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[11 We present major element and volatile concentration analyses in melt and gas inclusions from two
recent picrite eruptions (February 2005 and December 2005) at Piton de la Fournaise volcano (La Reunion
Island, Indian Ocean). Combined with literature data, our new data show that the large variability of major
element compositions in Piton de la Fournaise lavas may be explained by three depth-dependent
differentiation stages of a single transitional parental magma (9—11 wt% MgO; 0.5-0.8 wt% K,0, and
10—12 wt% CaO). The deepest differentiation (>7.5 km) is controlled by the fractional crystallization of
clinopyroxene + plagioclase and yields gabbros and basalts enriched in K and depleted in Ca relative to the
parental magma. In a shallower storage zone (<2.5 km), differentiation of the transitional parental magma
is dominated by the fractionation/accumulation of Fogz_gs olivine phenocrysts, yielding Mg-poor basalts at
the top of the reservoir and picrites at the base. In cooling dykes and subsurface pockets (<0.6 km), Mg-
poor basalts may themselves evolve into more differentiated melts by clinopyroxene + plagioclase
fractionation. The incorporation of dunitic xenocrysts or other xenoliths is not necessary to explain the
major element chemical diversity of the volcano. The same superposition of differentiation mechanisms
may occur at similar depths in other shield volcanoes.

Components: 11,313 words, 8 figures, 4 tables.
Keywords: melt inclusion; magmatic differentiation; ocean island basalt; Reunion hot spot; olivine; major element.

Index Terms: 1036 Geochemistry: Magma chamber processes (3618); 1065 Geochemistry: Major and trace element
geochemistry; 1043 Geochemistry: Fluid and melt inclusion geochemistry.
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1. Introduction

[2] A key to understanding hot spot dynamics and
Earth’s mantle heterogeneity is to study the chem-
ical evolution of ocean island basaltic magmas on
their way up to the surface [e.g., Hauri, 1992].
Knowing how, where, and when these magmas are
affected by differentiation, contamination, or mix-
ing is important to constrain the number and depth
of magmatic reservoirs, the composition of the
crust hosting those reservoirs, and the composition
of the mantle source. The largest chemical vari-
ability of ocean island basalts (OIB) is found in the
shield-building stage of the volcanoes [Macdonald
and Katsura, 1964], during which picrites (basalts
containing more than 20 volume % olivine), alkali
basalts, and silica-rich lavas can erupt simulta-
neously or in short time intervals. Whether these
compositional variations are entirely due to a
shallow magmatic evolution, to a mixing between
different components, or to a heterogeneous mantle
source remains debated [Hauri, 1992; Ren et al.,
2005; Sobolev et al., 2005]. The way how OIB
magmatic evolution can yield such a large range of
compositions deserves further clarification.

[3] In this paper, we investigate the major element
geochemical evolution of OIBs from Piton de la
Fournaise, the active volcano of Reunion Island,
Indian Ocean (Figure 1). After 6 years of repose,
this volcano is now yielding more than one erup-
tion every 8 months since 1998, providing an
extensive record of present-day magmatic prod-
ucts. We analyzed major and volatile element
concentrations in olivine-hosted melt inclusions
(i.e., droplets of magma trapped in minerals) from
two recent picrite eruptions (17 February to 2 May
2005 and 26 December 2005 to 18 January 2006;
Figure 1a). Melt inclusions are useful because they
provide “snapshots” on the composition of the
melt at different stages of the magmatic evolution
[e.g., Sours-Page et al., 2002] and not only on the
final state of the magma as does bulk rock chem-
istry. This study uses three ‘“‘snapshots’: primary
melt inclusions (trapped during the crystallization
of the host olivines), secondary melt inclusions
(trapped in deformation microstructures of the
minerals after crystallization), and residual matrix

glasses (in the groundmass). We also analyzed
secondary gas inclusions (i.e., secondary inclusions
that trapped volatiles instead of melt) to investigate
the composition of the gas phase in the magma. By
comparing our analyses with published data on
Reunion bulk rock, melt inclusion, and matrix
glasses, we show that the large range of erupted
lavas may be explained by successive, depth-de-
pendent crystal fractionations from a single homo-
geneous magma. Because the geochemical and
eruptive pattern of Piton de la Fournaise bears
many similarities with other ocean shield volca-
noes, these results contribute to a better under-
standing of OIB evolution worldwide.

2. Previous Work on Magma

Compositions at Piton de la Fournaise

[4] The overall volcanic evolution of Reunion
Island [e.g., Upton and Wadsworth, 1965; Ludden,
1978; Albaréde et al., 1997] is similar to that of
Hawaii [e.g., Macdonald and Katsura, 1964; Chen
and Frey, 1983], even though Reunion magmas are
transitional between the alkalic and tholeiitic fields
whereas those in Hawaii are tholeiitic on an alka-
line versus silica diagram. Reunion Island is made
of two main volcanoes (Figure 1), the now extinct
Piton des Neiges and the Piton de la Fournaise
currently in the shield building stage (i.e., rapid
growth and emission of basaltic products [Peterson
and Moore, 1987]). The two volcanoes are rather
similar in major, trace element and isotopic com-
positions [Oversby, 1972; Zielinski, 1975; Ludden,
1978; Fisk et al., 1988], except for some discrete
variations in radiogenic isotopes [Luais, 2004;
Bosch et al., 2008]. Piton de la Fournaise has
yielded a large range of magmatic products over
the past 0.5 Ma, classified into four groups based
on their bulk major element composition [Upton
and Wadsworth, 1965, 1972a; Ludden, 1978,
Albarede and Tamagnan, 1988; Albarede et al.,
1997]:

[s] 1. Steady state basalts (SSB), which are tran-
sitional basalts of little compositional variability
(5-8 wt% MgO; 0.5-1 wt% K,0; 10-12 wt%
CaO, Figure 1b), constitute the most frequently
erupted products of the volcano. These magmas
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(a) Map of 2005 picrite (basalt containing more than 20 volume % olivine) eruptions on Piton de la

Fournaise volcano, Reunion island (Indian Ocean). (b) Bulk-rock major element composition of 19982007 eruptive
products at Piton de la Fournaise, shown in MgO-CaO/Al,O5 space. SSB stands for steady state basalts, AbG for
abnormal group basalts, and Diff. Lavas for bennmoreites and mugearites.

mostly erupt near the summit area from dykes
rooted at depths of 2 km or shallower [Peltier et
al., 2008].

