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Piton de la Fournaise (Réunion, Indian Ocean) is a large active crystallization on cold dyke walls during times of lower magma

volcano which shares many features with the Hawaiian volcanoes. fluxes. The total lifetime of a Réunion volcano ([2·1 my) includes

Its particularly simple elemental and isotopic geochemistry suggests, early and waning stages with alkalic activity bracketing a steady-
however, a rather homogeneous mantle source and makes this volcano state stage of tholeiitic activity. We estimate that Réunion volcanism
ideally suited for petrogenetic studies. We report mineralogical results from the impingement on the base of lithosphere of a solitary
descriptions, major element, trace element and Sr isotope compositions wave of hotspot material with a radius of 100–130 km and a
of four volcanic sequences spanning the 530 ka of the known velocity of 5–9 cm/yr.
lifetime of the volcano. The lavas change with time from mildly

alkalic to mildly tholeiitic. This change is due to crystal fractionation

becoming shallower with time as olivine replaces clinopyroxene

as the liquidus phase at lower pressure. Fractionation of an
KEY WORDS: Réunion; alkalinity; buffered differentiation; hotspot dy-olivine–clinopyroxene assemblage at lithospheric–mantle pressure
namics; assimilationdrives tholeiitic basalts into the field of alkali basalts and puts some

limitation on trace-element modelling of the melting process. Most

Fournaise lavas are basalts with a narrow compositional range

(steady-state basalts) and picrites containing common plastically
INTRODUCTIONdeformed phenocrysts. The buffering of the compatible element
Most mature shield volcanoes from ocean islands eruptcompositions indicates that the lavas last equilibrated in solid-
lavas with nearly constant compositions, and little under-dominant conditions which are incompatible with magma chamber
standing of the volcanic processes is to be expected fromprocesses and may have resulted from the ascent of liquid-rich zones
the repetitive analysis of nearly similar lavas. In contrast,through dykes filled with a slurry of olivine± clinopyroxene crystals.
the knowledge of the products emitted during the earlyA quantitative model describing mass balance during the displacement
and most variable stages of volcanic activity could po-of a solitary porosity wave leaving behind cumulates with residual
tentially shed some light on how the melting regime andporosity accounts for the major and trace element distributions.The
magma transfer through the oceanic lithosphere changedykes are flushed during major magma surges forming picritic slurries

(= oceanites). The transient alkalic lavas are products of dynamic while the plate carrying the volcanic edifice moves above
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the hotspot. The early studies of the waning stage in the Gondwanaland (Duncan et al., 1989). The age of the
lithosphere under the island is 60 Ma (Bonneville et al.,life of a volcano (Macdonald & Katsura, 1964) and the

discovery of a seamount representing a juvenile Hawaiian 1988) and the absolute plate velocity above the hotspot
is 0·15 deg/my or 1·7 cm/yr (Gripp & Gordon, 1990).volcano at Loihi have identified a succession of volcanic

regimes (Frey & Clague, 1983; Clague, 1987; Garcia et The island, which is elongated in a northwest–southeast
direction and forms an oval 50 km by 70 km, representsal., 1995). Alkalic lavas both precede and follow the main

tholeiitic stage of shield building. The dynamic causes of the aerial part of a much larger volcanic cone, 350 km
in diameter (Lénat & Labazuy, 1990).such a pattern are not yet entirely elucidated but both the

extent of melting (Feigenson et al., 1983) and interaction of Réunion is composed of two large volcanic edifices,
plume-derived magmas with the lithosphere (Chen & Piton des Neiges, to the northwest, and Piton de la
Frey, 1983) are commonly perceived as major factors Fournaise, to the southeast. Piton des Neiges has been
accounting for the dual character of ocean island vol- active since at least 2·1 Ma (McDougall, 1971) and
canism. became extinct 10–20 ka ago (Deniel, 1990; Kieffer,

Because of its long-standing isotopic homogeneity 1990). The oldest lavas exposed on Piton de la Fournaise
(McDougall & Compston, 1965; Fisk et al., 1988), the are found at the bottom of the deep canyons of Rivière
Réunion hotspot is ideally suited for a geochemical des Remparts and Rivière de l’Est and have been dated
investigation of the dynamics of volcanic processes as- at 527 ka (Gillot et al., 1990). The volcano erupts, on
sociated with intraplate volcanoes. Piton de la Fournaise average, once every 18 months. Stieltjes & Moutou (1989)
volcano has been active since at least 530 ka (Gillot et reported a productivity of 0·01 km3/yr (0·3 m3/s) over
al., 1990) and major source heterogeneity that can confuse the period 1931–1985.
petrogenetic modelling has been ruled out by the re- The geology and the petrology of Piton de la Fournaise
markable Sr and He isotopic homogeneity over the last have been described in numerous papers. Recent activity
320 ka of its history (Graham et al., 1990). Modern lavas is largely confined within a caldera ~8 km in diameter,
are exclusively basaltic with a chemical composition open to the southwest as a result of gravitational collapse
transitional between tholeiitic and alkali basalts (Lacroix, and known as l’Enclos. Radiocarbon dating suggests the
1936; Upton & Wadsworth, 1972a; Ludden, 1978; Cloc- caldera was formed 4745 yr ago (Bachèlery & Mairine,
chiatti et al., 1979). 1990). The mean elevation at the bottom western part

The present investigation is an attempt to assess both of the caldera is relatively constant at ~2000 m. In the
short-term and long-term variations in the geochemical centre of l’Enclos, a cone rises to an altitude of ~2700 m.
dynamics of the volcano. The short-term variability of Two small craters (Dolomieu and Bory) formed at the
incompatible element ratios has been shown to be in- top of the cone in the early 1930s. Rivers have deeply
consistent with the presence of a large magma reservoir dissected the western part of the volcano and two prom-
(Albarède, 1993; Albarède & Tamagnan, 1988) and inent canyons (Rivière de l’Est and Rivière Langevin)
supports short transfer times in agreement with the appear to have been eroded along the fault bounding
findings of U–Th–Ra disequilibria (Condomines et al., the old caldera which limits the Plaine des Sables to the
1988; Sigmarsson et al., 1995). A new concept of ‘buffered west. The impressive canyon of Rivière des Remparts,
differentiation’ will be offered as an explanation of the west of Rivière Langevin, seems to utilize some old
striking compositional homogeneity of most basaltic lavas. morpho-tectonic features (Bachèlery & Mairine, 1990).
We report extensive mineralogical, major and trace ele- Some 150 ka ago, the volcanic centre moved eastward
ment data, complemented by 87Sr/86Sr measurements, by 6–10 km from a position next to the Plaine des Sables
on both prehistoric and modern lavas. Particular em- to its present position. The seismic structure of the
phasis will be placed on the interaction of lavas with volcano has recently been investigated (A. Hirn, personal
older magmatic products (cannibalism). These data will communication, 1995). A high-velocity plug 1·5 km
be shown to constrain the evolution of the volcano and in diameter underlies the Dolomieu crater down to sea-
the rate of ascent of the parent hotspot material. level and is rimmed by a low-velocity sheath which is

thought to represent the outlet of the effusive products.
No unambiguous seismic evidence of a magma reservoir
was found.

