinopyroxene meso-
and microcrysts. The temperature of the magma must
oscillate below and above the liquidus of clinopyroxene
(1140°C). The fact that plagioclase is not involved in the
compositional variations of the melt suggests that this min-
eral crystallizes after the cooling—heating cycles recorded
by olivine, clinopyroxene and melt inclusions.

Magma dynamics in a hotspot volcano

There are two possible explanations for the observed
changes in composition and texture of the microcrysts. A
first scenario could be refilling of magma in the plumbing
system; however, this seems unlikely because the melt has
an almost steady-state major element and Pb isotope com-
position throughout the 2005 eruption and the hosted oli-
vine macrocrysts have a shallow origin (Vlastélic et al.,
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2007; Famin et al., 2009). In addition, the seismic activity
during December 2005 does not support refilling, as it
was restricted to a depth shallower than 2:5 km below the
surface (Peltier et al., 2008) whereas it went much deeper
during the 1998 refilling event (Battaglia et al., 2005b).
Moreover, recharge with a hotter magma cannot explain
the multiple cooling—heating cycles recorded by the olivine
microcrysts (Fig. 3g). These thermal variations are neither
indicative of water exsolution nor polybaric crystallization
given that the liquidus temperature of olivine and clinopyr-
oxene 1is almost constant from 100 to 0-1 MPa (Fig. 6).

A second, more probable, explanation is that the olivine
and clinopyroxene blocky microcrysts have travelled
through a thermally and compositionally heterogeneous
magma chamber (Fig. 7). We suggest that their cyclic trans-
port is caused by thermal and/or compositional convection
in the shallow magma reservoir below the Piton de la
Fournaise volcano. In cooler zones (i.e. below 1140°C), pre-
sumably on the margins of the chamber, clinopyroxene
crystallizes together with olivine, which traps a Ca- and
Ti-depleted magma (Fig. 7a). Some of the crystals are
then transported to hotter and probably inner zones
(above 1140°C and below 1230°C), in which clinopyroxene
crystals are destabilized and olivine microcrysts trap
Ca- and Ti-enriched melt inclusions. It is noteworthy that
Ca- and Ti-poor melt inclusions are more abundant at the
beginning of the eruption whereas Ca- and Ti-rich melt
inclusions become more abundant in olivine microcrysts
toward the end of the eruption. This may suggest that the
cyclic transport of fresh hot magma towards the cold mar-
gins gradually extracted and dissolved clinopyroxene
from the chamber’s walls, yielding progressive Ca- and
Ti-enrichment of the melt in this zone. The matrix glass of
the lavas does not evolve with time, probably because a
large part of the chamber is chemically well mixed by con-
vection, except at the margins.

On the other hand, plagioclase has only limited influ-
ence in the reservoir. Plagioclase microcrysts do not
record cooling—heating cycles and evidence of feldspar
fractionation is absent both in the melt inclusions
(Fig. 5b) and the magmas (Albarede et al., 1997).
However, the occurrence of plagioclase and clinopyroxene
clusters indicates that a small amount of plagioclase
co-crystallized with clinopyroxene in the cooler margins
of the chamber. The fact that clustered plagioclase shows
no evidence of dissolution after transport in hotter
magma may be explained if the dissolution rate of plagio-
clase is lower than that of clinopyroxene. This may suggest
that the dissolution kinetics of plagioclase is controlled by
the slow diffusion of constituents such as Al at the crystal—
melt interface (e.g. Donaldson, 1985, 1990). The high nor-
mative plagioclase contents of the matrix glasses (~45%,
Table 3) could also indicate that the melt is supersaturated
with plagioclase and cannot contain more dissolved