[¢] 2. Olivine rich basalts and picrites (5—50 vol%
olivine at Fogs_gs; 8—28 wt% MgO; 0.4—0.7 wt%
K,0; 5—-11 wt% CaO, Figure 1b) are the second
most abundant rocks (referred to as “oceanites’ in
the work of Lacroix [1936]). Picrite eruptions are
most often associated with high eruption rates and
large volumes of products [Kornprobst et al.,
1979]. These lavas are more frequently erupted
outside of the summit zone in the lower parts of the
volcano. In particular, the two picrite eruptions
investigated here (February 2005 and December
2005) occurred more than 4 km away from the
summit, on the northeastern side of Piton de la
Fournaise (Figure 1a). The elevation of the vents
ranged from 1650 to 500 m during the February
2005 eruption and from 2025 to 1600 m during the
December 2005 eruption. On the basis of ground
deformation modeling and the location of earth-
quake swarms, dykes were estimated to originate
from a depth of 2—2.5 km for these two eruptions
[Peltier et al., 2008].

[7] 3. Differentiated, alkaline lavas (1-5 wt% MgO;
1-4 wt% K,0; 1.8—10 wt% CaO, Figure 1b) are

found mostly in the early stages of Piton de la Four-
naise building history and correspond to very rare
shallow magmatic activity [A/baréde et al., 1997].

[s] 4. In addition, an abnormal group (AbG) of
lavas (7.5—-10 wt% MgO; 0.9—-1.2 wt% K,0; 8.5—
10 wt% Ca0), enriched in Mg, Fe, Ti, Na, K, and
depleted in Ca, Si relative to SSB (Figure 1b), is
represented by a few eruptions on the distal flanks
of the edifice and by the recent central eruption of
the Hudson vent in 1998 (Figure la). Both geo-
chemistry and the location of earthquake swarms
indicate that these magmas rise from a depth
greater than 7.5 km [Bureau et al., 1998b, 1999;
Battaglia et al., 2005b].

[s] Crystalline intrusive products are limited on
Piton de la Fournaise and consist of gabbroic or
dunitic cumulates. These cumulates are found as
xenoliths in lavas [Upton and Wadsworth, 1972b]
or in ashes from the 4.7 ka Bellecombe explosive
eruption [Mohamed-Abchir et al., 1998; Upton et
al., 2000], and as larger bodies sampled by drilling
in the Grand Bralé slope [Rangon et al., 1988]. It is
worth noting that on the more eroded Piton des
Neiges, a kilometer-scale gabbro crops out in the
cirque of Salazie [Upton and Wadsworth, 1972b;
Chevallier and Vatin-Perignon, 1982].
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[10] Whole rock compositions define two trends in
binary diagrams of MgO versus CaO/Al,O5 or
compatible versus incompatible major elements
(Figure 1b), as observed on other ocean shield
volcanoes [e.g., Rhodes, 1988]: The low MgO
(<7 wt%) trend is controlled by differentiation of
the SSB into bennmoreites and mugearites, con-
sisting in the removal of 0—70% in volume of a
gabbroic cumulate composed of 20—-40% plagio-
clase, 50—70% clinopyroxene, and <10% olivine
[Albaréde et al., 1997]. The second higher MgO
(>7 wt%) trend is due to variable olivine content
from SSB (<5%) to picrites (up to 50%). Using
mass balance calculation, early workers have inter-
preted this trend to be caused by fractionation of
5-10% of olivine (Fog,) from a parental magma at
9-11 wt% MgO; 0.5-0.8 wt% K,0; 10—-12 wt%
CaO [Tilley et al., 1971; Ludden, 1978], yielding
SSB by depletion on one side and picrites by
accumulation on the other side [Clocchiatti et al.,
1979]. This parental magma would itself be de-
rived from a primitive magma with 15-17 wt%
MgO; 0.4 wt% K,0; 8-9 wt% CaO issued from
partial melting of mantle peridotites [Fisk et al.,
1988]. More recently, a xenocryst origin has been
proposed for the olivines [4A/baréde and Tamagnan,
1988; Albarede et al., 1997] because crystals are
deformed and their Mg/Fe is in disequilibrium with
the groundmass (olivines precipitated from the
groundmass melt should have a Fosg_g; composi-
tion, which is only observed on the rim of crystals).
In this interpretation, the olivine trend would be
due to the incorporation of genetically unrelated
dunites into the SSB during their ascent. The AbG,
which lie outside of the two trends, have been
interpreted to result from wehrlitic fractionation
[Kornprobst et al., 1979].

[11] Recently, some minor variations in trace ele-
ment concentrations and Pb isotopes have been
evidenced in SSB and picrites from the period
1998—2006, indicating some contamination of the
magmas by the oceanic crust [ Viastélic et al., 2005;
Viastélic et al., 2007].

3. Sample Description

[12] Samples were taken on 25 February 2005 and
6 January 2006, 9 and 15 days after the beginning
of the February and December eruptions, respec-
tively. The samples were collected from the lava
flows at ~1100°C (measured with a thermocouple
dipped in the flows) and quenched in water.