GEOLOGICAL OVERVIEW OF PITON The two Réunion volcanoes have strong petrological
DE LA FOURNAISE similarities (Lacroix, 1936; Upton & Wadsworth, 1966,

1972a; Ludden, 1978; Clocchiatti et al., 1979; Nativel etRéunion (Fig. 1) is located in the Indian Ocean at
al., 1979; Albarède & Tamagnan, 1988; Fisk et al., 1988;21°10′S, 55°30′W. Its position at the southern end of a
Sobolev & Nikogosian, 1994). The products of the twowell-defined hotspot track associates the Réunion vol-
volcanoes are predominantly basalts, referred to as ol-canoes with the Deccan flood basalts whose eruption

65 my ago accompanied the separation of India from ivine, transitional or cotectic basalts, and hawaiites. For
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Fig. 1. Map of Réunion island. The now extinct Piton des Neiges volcano forms the northwestern part of the island and the active Piton de la
Fournaise makes up the southeastern part. The major cliffs are outlined. Symbols indicate sampling sites.

the olivine-rich basalts, Lacroix coined the term ‘ocean- emphasized what turned out to be a remarkable period
of volcanic quiescence. The K–Ar data of Gillot et al.ite’, but, although we feel a need to discriminate MgO-

rich melts from olivine-rich basalts, we will adhere to a (1990) dated that period between 290 and 220 ka whereas
Bachèlery & Mairine (1990) described a deep canyonmore common usage and subsequently refer to these

lavas as picritic basalts or, simply, picrites. Albarède & eroded in this interval at nearly the same location as the
modern Rivière des Remparts and filled with ~100-ka-Tamagnan (1988) found evidence of up to three distinct

phases of plastic deformation in picritic olivine, which old lavas (Nez-de-Boeuf series). The oldest rocks, found
in the Rivière des Remparts and Rivière de l’Est, arethey interpreted as xenocrysts. The waning stages of the

Piton des Neiges abound in differentiated rocks, which plagioclase-phyric basalts (Bachèlery & Mairine, 1990)
and other differentiated lavas. Younger flows are almostwere investigated in detail by Upton & Wadsworth

(1972a) and Ludden (1978). exclusively olivine, picritic and occasional aphyric basalts.
Fisk et al. (1988) presented some phase relationships forA recent account of the petrological diversity of the

Piton de la Fournaise products has been given by Ba- pressures up to 10 kbar in basalts and oceanites from the
Piton des Neiges. Crystallization temperature determinedchèlery & Mairine (1990). Making a distinction between

an Old Shield and a Recent Shield, Ludden (1978) from melt inclusion homogenization or chemical
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thermometers (Sobolev et al., 1983; Sobolev &
Nikogosian, 1994; H. Bureau, personal communication,
1996) generally fall in the range 1160–1230°C.

Mantle xenoliths are absent. Babkine et al. (1966)
and Upton & Wadsworth (1972b) described nodules of
wehrlite and dunite cumulates from Piton de Chisny, a
small cone 4 km west of the summit which last erupted
in AD 800 (F. Albarède & M. Semet, unpublished ra-
diocarbon dating). The cuttings recovered from the
Grand Brûlé drill hole bored in the Remparts caldera at
near sea-level indicated the presence of
gabbros, wehrlite and dunite with traces of hydrothermal
alteration at depths >1000 m (Augé et al., 1989; Lerebour

Fig. 2. Calculation of the return time between two lava flows at the
et al., 1989; Rançon et al., 1989). same locality of l’Enclos caldera. The surface ages of the lava flows

Major and trace element modelling of Réunion lava younger than 1920 obey an exponential distribution: the fraction F of
lavas erupted at year t before the year t0 = 1986 shown on thecompositions by Upton & Wadsworth (1972a), Ludden
horizontal axis varies as F = exp(t – t0)/s, where s is the return time.(1978) and Albarède & Tamagnan (1988) focused on
The linearity of this plot suggests that lava covers pre-existing flows at

fractional crystallization and partial melting. Albarède & random (Poisson distribution). A lava flow is expected to remain exposed
for 22 yr before it is covered by a younger flow.Tamagnan (1988) showed that fractionation takes place

below the plagioclase–clinopyroxene cross-over, i.e. at
pressures >4 kbar, in disagreement with the concept of based on old maps and interpretation of informal reports.
a shallow magma chamber inferred from seismic and In contrast to the older series, the elevations at which
magnetic observations. Melting of a source enriched in the samples were taken are not reported because of a
incompatible elements leaving a harzburgitic residue was broadly dispersed sampling, not necessarily carried out
a successful, although standard, result of inverting trace in vent areas. The modern samples tend to be com-
element melting equations. positionally bimodal. Basaltic samples with few to com-

mon (<10 vol. %) phenocrysts of clinopyroxene, olivine,
Cr-spinel, and/or plagioclase contrast with picritic lavas
with up to 50 vol. % of millimetre-sized olivine crystals.SAMPLING AND FIELD
Occasionally, it is observed that the olivine crystals result