components of this mineral at magmatic temperatures.
Another possibility is that the partial dissolution of clino-
pyroxene increased locally the stability of adjacent plagio-
clase by releasing feldspar constituents such as Ca and Al
(Table 2). Conversely, non-clustered plagioclase micro-
crysts may have a different origin. Plagioclase crystalliza-
tion is favoured by water exsolution (Lipman & Banks,
1987, Hammer, 2006), and the magma drops from ~1 wt
% Hy0O in the chamber (according to olivine macrocryst-
hosted melt inclusions) to less than 0-1 wt % HyO in the
matrix glass of the erupted lavas (Bureau et al., 1998;
Famin et al., 2009). Non-clustered plagioclase microcrysts
may therefore crystallize as a result of decompression of
the magma in the conduit after leaving the reservoir and
before reaching the surface (Figs 6 and 7b). Their growth
rates can be estimated on the basis of magma ascent in
2-7 h, consistent with ascent rates of 0-2—2 m/s for preced-
ing eruptions (loutain et al., 1992; Battaglia & Bachelery,
2003; Peltier et al., 2005, 2007) and exsolution of water in
the last 0-2—1 km from the surface (Fig. 6, Bureau et al.,
1998). The resultant growth rate ranges from 10 ° to 10
m/s, which is a slow growth rate for plagioclase, consistent
with the lath shape of the microcrysts (Kirkpatrick, 1976;
Kirkpatrick et al., 1979). The fact that olivine-hosted melt
inclusions do not record the crystallization of plagioclase
in the conduit may indicate that convection in the magma
did not persist during its ascent.

One implication of our results is that convective trans-
port of crystals through a heterogencous magma reservoir
may explain some of the chemical variations in melt inclu-
sions. In addition to kinetic effects during crystallization
(Faure & Schiano, 2005) and post-entrapment 2 situ differ-
entiation processes (Danyushevsky et al., 2000), thermal
convection should be taken into account as a potential
cause of compositional variability in melt inclusions.

Whether convection at Piton de la Fournaise is a tran-
sient or long-lasting process can also be evaluated on the
basis of our results. At a growth rate of 10 ° to 10 ' m/s
(Jambon et al., 1992), the blocky olivine microcrysts would
crystallize in the magma within a few days at most (1-14
h to a maximum of 6 days); that is, during or just before
the eruption. The convection recorded by the olivine
microcrysts is, therefore, a phenomenon contemporaneous
with the transfer of magma towards surface. This short
time interval implies that microcryst-hosted melt inclu-
sions can provide instantaneous snapshots of magma con-
vection. Throughout the December 2005 eruption, the
gradual CaO/Al,Os3 increase and KyO/TiOy decrease in
olivine microcryst-hosted melt inclusions (Fig. 5) suggests
that destabilization of clinopyroxene is syn-eruptive. This
is consistent with the progressive CaOJAl,O3 increase
reported by Vlastélic e/ al. (2007) in the bulk lavas over
the period 1998-2006 (Fig. 1) and with the assumption
that the magmas remove clinopyroxene from the chamber
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Fig. 7. (a) Temperature history of clinopyroxene and olivine microcrysts from the December 2005 eruption at Piton de la Fournaise. Corroded
crystals of clinopyroxene indicate reheating above the clinopyroxene liquidus (1140°C). Olivine shapes indicate repeated cooling—heating
cycles. In each closed hopper-shaped olivine, a pair of melt inclusions is trapped during each cycle. Up to three pairs of melt inclusions are
observed in the olivine microcrysts. In the clinopyroxene-in zone, melt inclusions are depleted in Ca and Ti, and enriched in these elements in
the clinopyroxene-out zone. In the course of the eruption, Ca and Ti concentrations increased in the melt inclusions with continuing clinopyrox-
ene extraction and destabilization. (b) Interpretative sketch of magma dynamics during the December 2005 eruption in the shallow reservoir
of Piton de la Fournaise. Olivine and clinopyroxene £ plagioclase microcrysts crystallize mostly at the cooler top margin of the chamber, and
are then transported by convection to the hotter and more homogeneous interior, in which clinopyroxene is destabilized whereas olivine con-
tinues to grow. Given the small size of the microcrysts, the convection cells are probably small-scale and short-lived, suggesting a low Rayleigh
number barely above the critical value. The dyke involved in the December 2005 eruption is rooted on the eastern side of the chamber.
Plagioclase microcrysts crystallize in the conduit during the ascent of the magma. Arbitrary scale.
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Fig. 8. 'Irends of magma enrichment depending on whether it occurs in the conduit or in the reservoir. In the case of clinopyroxene removal in
the conduit, the CaO/Al,Og increase is disrupted from one eruption to the next because of variations in the magma path. This trend is inconsis-
tent with the continuous trend observed in the lavas (Fig. 1). In the case of syn-eruptive clinopyroxene removal in the reservoir, the CaO/
AlyOj5 increase is maintained from one eruption to the next and is similar to the trend observed in lavas. Arbitrary scale.