[13] The samples display the typical petrographic
features of picrites erupted on the Piton de la
Fournaise, already described in previous studies
[Clocchiatti et al., 1979; Albaréde and Tamagnan,
1988; Bureau et al., 1998a, 1998b]. They contain
15—40 volume % of polyhedral olivine macrocrys-
tals 0.5—5 mm in diameter, embedded in a ground-
mass of plagioclase + clinopyroxene + olivine
microlithes and residual matrix glass.

[14] Olivine macrocrystals contain brown, spheri-
cal, or ovoid melt inclusions 5—150 ym in diam-
eter (Figure 2a), occurring alone or in random
clusters within the crystals. These features indicate
that the melt inclusions are primary in origin, i.e.,
trapped during the crystallization of the host oliv-
ine [Roedder, 1979]. Faure and Schiano [2005]
have shown that such primary inclusions in poly-
hedral macrocrystals are trapped in chemical equi-
librium with their host olivine. The primary melt
inclusions show no evidence for postentrapment
modification such as leaking (i.e., loss of matter) or
necking down (i.e., change of shape) [Roedder,
1984; Schiano et al., 2006]. These primary melt
inclusions contain no visible daughter mineral but
occasionally show a shrinkage bubble devoid of
any detectable volatiles (see below). In addition,
chromium spinels may be observed filling some
melt inclusions in variable proportion with the melt
or as solid inclusions within the olivines
(Figure 2a). These features confirm that spinels
were trapped as solid minerals and were not
precipitated from the melt inclusions after entrap-
ment as true daughter minerals [Roedder, 1984].

[15] Olivine macrocrystals occasionally display
healed cracks and undulose extinction in cross-
polarized light, indicating intracrystalline deforma-
tion. Healed cracks are microfractures filled with
fluids (melt and/or volatiles) and sealed by recrys-
tallization on the walls of the crack, leaving a plane
of fluid inclusions. These inclusions are therefore
secondary in origin, i.e., trapped after the crystal-
lization of the host olivine. The secondary inclu-
sions are <5—100 pm in diameter and have an
oblong or irregular shape (Figure 2b). These sec-
ondary inclusions contain pure CO, (i.e., gas
inclusions) or a mixture of brown glass + CO,
gas =+ spinel (i.e., melt inclusions) in variable gas/
melt volume proportions. This indicates that the
magma was multiphase and supersaturated in CO,
at the time of olivine deformation and entrapment.

[16] Embayments filled with brown glass are oc-
casionally observed at the edges of olivine macro-
crystals (Figure 2a). The matrix glass between
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Figure 2. Optical microphotographs (plain light) of
olivine-hosted inclusions and matrix glasses in picrites
from the 2005 eruptions at Piton de la Fournaise. (a)
Several objects are shown on this picture: 1. spherical
primary inclusion containing brown melt and a
shrinkage bubble; 2. euhedral spinels trapped as solid
inclusions (slightly out of focus); 3. spinel inclusion
with a rim of brown melt; 4. embayment containing
spinels and brown melt; 5. brown matrix glass. (b) Plane
of secondary inclusions containing CO, + melt + spinel
in variable gas/melt proportions.

microlithes is also brown and contains no visible
microcrystals under the microscope.

4. Analytical Methods

[17] Major element analyses of minerals and melt
inclusions were carried out on polished thin sec-
tions using an electron probe microanalyzer
(EPMA) during two analytical sessions. The same
operating conditions were used for olivine, spinel,
and glass analyses. In the first session, 11 elements
analyses were performed on a JEOL JXA-733
(University of Osaka), tuned at 15 kV, 12 nA,

focused beam, 10 s counting times. The following
minerals and oxides were used as standards for the
elements cited in brackets: albite (Na), orthoclase
(K), Fe,O3 (Fe), MnO (Mn), quartz (Si), Al,O;
(Al), wollastonite (Ca), MgO (Mg), Cr,053 (Cr),
NiO (Ni), TiO, (Ti). The focused beam allowed the
analysis of small (~15 pm) melt inclusions, with
the drawback of alkali loss [e.g., Morgan and
London, 1996]. In the second session, 12 elements
analyses were performed on a CAMECA SX100
(Service Camparis, Paris VI University) tuned at
15 kV, 10 nA, beam defocused at 10 ym, witha 5 s
counting time for Na (measured first) and 10-20 s
counting times for other elements. The CAMECA
set of standards (synthetic and natural minerals or
oxides) was used for calibration. In both sessions,
the correction methods of Bence and Albee [1968]
were used to convert the raw intensity data to
weight percent oxides. Analytical uncertainty is
1-2% for major elements, 5—15% for minor ele-
ments, and 50—100% for trace elements (average
1o analytical uncertainty over the two sessions in
wt%: 0.58 on SiO,, 0.25 on Al,O3, 0.77 on FeOy,,
0.32 on MgO, 0.24 on CaO; 0.29 on TiO,, 0.16
Na,O, 0.11 on K5O, 0.05 on P,O5; 0.16 on MnO,
0.09 on NiO, 0.08 on Cr,03). Each composition of
minerals and melt inclusions was averaged from
five measurements on nonoverlapping spots after
check of the homogeneity of the analyses. For
major and minor elements, the 1o error on the five
measurements was within the analytical uncertain-
ty, except for three melt inclusions that were is this
case discarded. Replicate measurements on the
same repolished melt inclusions and host olivines
(analyses OIE1bIF1 and OIESIF1 in Table 1)
during the two sessions also fell within analytical
uncertainty, except for P that was not measured and
Na that was probably underestimated by ~1 wt%
in glasses with the JEOL JXA-733.