OBSERVATIONS from the disaggregation of olivine-rich cumulates. This
Piton de la Fournaise commonly erupts alternating aa is the case of the 1939 eruption at the Signal de l’Enclos,
and pahoehoe lava flows. Depending on the local slope, the 1977 lava flow of Piton Sainte Rose (see Fig. 4,
the thickness of the flows varies from one to several metres, below), and in the flows emitted from Piton de Chisny.
and they may extend downhill for several kilometres. (2) Twenty-nine lava flows were cored by climbers
Geochemical stratigraphy requires the knowledge of the from the series of the Morne Langevin cliff on the
time between two successive lava flows at the same site rim of the Rivière Langevin canyon at elevations of
(mean return time). We measured the distribution of 1700–2200 m. The age of the top of the cliff is known
surface ages for historic lavas in the central and eastern to be 40 ka (Gillot et al., 1990), and that of the bottom
part of l’Enclos, which is the closest to an active volcanic 70 ka (P.-Y. Gillot, personal communication). This series
area offered by the modern Piton de la Fournaise. It was contains basalts and picrites, just as the younger series
found that a lava surface may expect to survive 22 years does. A few aphyric samples (LGV03, LGV07, LGV09)
(Fig. 2). This survival age translates into an accumulation and one ankaramite sample (LGV14) were also recovered.
rate of 45 m/ky for a typical flow thickness of 1 m. These (3) The Nez-de-Boeuf lava series (1660–1850 m),
figures apply only to the active area where lava flows are thought to represent the volcanic infilling of an ancient
younger than 70 yr. Relatively inactive areas, such as canyon, was drilled for palaeomagnetic purposes by A.
the western part of l’Enclos, may remain uncovered for Chauvin. Two flows, sampled at 1840 and 1760 m, were
much longer times. dated at 105 and 180 ka, respectively, by P.-Y. Gillot.

Sampling was designed (Fig. 1) to span most of the For a return time of the lavas of 22 years, such as observed
lifetime of the volcano: in l’Enclos, the time span between the emplacement of

(1) We first complemented the existing sampling of the bottom and top lavas is equivalent to a few thousand
historical lava flows erupted from the early 1800s to 1986 flows. Very extended discontinuities must therefore be
with 23 samples taken from the less accessible east flank present within the series. Although the samples from this
of the volcano (Grand Brûlé). The eruption dates are series were not inspected in as much detail as the other

series, they appear to be olivine-bearing basalts.ascribed to flows with a variable degree of confidence,
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(4) Thirty-two samples of the oldest series from the were redissolved in HCl and Sr was separated on a strong
cation-exchange resin upon elution by HCl and citric700–1700 m western rim of the Rivière des Remparts

canyon were cored by climbers. The oldest lavas in the acid according to the method of Birck & Allègre (1978).
The Sr fraction was loaded on an oxidized Ta filamentcanyon have been dated by K–Ar at 527 ka (Gillot et al.,

1990) whereas one lava flow sampled at 1390 m gave a and run on a double collector Micromass-30 in Clermont-
Ferrand. The unweighted average 87Sr/86Sr value of theK–Ar age of 395 ka (P.-Y. Gillot, unpublished data,

1991). The age of the flows at the top of the cliff (1700 NBS 987 standard over the period when the present
measurements were carried out is 0·710207±24. Them) is estimated, by interpolating the age of neighbouring

samples, at 290 ka (Gillot et al., 1990). Again, these ages entire chemical processing of the samples was carried
out in Lyon.are indicative of a very large proportion of stratigraphic

hiatuses (>90% with reference to the eruption frequency
in l’Enclos caldera). The bottom and the top of this series
are very different. Above ~1300 m, the series is dominated

MINERALOGYby basaltic and picritic samples similar to those of recent
Mean values of mineral compositions are given in Tableeruptions. In the lower part, several samples (RP18,
1. The Fe3+ contents have been calculated with theRP25, RP31, RP32) contain 30–50% plagioclase phe-
assumption of stoichiometric oxygen/cation proportions.nocrysts and occasional irregular clusters of plagioclase±

clinopyroxene crystals representing dismantled gabbroic
fragments. Much more differentiated lavas, with com-
positions extending to mugearite and largely aphyric, are Olivine (97 microprobe analyses)
observed higher up in the series, most notably between

Cr-spinel inclusions are frequent and devitrified glass1150 and 1340 m (RP14, RP15, RP17, RP19, RP28).
inclusions are common. Although rare phenocrysts may
contain up to 89% forsterite, a strong frequency max-
imum is observed at 83–84% (Fig. 3), which corresponds
to the literature descriptions and to the olivine com-ANALYTICAL TECHNIQUES
position in equilibrium with the FeO and MgO con-

All the samples were examined in thin sections and then centrations in common basalts. Iron-rich olivine is
minerals were analysed with a Cameca SX-50 electron frequently observed as microphenocrysts. The CaO con-
probe in Paris. The cores of lavas were rinsed in acetone tent of the olivine peaks at ~0·3% (Fig. 3), which is
and deionized water before crushing in an agate mortar. typical of basalt phenocrysts ( Jurewicz & Watson, 1988a).
The whole rocks were analysed for major elements, and Many olivine crystals seem to have a complicated history.
a selected set of trace elements in Edinburgh by X-ray Dislocations in olivine decorated by heating at 900°C
fluorescence (XRF) according to the method described for 1 h (Fig. 4a–c) following the technique of Kohlstedt
by Fitton et al. (1996) (see Table 2, below). A 100 mg

et al. (1976) and mantled olivines (Fig. 4d) have been
aliquot of lava rock was dissolved in mixed HF– observed. As discussed below, no difference could be
HNO3–HClO4 and analysed in Montpellier by in- found in the chemistry of plastically deformed and un-
ductively coupled plasma mass spectrometry (ICP-MS) deformed crystals.
according to the external calibration technique. The
measurement of each series of 10 samples and one
standard rock is preceded and followed by the analysis

Clinopyroxene (101 analyses)of a set of standard solutions. Interference corrections,
reproducibility, precision, and data for standards have The pyroxenes are typical augites with Ca/
been reported by Albarède (1996). Accuracy with respect (Ca+Fe+Mn+Mg) values of 0·45±0·01. The chemical
to the BE-N standard is generally better than 2% except trends appear to reflect the extent of differentiation. In
for Th and U (4%). Typical 2r reproducibility is 2–5% the Remparts series, high iron contents are associated
for most elements except for Yb, Lu, Th, U and Pb, for with the most differentiated rocks. Principal component
which it is 6–8%. A correction for blanks is routinely analysis (PCA) is a standard brute-force technique that
applied, which is invariably less than a few per cent. extracts the direction of the most significant variations
Isotopic spikes of Sr, Ba, Nd and Yb were added to the from a large data set with insufficient readability (e.g.
samples from the Rivière des Remparts series to monitor Strang, 1988; Johnson & Winchern, 1992; Albarède,
the sensitivity drift. Except for Nb, for which the solutions 1995). Some directions or components that are com-
are unstable, overall excellent agreement was observed binations of the initial variables account for a much
with the data obtained by XRF. For Sr isotopes, a 50–100 larger fraction of the total variance than others and PCA
mg aliquot was dissolved in a similar mixture of acids provides an optimal selection of these directions. PCA

amounts to the search of the eigenvalues and eigenvectorsand the solution evaporated to dryness. The samples
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Table 1: Average composition (with standard deviation given in parentheses) of the phenocrysts observed in the