walls during eruptions. This process is unlikely to occur in
the conduit because magmas cannot have progressively
increasing CaO/Al,O5 bulk ratios if their path to the sur-
face varies from one eruption to the next (Figs 2 and 8).
Magmas can maintain their CaO/Al,O3 bulk-rock ratios
only by removing clinopyroxene from a single igneous
body, presumably the shallow reservoir. The small varia-
tions in the CaO/Al,O3 trend of the bulk lavas could
suggest refilling events or variations in the rate of clinopyr-
oxene extraction from the chamber walls. Systematic
syn-eruptive Ca enrichment suggests that clinopyroxene
crystals are removed from the chamber margins by convec-
tion during eruptions and not between, probably because
the magma is stagnant. Convective instability would
begin with the sinking of clinopyroxene and olivine crys-
tals grown in the boundary layer at the top of the chamber,
possibly leading to an eruption. This step of margin desta-
bilization could correspond to the swarms of earthquakes
recorded at the roof of the chamber just before and at the
beginning of the eruptions (Nercessian et al., 1996; Peltier
et al., 2008). For example, Harris et al. (2005) and Jones
et al. (2006) have shown that the cracking of crusts and
bursting of bubbles at the convective surface of Erta Ale’s
lava lake generates cycles of seismic wavefields. Similar dis-
ruption can occur at the top of the chamber during

magma overturn involving gas and solids. If so, the rate of
solidification at the upper boundary layer might be an
important factor controlling the frequency of eruptions.

Convection seems to be limited to short time intervals at
Piton de la Fournaise, thus favouring the interpretation of
transient convection cells triggered by the thickness of the
cooled margins of the chamber. The magma reservoir is
more probably characterized by low Rayleigh numbers,
which only episodically exceed the critical value for con-
vection, rather than by large Rayleigh numbers (>10%)
and vigorous convection. Further investigation of olivine
shapes in lavas from other volcanoes is necessary to assess
whether transient convection is the rule or an exception in
magma chambers.

CONCLUSIONS

The groundmass of the December 2005 picrite eruption at
Piton de la Fournaise volcano contains olivine, clinopyrox-
ene and plagioclase microcrysts that can be used to recon-
struct the thermal history of the magma prior to reaching
the surface. Olivine microcrysts show textural evidence
for successive cooling and heating cycles. Corroded tex-
tures indicate that clinopyroxene crystals also underwent
reheating above the liquidus of clinopyroxene after
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crystallization. This partial dissolution is matched by the
composition of melt inclusions in olivine microcrysts. We
suggest that the cyclic temperature variations experienced
by olivine and clinopyroxene microcrysts are due to ther-
mal convection in the shallow storage zone (2-2:5 km)
beneath Piton de la Fournaise. Plagioclase microcrysts
crystallize in the conduit during the ascent of the magma,
and do not record convection. Given the small size of the
olivine microcrysts and the survival of clinopyroxene crys-
tals, it is likely that the onset of convection preceded the
December 2005 eruption by only a few days at most.
These results favour models of transient, small-scale con-
vection cells rather than more vigorous and continuous
convection.
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