[18] After major element analysis, the samples
were doubly polished to a final thickness of 30—
100 pm in order to make the melt inclusions stand
out from their host olivine on both sides of the thin
section. Water and carbon concentration measure-
ments were performed on a FTIR microspectrom-
eter (JASCO MFT-2000, University of Osaka),
equipped with a MCT detector and a Ge-coated
KBr beam splitter. Spectra were measured by
collecting 100 scans in the range 6000—700 cm ™'
with a 4 cm™" resolution, a 10 x 10 to 20 x 20 um
window aperture and a background air correction.
Water and carbon concentrations were determined
from the absorbances (i.e., intensities) of the O—H
band at 3450 cm~! and the CO3~ bands at 1530
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and 1430 cm™ !, after linear baseline correction.
The Beer-Lambert law was used to calculate the
concentrations from the absorbances:

C = 100.A.M/(e.p.d),

where C is the concentration (wt%), A4 is the
absorbance (dimensionless), M is the molar mass
(g mol™"), € is the molar absorptivity (L mol '
cm '), p is the density of the glass (g cm ),
and d is the thickness of the melt inclusion (cm).
The value of ¢ was taken equal to 64 L mol '
cm ! for H,O and 398 L mol ™' ecm™' for CO3~
[lhinger et al., 1994]. The value of d was taken
equal to 2.8 g cm ° in order to be consistent
with previous melt inclusion studies on Piton de
la Fournaise [Bureau et al., 1998a; Bureau et al.,
1998b; Bureau et al., 1999]. The value of d was
measured by Laser scanning confocal microscope
(KEY-ENCE, Color Laser 3D Profile Microscope
VK-8500 and VK 8510, University of Osaka)
with a precision of £1 um. The uncertainty on
concentration estimates is of about 10%. The
detection limit for H,O and CO, is of 100 ppm
and 20 ppm, respectively.

[19] Because an olivine rim may have crystallized
on the walls of melt inclusions after entrapment,
the composition of primary melt inclusions was
corrected for possible epitaxial olivine crystalliza-
tion using the olivine-spinel-melt chemical equilib-
rium, a procedure outlined by Bureau et al.
[1998b]. Results are therefore presented both be-
fore and after correction. This procedure was not
applied to secondary melt inclusions because the
assumption of melt-olivine chemical equilibrium is
not valid in their case.

[20] The composition and density of volatiles in
secondary gas inclusions and in the bubble of
primary and secondary melt inclusions were deter-
mined using a Raman spectrometer (University of
Osaka), equipped with an optical microscope
(Olympus BX60) and an Ar+ ion laser (514.5 nm,
40 mW). A 1200 lines/mm was used. The Raman
shift was calibrated using a standard sample of
naphthalene. The spectral resolution was 1.5 cm ™.
The density of secondary gas inclusions was de-
termined using the technique of Kawakami et al.
[2003] based on the dependence of the CO, Raman
spectrum on its density. The two Fermi diad bands
of CO, (v at about 1388 and v~ at 1285 cm™})
were fitted to a Lorentzian curve to determine their
peak position (no smoothing was applied to the
spectra prior to peak fitting). The density of the

CO, in gas inclusions (g cm ) was then computed
using the empirical relationship

d= —0.03238697A% + 10.08428A% — 1046.189A
+36163.67

where A designates the Fermi resonance splitting
between the upper and lower bands of CO, (A =
v" — v7). The uncertainty on A and on the
coefficients of the empirical relationship propa-
gates a lo error on density estimates of about

0.03 g cm ™ [Kawakami et al., 2003].

5. Results

[21] The composition of olivines, spinel inclusions,
melt inclusions, and interstitial glasses is reported
in Tables 1, 2, and 3. Major element concentrations
in glasses are also plotted on Figure 3. Olivines
from the February 2005 eruption (Fogs_gs.s, peak
at Fogss) and from the December 2005 eruption
(Fogs_ga.5, peak at Fog,) are similar in composition
to those in previously erupted picrites from Piton
de la Fournaise [Clocchiatti et al., 1979; Albarede
and Tamagnan, 1988; Bureau et al., 1998a; Bureau
et al., 1998b]. Chromium spinel inclusions from
the February 2005 eruption (Mg # = 0.51 to 0.56)
are enriched in Mg relative to those from the
December 2005 eruption (Mg # = 0.48 to 0.54).
The positive correlation between the Mg content of
spinel inclusions and the forsterite content of their
host olivines indicate that they are in chemical
equilibrium (Table 1). Since primary melt inclu-
sions are trapped together with spinels during
olivine crystallization, it is likely that primary melt
inclusions are also in equilibrium with the host
olivines. This is supported by the polyhedral tex-
ture of olivines that have been shown to trap
equilibrium melt compositions [Faure and
Schiano, 2005]. Primary melt inclusions of both
eruptions show a transitional basaltic composition
at 8.4-11.1 wt% MgO, 0.40—1.08 wt% K,O, and
9.8—-13.6 wt% CaO, after correction of epitaxial
olivine crystallization (8 to 14 mol%) on the
inclusion walls (Table 1 and Figure 3). Secondary
melt inclusions display a more evolved and scat-
tered composition at 3.3-6.9 wt% MgO, 0.15—
1.42 wt% K,0, and 10.5-14.1 wt% CaO (Table 2
and Figure 3). Note, however, that secondary melt
inclusions might appear more evolved than they
truly are because epitaxial olivine crystallization
might have occurred on their walls but cannot be
corrected. No relationship between the size and the
composition of melt inclusions is observed
(Table 1). Interestingly, the composition of second-
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Figure 4. H,O versus CO, concentration in olivine-
hosted melt inclusions from the February and December
2005 eruptions. Diamonds represent February 2005
eruption. Squares represent December 2005 eruption.
Empty symbols are used for primary melt inclusions
without correction, blue symbols for primary melt
inclusions after correction for epitaxial olivine crystal-
lization, red symbols for secondary melt inclusions
(without correction), and yellow crossed symbols for
matrix glasses.

to 103.2 em™ !, or a CO, density of 0 to 0.29 g
cm . Note also that the abundance of gas inclu-
sions decreases with increasing CO, density.