Piton de la Fournaise lavas

Olivine Clinopyroxene Plagioclase Spinel Ti-magnetite 1 Ti-magnetite 2 Ilmenite

n 97 101 98 50 50 50 50

SiO2 39·20 (0·52) 49·57 (0·95) 48·12 (1·56) 0·06 (0·02) 0·10 (0·05) 0·40 (0·83) 0·04 (0·04)

TiO2 0·03 (0·01) 1·67 (0·44) 0·08 (0·04) 3·43 (0·73) 21·93 (3·20) 34·42 (1·07) 49·19 (1·11)

Al2O3 0·04 (0·05) 4·19 (0·65) 32·45 (0·90) 16·15 (0·70) 2·21 (1·51) 1·41 (0·61) 0·11 (0·08)

FeO 17·90 (2·28) 7·07 (0·84) 0·64 (0·06) 31·99 (0·84) 67·61 (2·25) 63·64 (1·56) 45·24 (0·53)

MnO 0·26 (0·05) 0·15 (0·06) 0·01 (0·02) 0·25 (0·06) 0·54 (0·13) 0·75 (0·08) 0·59 (0·16)

MgO 42·55 (1·96) 14·57 (0·65) 0·11 (0·03) 10·42 (0·30) 2·76 (1·33) 1·94 (0·43) 2·70 (1·00)

CaO 0·30 (0·04) 21·39 (0·66) 16·02 (1·08) 0·01 (0·01) 0·08 (0·12) 0·22 (0·26) 0·17 (0·07)

Na2O 0·01 (0·02) 0·35 (0·07) 2·30 (0·76) 0·01 (0·01) 0·02 (0·01) 0·03 (0·02) 0·01 (0·01)

K2O 0·01 (0·01) 0·01 (0·01) 0·10 (0·06) 0·00 (0·01) 0·01 (0·01) 0·02 (0·02) 0·02 (0·02)

NiO 0·21 (0·06) 0·03 (0·02) 0·07 (0·06) 0·03 (0·03)

Cr2O3 35·84 (0·80) 0·05 (0·03) 0·15 (0·11) 0·06 (0·06)

Total 100·30 98·97 99·83 98·37 95·34 103·05 98·16

of either the covariance matrix or the correlation matrix 1994). Using the calibration of Fe2+–Fe3+ equilibrium
between spinel and liquid of Maurel & Maurel (1982),of the data. In the present case, no large variations in

the analytical uncertainties on the data are expected and the average Fe2+/Fe3+ ratio in the spinel indicates that
13±1% of the iron in the basaltic liquid is ferric. ThePCA has therefore been carried out on the correlation

matrix [see Albarède (1995) for a discussion]. Calculation composition of the Ti-magnetite is clearly distinct from
that of the Cr-spinel and much more variable. Theof components on the clinopyroxene correlation matrix

shows that 62% of the variance is associated with one occurrence of ilmenite is restricted to a few samples
(LGV1, 16, RP1) and does not seem to be related tocomponent which correlates negatively the group of Si

and Mg with the group Ti, Al, ferric Fe, and Na. A particular chemical characters.
second component accounting for 21% of the variance
opposes ferrous Fe to Ca.

Amphibole (3 analyses)
Only one crystal of hornblende was observed, in sample

Plagioclase (98 analyses) RP1.
The maximum on the distribution of anorthite contents
in the plagioclase phenocrysts from the Remparts series
is at 84%. Phenocrysts from differentiated lavas and
microphenocrysts are significantly more sodic (60–70%). GEOCHEMICAL RESULTS
Ferric iron enters the plagioclase molecule in the pro- Overview
portion of 0·025 atoms for 8 oxygens. As the large number of samples and elements analysed

(Table 2) raises the suspicion that some major re-
lationships may escape scrutiny through the reading of

Oxides (50 analyses) simple binary plots, we resorted once more to principal
component analysis. The usual way of reporting PCAThey are mostly Cr-spinel and Ti-magnetite with oc-

casional ilmenite (Fig. 5). The composition of the Cr- results is to plot the individual data points and the unit
vector in the direction of each initial observation (e.g. Srspinel, frequently included in olivine phenocrysts, is rather

constant with an average proportion of 45% chromite, or Yb) in the component space with the unit circle
being the trace of the 1r ellipsoid. About 83·5% of the32% spinel and 21% magnetite components. The mean

ratios Cr/(Cr+Al) = 0·593, Mg/(Mg+Fe2+)= 0·48, variability is accounted for by two components (Fig. 6).
Each component of higher order accounts for 3·5% atFe3+/(Fe3++Cr+Al) = 0·14, Fe2+/Fe3+ = 1·9 place

the Réunion and Hawaii Cr-spinel in the same field, at most, which may not be significant. Many binary dia-
grams show an L-shaped spread of data: one arm of theoxygen fugacity about two orders of magnitude above

the quartz–fayalite–magnetite (QFM) buffer (Horn et al., L is made by the picritic basalts, the other by the
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Table 2b: continued