6. Discussion

6.1. Depth of Olivine Crystallization

in Picrites

[25s] Because water and carbon saturation in silicate
melts is pressure and temperature dependent, the
depth of entrapment of melt inclusions may be
estimated from their H,O and CO, concentration.
Using the VolatileCalc software [Newman and
Lowenstern, 2002] and temperatures given by the
Helz and Thornber [1987] thermometer, primary
melt inclusions from the two 2005 picrite eruptions
are estimated to crystallize in a similar range of
depths from ~0 to 1600 m (Figures 5 and 6). With
the same approach, secondary melt inclusions are
estimated to be entrapped at a maximum of 600 m
depth (the depth of entrapment of secondary melt
inclusions may be overestimated because of uncor-
rected olivine epitaxial crystallization). Note that
for both primary and secondary melt inclusions, the
abundance of data decreases with increasing depth.

[26] The depth of entrapment of secondary CO, gas
inclusions may also be estimated from the density of
CO,, assuming a 2.8 g cm > magma density and a
1200°C ambient temperature (the uncertainty on
temperature yields only minor error on pressure
estimates of CO,). Consequently, Raman data yield
a depth range of 0 to 2200 m for the entrapment of
secondary gas inclusions, with one datum at 2600 m
depth (Figure 6). Gas inclusions appear to yield
slightly greater depths than melt inclusions. Note,
however, that the uncertainty of depth estimates
from both techniques is about 500 m. In the case
of gas inclusions also, the abundance of measure-
ment decreases with increasing depth.

[27] Overall, the two independent data sets both
suggest that the growth of olivines in picrites and
their transport proceeds at a very shallow depth,
limited to a zone shallower than 2600 m below the
surface. Our estimate is consistent with the depth
of picrite olivine crystallization proposed by
Bureau et al. [1998b] and also consistent with
the depth of picrite dykes modeled from ground
deformation [Peltier et al., 2008]. Olivine enrich-
ment in picrites is a shallow process; hence MgO
increase in bulk rock should not be taken as an
evidence for reservoir recharge by deep magmas
such as proposed by Viastélic et al. [2007]. In
addition, the decreasing frequency of data with
increasing depth indicates that olivines crystallized
at shallow level are more abundant in the eruptive
products than deeper ones (Figure 6). It is possible
that the frequency of data might represent a bias in
the incorporation of olivines into the erupted lavas.
Another possibility is that the frequency of data
represents true abundances in the magma reservoir.
In this case, the picrites would collect more oli-
vines crystallized from the (cooler) top of the

102 . . : : : —
102.4 420 .
_ i -
o - ] g
(= ]
S 102.8 = 5
| m— J10 5
<] — _¢_ 1 O
103.2 |- — _4)_ 1 <
=== I
10367 0.1 0.2 0.3
CO, density (g cm-3)

Figure 5. Density of CO,-bearing secondary gas
inclusions in olivines from the February 2005 eruption.
Data are represented as a function of the Fermi
resonance splitting (shown by A) between the two
Raman peaks of CO, and also as a frequency histogram.
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Figure 6. Depth of melt and gas inclusion entrapment
in olivines from the February and December 2005
eruptions, estimated using two different types of data:
(1) H;O-CO, concentrations in the melt inclusions
assuming vapor saturation (blue histogram for February
2005 primary melt inclusions, dotted blue histogram for
December 2005 primary melt inclusions, red histogram
for secondary melt inclusions); (2) CO, density of
secondary gas inclusions assuming a 1200°C tempera-
ture of entrapment (yellow histogram).

reservoir than from the lower parts. This would be
consistent with the interpretation that picrites come
from a chemically stratified reservoir [Viastélic et
al., 2005], depleted in Mg at the top by olivine
fractionation and proportionally enriched at the
base by accumulation.

6.2. Source of Picrites

and Steady State Basalts

[28] In Figure 7, the composition of melt inclusions
from the two 2005 picrite eruptions is compared
with whole rock data on Piton de la Fournaise.
Primary melt inclusions from this study show that
the most frequently entrapped melts during olivine
growth have the composition of the parental
magma (9-11 wt% MgO, 0.5-0.8 wt% K,O,
and 10-12 wt% CaO) proposed by Ludden
[1978]. Fogs_gs olivines from picrite lavas are in
equilibrium with primary melt inclusions (Table 1)
and therefore with this parental magma. On the
other hand, primary melt inclusions after epitaxial
olivine crystallization (i.e., without composition
correction) and secondary melt inclusions lie in
the range of more differentiated SSB (Figures 3
and 7), and would be in equilibrium with Fog_g;
olivines such as found on the rims of Fogs_ gs
macrocrystals. Consequently, the composition of
SSB and rimmed macrocrystals may be entirely
explained by the fractional crystallization of 8-
14 mol% of picrite olivines (Fogy_gs) from the
parental magma. Fog;_gs olivines in picrites are

phenocrysts as proposed by Clocchiatti et al.
[1979] and not xenocrysts derived from the disag-
gregation of earlier cumulates and incorporated
into SSB, as interpreted later [Albaréde and Tama-
gnan, 1988; Albarede et al., 1997]. We therefore
concur with the interpretation that SSB and picrites
may evolve from a common magma storage zone
(or a complex of connected storage zones) simply
by fractional crystallization of Fogs_gs olivines
[Tilley et al., 1971; Ludden, 1978; Clocchiatti et
al., 1979; Kornprobst et al., 1979]. Olivine rims at
Fo,g_g; are in equilibrium with SSB and therefore
develop in the differentiated liquid after most of the
crystal fractionation. The fact that all the fluid
inclusions (primary and secondary, melt or gas)
are trapped at a similar shallow depth range
(Figure 6), and that secondary melt inclusions have
an SSB composition (Figure 7), suggests that picrite
olivines grow, travel, and are deformed within a
single storage system. This reservoir has the bulk
composition of the parental magma [T7illey et al.,
1971; Ludden, 1978], but is vertically stratified
(between recharge periods) due to fractional crystal-
lization, with a top of SSB composition at a few
hundreds meter depth and a bottom of picrite com-
position at a maximum depth of 2600 m.

6.3. Three Differentiation Histories
of a Single Magma

[29] Previously published melt inclusion and ma-
trix glass data have been compiled in Figure 7.
Overall, three trends may be observed instead of
two:

[30] 1. A first trend (Line 1) is defined by primary
melt inclusions (i.e., the parental magma), AbG
whole rocks and secondary inclusions trapped in
olivines from AbG eruptions (Figures 7a and 7b).
In the light of Line 1, AbG may be explained as an
evolution of the parental magma by crystal frac-
tionation of a cumulate composed of 20—40 vol%
plagioclase, 50—70% clinopyroxene, and <10%
olivine. No gabbroic cumulates of such composi-
tion have been found on Piton de la Fournaise. On
the more eroded Piton des Neiges (Figure 1),
however, the composition of the Salazie gabbro
body falls on the trend (Figures 7a and 7b). Since
rock chemistry is quite similar at both volcanoes, a
gabbro such as found on Piton des Neiges may
represent the cumulative counterpart of AbG dif-
ferentiation (Figures 7c and 8). According to the
deep origin of abnormal eruptions [Bureau et al.,
1998b; Battaglia et al., 2005a], gabbro accumula-
tion should proceed in a reservoir located at depth
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Figure 7. (a—b) Compilation of K,O and CaO concentrations versus MgO in magmas from Piton de la Fournaise

volcano. Pin points represent published whole rock data [Upton and Wadsworth, 1965; Tilley et al., 1971; Upton and
Wadsworth, 1972a; Ludden, 1978; Albaréde and Tamagnan, 1988; Fisk et al., 1988; Rangon et al., 1988; Albaréde et
al., 1997; Mohamed-Abchir et al., 1998; Peltier et al., 2008]. Black squares represent the whole rock composition of
gabbros from Piton de la Fournaise and Piton des Neiges [Upton and Wadsworth, 1972b; Rancon et al., 1988; Upton
et al., 2000]. Blue symbols represent primary melt inclusions, red symbols represent secondary melt inclusions, and
yellow symbols represent embayments and matrix glasses. Diamonds and squares represent melt data from the
February and December 2005 eruptions, respectively. Circles are used for previously published melt inclusion and
interstitial glass data. In this literature data set, primary and secondary melt inclusions were analyzed in picrite and
ADbG eruptions [Bureau et al., 1998a; Bureau et al., 1998b; Bureau et al., 1999]; interstitial glasses were analyzed in
the AbG eruption of Hudson 1998 [Villeneuve, 2000]. The empty box is the parental magma suggested by [7illey et
al., 1971; Ludden, 1978]. Solid lines represent numerical simulations of fractional crystallization from the parental
magma based on the MELTS software [Ghiorso and Sack, 1995; Asimow and Ghiorso, 1998]. Input parameters and
results are given in Table 4. (c) Interpretative sketch of differentiation sequence at Piton de la Fournaise volcano. Line
1 is explained by plagioclase + clinopyroxene fractionation/accumulation of parental magmas (in blue), yielding
“abnormal magmas” (in yellow) and possibly gabbros (in black) of the Piton des Neiges type. Line 2 is explained by
olivine fractionation/accumulation of parental magmas, yielding picrites (in green) and steady state basalts (in red).
Line 3 is explained by plagioclase + clinopyroxene fractionation/accumulation of steady state basalts, yielding
differentiated magmas (in yellow) and gabbroic cumulates (in black) of the Piton de la Fournaise type.

greater than 7.5 km (Figure 8). Differentiated
secondary melt inclusions are likely trapped along

sions from the two 2005 picrite eruptions and by
most of the whole rock data on Piton de la Four-

Line 1 after the fractionation of plagioclase +
clinopyroxene + olivine.

[31] 2. The second trend (Line 2) is defined by
primary melt inclusions, by secondary melt inclu-

naise (Figures 7a and 7b). As discussed above,
Line 2 is the result of both fractionation and
accumulation of Fog;_gs olivines, yielding SSB
on the low MgO side of Ludden’s [1978] parental
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Figure 8. Conceptual geochemical model of magma storage and transport beneath Piton de la Fournaise volcano.
(1) Parental magmas (in blue) may occasionally rise directly from a deep reservoir at 7.5 km depth or more. In this
case, magmas undergo differentiation by plagioclase + clinopyroxene fractionation (yellow) during their ascent,
yielding melts of the “Abnormal Group.” Possibly, gabbros (in black) may accumulate at the base of this reservoir.
(2) Most of the parental magma, however, episodically rises through a shallower reservoir at 2—2.5 km depth (or a
complex of connected reservoirs) in which it undergoes differentiation by olivine fractionation. Between episodic
refills, this reservoir becomes vertically chemically zoned by differentiation, with steady state basalts (in red) at the
top and picrites (in green) at the bottom. Dykes originating at the top of this storage complex yield summit eruptions,
while dykes originating at the base of the reservoir yield lateral eruptions, as shown by GPS data and earthquake
depths [Longpré et al., 2007; Peltier et al., 2008]. (3) Crystallization of plagioclase + clinopyroxene microlithes
during magma ascent produces differentiated residual matrix glasses (in yellow) within, steady state basalts, picrites
and abnormal basalts at shallow level (<600 m depth). Occasionally, some very shallow pockets of magma may
become disconnected from the main storage complex and evolve for longer time by plagioclase + clinopyroxene
fractionation, yielding small differentiated eruptions.

magma and picrites on the high MgO side, in a
reservoir not deeper than 2.5 km (Figures 7c and
8). This conclusion is in perfect agreement with
early studies on Piton de la Fournaise picrites
[Tilley et al., 1971; Ludden, 1978; Clocchiatti et
al., 1979; Kornprobst et al., 1979].