Sample: RP27 RP28 RP29 RP30 RP31 RP32 Steady-state

Elev (m): 810 790 760 750 740 720

XRF
SiO2 47·70 49·07 47·36 46·60 47·04 46·05 47·6
Al2O3 14·95 14·80 14·18 14·38 16·67 17·27 14·6
FeO 13·48 12·89 15·36 14·51 11·71 12·94 12·1
MgO 5·16 4·08 5·05 5·46 5·27 4·62 7·1
CaO 10·45 8·20 10·07 9·62 11·79 11·16 10·6
Na2O 3·04 4·01 3·19 3·02 2·67 2·78 2·8
K2O 0·92 1·48 0·84 1·03 0·53 0·73 0·8
TiO2 3·06 3·35 3·37 3·37 2·52 2·92 2·9
MnO 0·18 0·19 0·21 0·19 0·16 0·19 0·2
P2O5 0·48 0·81 0·48 0·48 0·37 0·34 0·4
Sum 99·42 98·89 100·11 98·65 98·72 98·99
Nb 31·7 52·0 30·8 32·2 20·0 21·9 28·9
Zr 201·8 298·7 228·9 221·2 147·8 148·6 214
Y 30·5 40·3 36·4 31·4 23·1 23·4 29·8
Sr 450 497 429 403 462 458 414
Rb 25·9 38·7 12·6 25·3 6·9 12·9 19·1
Zn 112·6 120·4 124·8 115·6 88·9 94·4 107
Cu 65·0 18·5 90·4 73·8 66·5 51·9 84
Ni 36·2 3·3 24·4 33·4 37·2 23·5 114
Cr 53 5 19 34 46 32 216
V 313·5 198·8 350·8 344·9 280·6 322·2 288
Ba 157·3 261·5 127·3 140·6 98·4 107·0 159
Sc 28·6 21·0 33·7 32·1 24·1 25·9 29·3
ICP-MS
Rb 26·6 39·5 13·6 25·3 7·6 14·7 17·9
Sr 456 506 438 402 473 483 399
Y 30·5 39·5 35·9 31·5 23·8 24·6 27·6
Nb 41·5 66·4 44·1 41·9 26·5 30·1 31·5
Cs 0·440 0·277 0·416 0·320 0·166 0·276 0·2
Ba 217 328 212 199 142 165 179
La 23·7 37·0 27·6 23·4 16·8 17·3 22·1
Ce 54·2 84·3 57·6 54·9 39·9 40·6 51·0
Pr 7·03 10·62 8·16 7·19 5·30 5·42 6·6
Nd 30·8 45·5 35·2 31·5 23·7 23·8 29·0
Sm 6·61 9·18 7·59 6·78 5·16 5·33 6·5
Eu 2·30 3·05 2·66 2·29 1·83 1·92 2·2
Gd 6·34 8·81 7·38 6·65 4·94 5·18 6·7
Tb 0·97 1·29 1·23 1·01 0·75 0·84 1·03
Dy 5·66 7·34 6·70 5·90 4·51 4·74 5·8
Ho 1·04 1·36 1·31 1·09 0·83 0·90 1·07
Er 2·74 3·56 3·34 2·87 2·15 2·35 2·7
Yb 2·27 2·87 2·75 2·34 1·76 1·90 2·2
Lu 0·33 0·43 0·50 0·35 0·27 0·32 0·34
Hf 5·86 7·67 6·62 6·28 4·62 4·90 5·7
Pb 2·24 2·79 2·50 2·08 1·50 1·80
Th 3·14 4·98 3·26 3·03 1·95 2·25 2·8
U 0·729 1·091 0·764 0·718 0·402 0·320 0·684
alk 0·739 1·766 0·941 1·237 0·229 0·900 0·44
Eu/Eu∗ 0·92 0·96 0·92 0·96 0·90 0·89 1·03
87Sr/86Sr 0·704074 0·704086 0·704129 0·704123 0·704117 0·704065

Sample provenance: RPXX, Remparts; RXX, Nez-de-Bœuf; LGVXX, Langevin. Alkalinity index = (Na2O + K2O)
– 0·37(SiO2–39). Eu∗ = 0·3278(Sm Gd). Steady-state: mean value of basalts with 5% < MgO < 10%.
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Fig. 5. The three oxide phases present in the Piton de la Fournaise
lavas in a Fe2+ vs Ti plot.

extremely similar to that described for the Mauna Loa
lava compositions by Rhodes (1988).

Fig. 3. Olivine compositions: histograms of forsterite (bottom) and CaO Major elements
(top) contents. The smallest rectangles correspond to one measurement. The mean value and standard deviation of selected

concentrations and elemental ratios in the whole-rock
samples are given in Table 3. For many of thesedifferentiated lava flows from the Remparts series. The

common basalts cluster at the apex. This pattern is parameters, a smooth pattern of temporal evolution is

Fig. 4. Microphotographs of various dislocation patterns indicative of high-temperature plastic deformation in olivine crystals. (a,b) The youngest
1977 picrite lava flow near Piton Sainte Rose; (c) the ~250-ky-old RP02 picrite from the uppermost part of the Rivière des Remparts cliff (small

dimension of the photograph ~120 lm); (d) mantled olivine from the 1977 picrite (small dimension ~1 mm).

185



JOURNAL OF PETROLOGY VOLUME 38 NUMBER 2 FEBRUARY 1997

Several major element plots such as FeO–MgO (Fig.
10), CaO– and Na2O–MgO (Fig. 11a), and Al2O3–CaO
(Fig. 11b) substantiate and clarify the relationships be-
tween these groups. The field of the data reported by
Albarède & Tamagnan (1988) for the historical lavas is
shown for comparison. Picrites and picritic basalts form
a linear array which connects the composition of olivine
with 84% forsterite to that of the steady-state basalts.
The most magnesian picrite (LGV14) also has a par-
ticularly high Al2O3/CaO ratio, which indicates some
kind of clinopyroxene control. Most alkalic lavas plot off
the picritic trend and form a distinct trend pointing
away from the clinopyroxene ± plagioclase field. The
plagioclase-rich samples (RP18, RP25, RP31, RP32) plot
between the field of steady-state basalts and that of
plagioclase and indicate plagioclase accumulation.

Trace elementsFig. 6. Principal component analysis of the whole-rock compositions
of the four lava series. The unit circle shows the 1r locus. Two The compatible transition elements Ni, Cr, Mn and Zn
components explain 83·5% of the variance. The samples form an L- are associated with FeO and MgO in the PCA resultsshaped array: one arm (left) is made up by the picrites, and the other

(Fig. 6). Ni and Cr show a relationship particularlyarm by the mildly alkalic lavas. The common (steady-state) basalts
cluster at the apex. Β, projection of the unit vector on each element consistent with those found between major elements (Fig.

axis onto the component plane. 12). The steady-state basalts form a linear trend with Ni
contents of 60–120 p.p.m. and Cr contents of 50–450
p.p.m. The picritic basalts form a narrow band, possiblyobserved. The products of Piton de la Fournaise steadily
regrouping the linear arrays of individual series, at anevolved from mildly alkaline to slightly tholeiitic lavas.
angle with the trend of steady-state basalts.This is particularly clear in the total alkali vs silica