[32] 3. The third trend (Line 3) is defined by
secondary melt inclusions and matrix glasses from
shallow rooting eruptions, the most evolved whole
rock lavas on Piton de la Fournaise and by xen-
oliths found in the Bellecombe ashes (Figures 7a

and 7b). Line 3 is subparallel to Line 1 and may
therefore also be explained by the differentiation of
steady state basalts due to crystallization of plagio-
clase and clinopyroxene (Figure 7c), as proposed
by Albarede et al. [1997]. Along this line, the
evolved melts in secondary inclusions and matrix
glasses may result from microlithe crystallization
during the ascent of magmas (at a depth smaller
than 600 m as suggested by secondary melt inclu-
sions, Figure 6), without invoking fractional crys-
tallization. Note that all the lavas, including SSB,
picrites, and AbG, end up with this step of shallow
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Table 4. Numerical Simulations of Fractional Crystallization Using the MELTS Software®

Pressure® log fO, Volume % of Solid Mineral Composition of the Solid (vol%)
(MPa) Buffer® Crystallized at 1050°C in Order of Crystallization®

500 QFM+3 52.1 75 cpx + 13 sp + 12 fs
300 QFM+3 48.47 69 cpx + 16 sp + 15 fs
200 QFM+3 45.99 66 cpx + 18 sp +16 fs
100 QFM+3 43.16 61 cpx +20 sp + 17 fs + 2 ol
75 QFM+3 42.61 30l +60cpx +20sp+ 17 fs
50 QFM+3 45.94 30l+59cpx+21sp+17fs
25 QFM+3 40.99 (+19 % H,0) 30l +49 cpx + 18 sp + 30 fs
0.1 QFM+3 0.44 (+99.4 % H,0) 1 ol +41 cpx + 48 fs + 10 sp
500 QFM 57.61 92 cpx +1sp+7fs

300 QFM 54.16 40l +72cpx +4sp+20fs
200 QFM 50.79 12 ol + 60 cpx + 6 sp + 22 fs
100 QFM 47.41 18 ol + 50 cpx + 25 fs + 7 sp
75 QFM 46.69 19 ol +49 cpx + 25 fs + 7 sp
50 QFM 45.94 20 ol + 48 cpx + 25 fs + 7 sp
25 QFM 45.27 (+25 % H,0) 16 ol + 38 cpx + 39 fs + 7 sp
0.1 QFM 0.5 (+99.46 % H,0) 6 ol + 50 fs + 38 cpx + 6 sp

4From Ghiorso and Sack [1995] and Asimow and Ghiorso [1998].

All the runs were performed with a temperature decrease from 1300 to 1050°C. Orthopyroxene was excluded of the possible crystallizing
phases because it is not observed in volcanic rocks of Reunion Island. The composition of the initial liquid undergoing fractional crystallization was
adapted from Ludden’s [1978] parental magma, with a volatile concentration taken equal to the maximum concentration found in Piton de la
Fournaise melt inclusions [Bureau et al., 1998b, 1999]: 47.7 wt% SiO,; 2.7 wt% TiO,; 13.25 wt% Al,O5; 1.6 wt% Fe,05; 10.1 wt% FeO; 0.17 wt%
MnO; 9.5 wt% MgO; 0.05 wt% NiO; 10.5 wt% CaO; 2.45 wt% Na,O; 0.67 wt% K,0; 0.3 wt% P,0s; 1 wt% H,0; 0.1 wt% CO,.

€Oxygen fugacity was set at two buffers: Quartz—Fayalite—Magnetite (QFM) and QFM+3 (in log unit).
Abbreviations: olivine (ol); clinopyroxene (cpx); spinel (sp); feldspar (f5).

differentiation. Whole rock data suggest, however,
that cooling dykes or small subsurface pockets of
magma may occasionally become disconnected
from the main storage complex and yield fraction-
ation of an assemblage composed of 20—40%
plagioclase, 50—70% clinopyroxene, and <10%
olivine, and small volumes of more differentiated
magmas (Figure 8). The cumulative counterpart of
this differentiation may correspond to the gabbro
xenoliths found in the Bellecombe ashes.

[33] The change from one differentiation line to the
next is likely pressure, temperature and composi-
tionally dependent, yet experimental data are too
scarce for quantitative phase diagrams to be estab-
lished. Using published experimental data on SSB
[Green and Ringwood, 1967; Fisk et al., 1988],
Albaréde et al. [1997] have placed the crossover
between clinopyroxene-dominant and olivine-
dominant crystallization at 0.9 = 0.2 GPa [Albarede
etal., 1997, Figure 21]. However, since the parental
magma affected by the first clinopyroxene + plagio-
clase fractionation (Line 1) is more primitive than
the starting magma used in their experimental work,
the clinopyroxene-olivine crossover is very likely
much shallower than 0.9 + 0.2 GPa (30 km). Indeed
using the MELTS software [Ghiorso and Sack,
1995; Asimow and Ghiorso, 1998], simulations of
fractional crystallization from the parental magma
above 300 MPa yield an assemblage 69-92 vol%

clinopyroxene + 7—20% feldspar + 1—-16% spinel
(Table 4). This assemblage is consistent with the
average mineral composition of the Salazie gabbro
[Upton and Wadsworth, 1972b]. It is only from
280 MPa (10 km) and below that olivine becomes a
significant (i.e., >5 vol%) phase in the solid. In
MgO-CaO space (Figure 7a), Line 1 is best
simulated by liquid lines of descents in the range
200-500 MPa, with the oxygen fugacity set at the
quartz-fayalite-magnetite buffer (QFM) + 3 in log
unit. These simulations also fit well SiO,, TiO,,
MnO, Na,O, and P,Os data but do not fit FeO,
Fe,0s, Al,O3, and K,O data (Figure 7b). The misfit
of FeO and Fe,O3; may be caused by a decrease of
the redox state at shallow level. Note that for the
range of liquid compositions considered here (44—
49 wt% SiO,; 6—10 wt% MgO), the few experi-
mental basaltic liquids available in the calibration
database of MELTS at 200—-500 MPa are much
more aluminous (i.e., 17.29-20.06 wt% Al,O3)
than our parental magma (at 13.5 wt% Al,Os).
Therefore, a possible cause of the Al,O3 and K,O
misfit is that feldspar crystallizes earlier than pre-
dicted by MELTS because the software calibrated
on Al,Os-rich basaltic liquids underestimates the
temperature at which feldspar crystallization begins
in Al,O5-depleted liquids.

[34] For all the major elements, Line 2 and Line 3
are best fitted by MELTS simulations in the range
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0.1-100 MPa with the oxygen fugacity set at the
QFM buffer (Figures 7a and 7b). The maximum
volume of olivine crystallization (18—19 vol%,
Table 4) is obtained at 50-100 MPa (1.8 —
3.5 km), in good consistency with our depth
estimate of Line 2 differentiation. Below 25 MPa
(0.9 km), the dominant crystallizing phases are
feldspar (39-50 vol%) and clinopyroxene
(39 vol%), in consistency with Line 3 (Table 4)
and with the mineral composition of the gabbroic
xenoliths within the Bellecombe ashes [ Upton et al.,
2000]. The results of MELTS simulations are there-
fore in general agreement with our interpretation of
superimposed differentiation lines. The succession
of differentiation mechanisms and liquid major
elements composition is mostly controlled by the
depth of the magma storage zones.

[35] An essential implication of our findings is that
compositional heterogeneities at Piton de la Four-
naise may all stem from superimposed differentia-
tion stages of a single homogeneous parental
magma. The incorporation of olivine xenocrysts
and/or other xenoliths does not likely account for
major element variations in lavas. The crustal
assimilation evidenced by isotopes and trace ele-
ments [Viastélic et al., 2005; Viastélic et al., 2007]
probably involves small volumes of wall rock that
do not affect the chemical diversity of Piton de la
Fournaise products and hence cannot be resolved
using our major element data.

[36] The recognition of three differentiation zones
is in general agreement with geophysical and
seismological studies that proposed the existence
of three main reservoirs beneath Piton de la Four-
naise; a shallow complex of sills and dykes at a few
hundreds meter beneath the summit [Lénat and
Bachélery, 1990]; a reservoir at 2—2.5 km depth
from which SSB and picrite dykes root [Peltier et
al., 2008]; and the starting point of earthquake
swarms at 7.5 km depth suggesting deeper magmas
transfers [Battaglia et al., 2005a]. Magma ascent
being driven by the lower density of the liquid than
the wall rock, storage zones probably represent
halts of the magma at levels of neutral buoyancy
in the crust and upper mantle [Lister and Kerr,
1991]. Beneath Hawaii and Canary islands, Ryan
[1988] and Hansteen et al. [1998] have proposed
that magmas accumulate at two levels of neutral
buoyancy, a deep level at 6-10 km depth and a
shallower level at 2—4 km. Our study suggests that
the two deepest of the three storage zones
evidenced at Piton de la Fournaise also lie within
the same depth ranges (Figure 8). Because Piton

des Neiges and Mauritius volcanic products are
similar in major element composition to those of
Piton de la Fournaise [Upton and Wadsworth,
1972a; Debajyoti et al., 2007], it is very likely that
a similar superposition of differentiation lines oc-
curred at the same depths (above 7.5 km, below
2.5 km and at the subsurface) during the past
activity of these two extinct volcanoes. This rein-
forces the idea that the depth of storage zones is a
constant parameter in OIB dynamics and that two
levels of neutral buoyancy are reached beneath
shield volcanoes. The deeper level would be con-
trolled by the density of the upper oceanic crust,
and the shallower level would be controlled by the
density of the volcanic edifice.

7. Conclusion

[37] Our major element and volatile analyses of
melt and gas inclusions from recent picrite erup-
tions, together with data from the literature, pro-
vide new constraints on OIB dynamics at La
Reunion hot spot. Three depth-dependent magmat-
ic differentiation stages of a single transitional
parental magma (9-11 wt% MgO and 0.5-
0.8 wt% K,0O) may account for the entire range
of major element compositions in products from
the Piton de la Fournaise volcano. The deepest
differentiation (>7.5 km) consists in the fractional
crystallization of clinopyroxene + plagioclase,
explaining occurrences of ‘“abnormal eruptions”
and gabbros throughout the island. The most abun-
dant volcanic products are formed at shallower
depth (<2.5 km), by olivine-controlled differentia-
tion of the transitional parental magma. Olivine
fractional crystallization yields a vertical chemical
stratification of the magma storage zone, with
differentiated basalts at the top and picrites at the
base of the reservoir. Differentiated basalts may
themselves evolve beneath the surface (<0.6 km)
into more differentiated melts by clinopyroxene +
plagioclase fractionation. This superposition of
three differentiation processes is consistent with
the existence of three magmatic systems interpreted
from geophysical studies. Unlike previous studies,
we suggest that magma mixing or incorporation of
dunite xenoliths are not necessary to explain the
major element chemical diversity of Piton de la
Fournaise rocks. Because the major element com-
position of Piton de la Fournaise products is
representative of other OIBs in the Indian Ocean,
successive differentiation stages of a single homo-
geneous magma at >7.5 km,<2.5 km, and under-
neath the surface might be the rule rather than the
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exception. Our study shows that combining whole
rock, melt inclusion, gas inclusion and matrix glass
data is critical to constrain the full range of magma
differentiation processes. Taken separately, each
data set only yields an incomplete history, whereas
taken together, they provide a more robust frame-
work for interpreting the complete evolution of a
volcanic edifice.
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