The distributions of the rare-earth elements (REE) (Fig.diagram (Fig. 7), where the Remparts series plots well
13) and other incompatible elements resemble what wasabove the discrimination line between alkali basalts and
reported previously by Zielinski (1975), Ludden (1978),tholeiitic basalts of Macdonald & Katsura (1964). The
Clocchiatti et al. (1979) and Albarède & Tamagnan (1988).Nez-de-Boeuf series is still on the alkalic side, whereas
Amongst the new results, it can be observed that thethe Langevin and the modern series straddle the line,
mild light REE (LREE) enrichment of the least differ-which accounts for the transitional character assigned to
entiated lavas (La/Yb ~10±2) does not seem to changethe Piton de la Fournaise magmas by the earlier workers
significantly with time (Table 3). Contrary to con-(Upton & Wadsworth, 1966, 1972a; Ludden, 1978; Nat-
centrations, incompatible element ratios are insensitiveivel et al., 1979). The average extent of differentiation
to dilution by phenocrysts. To reduce the strong effectdecreases with time, as shown by the decrease of the FeO/
of melting, however, the choice of Yb, which is virtuallyMgO ratio (Table 3) whereas the negative correlation of
constant in most basaltic liquids (Hofmann & Jochum,the Al2O3/CaO and FeO/MgO ratios (Fig. 8) indicates
1996), as the normalizing element is preferable to thatthat clinopyroxene fractionation took a dominant part
of a very incompatible element such as Th, Nb or La.in producing some of the most differentiated lavas.
The good correlation of Sc/Yb with CaO/Al2O3 (Fig.Although sampling was not carried out randomly, the
14) requires that clinopyroxene fractionation has beenhistograms of MgO content (Fig. 9a) and alkalinity index
important at all stages of Fournaise evolution. The Eu(Fig. 9b), defined as (Na2O + K2O) – 0·37(SiO2 – 39),
anomaly, as measured by the Eu/Eu∗ ratio, is in-show a strong mode with two tails. From ~400 ka to the
significant or slightly positive, except in the differentiatedpresent, the dominant lavas are basalts with 6–8% MgO
lavas of the Remparts series, where it may be substantiallyand nearly neutral alkalinity with little, though iden-
positive or negative (Fig. 15). Incompatible element con-tifiable, chemical variability. These basalts will be sub-
centrations were corrected for the presence of olivinesequently referred to as ‘steady-state basalts’. Alkaline
phenocrysts with 83% forsterite assuming olivine–liquidlavas form one variant of this well-defined peak with
equilibrium (Fig. 16). It was found that, when plottedalkalinity indices in excess of+2%. Picritic basalts form
against CaO as an indicator of clinopyroxene removal,a second variant with MgO contents extending from 10

to 27%. compatibility increases in the order Ce, Yb, Sc. Amongst
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Table 3: Mean values of critical concentrations and ratios in the

four series investigated in the present study with standard

deviation given in parentheses

Modern Langevin Nez-de-Boeuf Remparts

age (ka) 0 >40 >140 290–530

FeO/MgO 1·09 (0·52) 1·39 (0·52) 1·43 (0·26) 2·30 (0·70)

CaO/Al2O3 0·82 (0·07) 0·76 (0·06) 0·66 (0·07) 0·68 (0·10)

MgO (%) 14·26 (3·32) 10·21 (5·61) 8·48 (1·63) 6·44 (3·30)

FeO (%) 12·04 (0·59) 11·67 (0·55) 11·75 (0·45) 12·96 (1·30)

alk (%) –0·08 (0·48) 0·09 (0·30) 0·70 (0·25) 0·94 (0·62)

Ni (p.p.m.) 453 (154) 271 (291) 178 (77) 96 (150)

Th (p.p.m.) 1·9 (0·6) 2·5 (0·6) 2·8 (0·3) 3·2 (1·2)

Sc (p.p.m.) 26 (1) 28 (4) 25 (4) 28 (7)

Sr (p.p.m.) 277 (69) 356 (68) 400 (39) 437 (59)

Yb (p.p.m.) 1·7 (0·3) 1·9 (0·4) 2·3 (0·2) 2·4 (0·6)

Sc/Th 14·6 (2·4) 11·6 (5·0) 9·1 (1·8) 9·9 (4·0)

La/Yb 9·3 (0·5) 10·4 (1·1) 10·2 (0·8) 10·3 (1·4)

Eu/Eu∗ 1·02 (0·07) 1·01 (0·04) 1·02 (0·01) 1·17 (0·16)

Th/U 3·6 (0·3) 4·0 (0·8) 4·0 (0·2) 4·3 (1·0)

Nb/La 1·33 (0·03) 1·27 (0·03) 1·32 (0·04) 1·33 (0·06)

Nb/U 41·6 (2·7) 41·8 (7·6) 43·0 (2·1) 44·3 (9·5)

Zr/Nb 7·5 (0·4) 7·5 (0·4) 7·7 (0·5) 7·1 (0·5)

Fig. 7. Total alkali vs silica plot for the Piton de la Fournaise lavas.
The tholeiitic/alkalic critical line corresponds to a control by olivine
with ~80% forsterite. Clinopyroxene control is the major cause for
basaltic compositions to move across the critical line (O’Hara, 1968). Fig. 8. Correlation between the FeO/MgO and Al2O3/CaO ratios
The open fields enclose the historic lavas (Albarède & Tamagnan, revealing extensive removal of clinopyroxene.

1988). The critical line is from Macdonald & Katsura (1964).

4·0 in the Langevin and Nez-de-Boeuf series and 4·3 in
the elements that seem to be compatible with clino- the Remparts series (Fig. 17). These values are in agree-
pyroxene, Sc, V and, to a lesser extent, Cu correlate ment with the range reported by Zielinski (1975), Nativel
significantly with CaO. et al. (1979), Deniel et al. (1989) and Deniel (1990), but

The Nb/La ratio is fairly constant (1·30±0·03) but are significantly higher than the value of 3·0 observed
higher than the chondritic value of 1·04 (Sun & McDon- for the modern Hawaiian volcanoes (Hofmann & Jochum,
ough, 1989). Another constant, non-chondritic ratio is 1996). Groundwater circulation may have leached U
the Nb/U ratio (42·9±1·3). The Th/U ratio is par- from old samples. The Cs content varies in a fairly
ticularly high and changes from 3·6 in modern lavas to systematic way up the stratigraphic column but, except
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Fig. 9. (a) Histogram of the MgO contents in the analysed samples
from the Piton de la Fournaise. The high-MgO samples (picrites) form
a tail distinct from the main peak of the steady-state basalts and
differentiated lavas. (b) Histogram of the alkalinity index (in per cent
excess Na2O + K2O) in the samples from Piton de la Fournaise. The
lavas from the Remparts series are clearly more alkalic and form a tail
with respect to the peak of ‘steady-state’ transitional basalts. The

smallest rectangles correspond to one measurement.

Fig. 11. Plot of the CaO, Na2O, Al2O3 and MgO contents of the
whole-rock, olivine, and clinopyroxene samples showing the olivine
control line and the prominent effect of clinopyroxene removal in the
Remparts and Nez-de-Boeuf series. (Note the excess Al2O3 in the four
plagioclase-phyric samples RP18, RP25, RP31, and RP32, which
indicates that gabbroic cumulates have been entrained by these lavas.)
‘cpx (1b)’ stands for the average clinopyroxene phenocryst composition,
‘cpx (10kb)’ for the clinopyroxene composition in the experiments of

H. Mesnil & M. Baker (personal communication, 1996).

Fig. 10. Plot of FeO and MgO contents of the whole-rock, olivine
and clinopyroxene samples. A liquid in equilibrium with foXX, XX
being the forsterite content, should plot at the intersection of the foXX

dashed line and of the corresponding olivine control line. The observed
olivine control line shows that the picrites correspond to the entrainment
of olivine with ~83% forsterite by a basalt nearly identical to the
steady-state basalts. For reference, two liquid lines of descent with
olivine removal (arrows) have been calculated using the algebraic
solution of Albarède (1992). The dashed lines are the loci of liquids in
equilibrium with olivine Fo84 and Fo89 assuming 13% Fe in ferric state.
The Remparts series shows a pronounced Fe enrichment attributable

to clinopyroxene removal.

Fig. 12. The contents of Cr and Ni in the whole-rock samples. The
open field is that of the historic lavas (Albarède & Tamagnan, 1988).for the most differentiated and the picritic lavas, its
The liquid line of descent in basalts makes an angle with the picritic

systematics seem to have been controlled by mobility array which indicates that these two features are not related to one
another in the same fractional crystallization process.rather than magmatic processes.
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Fig. 15. Plot of Eu/Eu∗ vs Sr/Nd which suggests that the Eu anomaly
observed in the Remparts series results from plagioclase accumulation

and removal.

Fig. 13. Rare-earth element concentrations in the whole-rock samples
in a chondrite-normalized plot.

Fig. 14. Plot of the Sc/Yb and CaO/Al2O3 ratios in each series. The
good correlation emphasizes a control by clinopyroxene which removes

Sc and Ca preferentially to Yb and Al.

Fig. 16. Plot of olivine-accumulation corrected concentrations of Sc,
Yb and Ce vs CaO. Olivine is assumed to contain 83% forsterite and
KD = 0·30. Compatibility increases in the order Ce, Yb, Sc, which

indicates clinopyroxene control.

Sr isotopes
The overall variations of the 87Sr/86Sr ratio over 530 ky

MAGMA DIFFERENTIATIONis small (0·70403–0·70425) and in the range of the values
Olivine–liquid relationshipsreported by Fisk et al. (1988). When the picrites, which

seem to contain Sr more radiogenic than the basalts and None of the lavas can be considered as representing a
primary magma extracted from a peridotitic source. Thedifferentiated products, are excluded, 87Sr/86Sr correlates

significantly neither with FeO/MgO (Fig. 18) nor with olivine basalt samples are clearly too poor in MgO, Ni
and Cr to be in equilibrium with mantle peridotite. Forthe alkalinity index. Stratigraphic plots show no long-

term correlation between 87Sr/86Sr and incompatible reasons that will appear later, we believe that we cannot
calculate a precise liquid line of descent. In addition,element ratios such as La/Yb.

189



JOURNAL OF PETROLOGY VOLUME 38 NUMBER 2 FEBRUARY 1997

picritic basalts at an angle with the liquid line of descent.
This trend is imperfect because clinopyroxene is entrained
together with olivine (see below). The FeO and MgO
content of the interstitial melt in equilibrium with picritic
olivine crystals with 84% forsterite is found on the mixing
line at the point where the KD of Roeder & Emslie (1970)
is equal to 0·3. For 13% ferric iron in the liquid, it is
found that the interstitial liquid contains ~8·3% MgO
and 11·4% FeOT and is therefore only slightly more
primitive than the steady-state basalts.

Fig. 17. Histogram of Th/U ratios in the four investigated series of The persistence of dislocations in olivine xenocrysts
lavas. The mean ratio decreases with time.

may seem inconsistent with the overall Fe–Mg equi-
librium partitioning illustrated in Fig. 10 and their rather
high CaO content. Sobolev & Nikogosian (1994) es-
timated that, regardless of the composition of the source,
the primary Réunion basalts formed at a temperature
>1380°C. Using the data of Jurewicz & Watson (1988b)
on Fe–Mg–Ca diffusion in olivine, it is found that 1-mm
sized olivine crystals equilibrate with basaltic liquid at
a lower temperature of 1300°C in <10 yr. Chemical
equilibrium is therefore achieved rather fast, well before
all dislocations become fully annealed. Kink-bands have
actually been observed in olivine crystals from the Kilauea

Fig. 18. Plot of 87Sr/86Sr vs FeO/MgO. Comparison of the new data Iki lava lake 22 yr after the eruption (Helz, 1987).
with the field drawn with the data of Albarède & Tamagnan (1988) Nevertheless, the origin of olivine xenocrysts does not
should be made with caution. Picrites seem to have slightly more seem to reside in mantle peridotites. The persistence ofradiogenic Sr, which is interpreted as reflecting assimilation of hydro-

devitrified glass inclusions and the similarity of Cr-spinelthermally altered cumulates.
inclusions in deformed and non-deformed olivine crystals
together with the lack of mantle-derived xenoliths con-
trasting with abundant olivine-rich cumulate inclusionsthree arguments indicate that picritic basalts do not
(Babkine et al., 1966; Upton & Wadsworth, 1972b)represent primary melts:
strongly indicate that the olivine xenocrysts derive from(1) Their FeO/MgO ratio is too low to record equi-
the mechanical disaggregation of earlier cumulates (Al-librium with mantle peridotite (>90% forsterite).
barède & Tamagnan, 1988). Olivines with kink-bands,(2) The presence of dislocations in some large olivine
likewise indicative of plastic deformation, have beencrystals (Fig. 4a–c) indicates high-temperature plastic
observed in the olivine-rich lavas of Kilauea (Helz, 1987;deformation that cannot be acquired in a melt (Nicolas
Clague et al., 1995) and Mauna Kea (Yang et al., 1994;& Poirier, 1976; Boudier, 1991). The mantled olivines
Garcia, 1996; Baker et al., 1996). Kink-bands normally(Fig. 4d) also show the presence of xenocrystic cores. As
form upon migration of dislocations during thermal res-stated in a previous section, some lavas contain abundant
toration at high temperature and their presence attestsultramafic inclusions, mostly dunite and wehrlites, dis-
to a particularly strong deformation regime (Nicolas &aggregating into individual olivine crystals.
Poirier, 1976). Dislocation-bearing olivine crystals that(3) As discussed by Albarède & Tamagnan (1988), the
are only mildly deformed or remain at high temperaturewhole-rock Ni–Cr trend of Fig. 12 in the olivine basalts
only for a short time are therefore not expected to showrequires that the cumulate composition lies on the align-
kink-bands and may normally be mistaken as undeformedment of this trend. For compatible elements, ideal frac-
phenocrysts grown from the surrounding melt. Few oftional crystallization must produce strongly curved
the Piton de la Fournaise olivine crystals observed topatterns in both the residual liquid and the cumulus
contain dislocations actually show well-developed kink-phases (e.g. Albarède, 1995). The linear array of the
bands or undulose extinction. The abundance of olivinepicritic basalts is therefore a mixing line. The sharp angle
crystals with kink-bands in a particular range of forsteritebetween this trend and the olivine basalt trend indicates
content (Clague et al., 1995; Garcia, 1996; Baker et al.,that the picrites and picritic basalts have incorporated
1996) is therefore not a reliable measure of the extent ofolivine crystals that cannot be the unmodified mineral
cumulate cannibalism nor is their absence a criterion ofextracts from the basalt sequence. The FeO–MgO plot

of Fig. 10 also indicates a linear mixing trend in the the unfractionated character of picritic lavas.
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plagioclase, 70–30% clinopyroxene and Ζ10% olivine.Fractionation of the differentiated lavas
The high-precision isotope dilution data of AlbarèdeCalcium concentrations in lavas lower than, or equal to,

& Tamagnan (1988) on historical steady-state basaltsthose of a primary melt from the mantle (Hirose &
show a good correlation between Ce/Yb and CaO/Kushiro, 1993; Baker et al., 1995) and correlated vari-
Al2O3 which the precision of the present data set allowsations of FeO/MgO and CaO/Al2O3 (Albarède &
to be seen on the most differentiated data only. TheTamagnan, 1988, and Fig. 8) visible in all the Piton de
consistent variations of the FeO/MgO and CaO/Al2O3la Fournaise products indicate pyroxene control. Most
ratios (Fig. 8) therefore suggest that some ratios of in-samples from the lower alkalic part of the Remparts
compatible elements may be affected by the fractionationseries form a trend from olivine basalt to hawaiite and
of a relatively high-pressure mineral assemblage withmugearite compositions. The least differentiated basaltic
abundant clinopyroxene. For further use in the sectionlavas are slightly more alkaline than the modern olivine
dealing with depth of fractionation, the proportion ofbasalts but there is a considerable overlap of all the series
clinopyroxene actually present in the plagioclase-freein a range of composition that we identified as the ‘steady-
cumulate of the steady-state basalts with ‘normal’ Eu/state basalt’ composition. For all lavas, some olivine
Eu∗ and Sr/Nd ratios (Fig. 15), should be evaluated.fractionation is required to account for the low Ni con-
During fractional crystallization, the Sc/Yb ratio in thetents, the spread in SiO2 (Fig. 7), and the rather high
residual liquid varies according to the Rayleigh law and

FeO/MgO ratios of the lavas. As shown, however, by
F, the fraction of residual liquid, can be estimated as

the whole-rock FeO/MgO and CaO/Al2O3 ratios and
by the Fe2+, Ti and Al contents of clinopyroxene phe-

F=C (Sc/Yb)residue

(Sc/Yb)parent D
1

DSc−DYb.nocrysts, fractionation in the Remparts series was dom-
inated by this mineral. Accumulation–fractionation-
corrected Sc concentrations decreasing by a factor of Let us conservatively assume that the bulk cumulate-
three from the basalts to the mugearites (Fig. 16) and liquid partition coefficients D obey DYbpDSc and adopt
values of partition coefficients such as those suggested by Hart & Dunn’s (1973) value of 1·3 for the partition
Hart & Dunn (1993) and Green (1994) require that coefficient of Sc between clinopyroxene and basaltic
clinopyroxene is the major mineral constituent of the liquid, with olivine and all other mineral phases being
cumulate. This observation is similar to that made on devoid of this element. Changing the Sc/Yb ratio by a
Kohala by Hofmann et al. (1987). Such a strong cli- factor of two, which is a reasonable range for all the
nopyroxene control is also required by the correlation of series investigated (Fig. 14), can be achieved through the
the CaO/Al2O3 ratio with the Sc/Yb ratio (Fig. 14) and precipitation of 65% of a wehrlite cumulate with equal
by the position of the whole-rock Remparts trend in proportions of olivine and clinopyroxene. The same effect
several plots, such as CaO vs MgO, CaO vs Al2O3 and on the Sc/Yb ratio is obtained by precipitating 41% of
FeO vs MgO, with respect to the composition of each monomineralic clinopyroxenite. Piton de la Fournaise
mineral (Figs 10 and 11). The composition of the cumulate lavas therefore must have fractionated substantial
removed by ideal fractionation from the melt cannot be amounts of clinopyroxene.
assessed with precision by, for example, least-squares, as
the plagioclase/clinopyroxene ratio seems to increase
when differentiation proceeds. This is particularly visible The origin of alkalinity
in the Na2O–MgO plot of Fig. 11a. The presence of even The three prehistoric series (Remparts, Nez-de-Boeuf
small fractions of cumulative or xenocrystic plagioclase and Langevin) include lavas that are on the alkalic side
confers on the rock a positive Eu anomaly that over- of the discrimination line of Macdonald & Katsura (1964).
whelms the negative anomaly produced by mineral frac- The mean composition of the Piton de la Fournaise
tionation (Fig. 15) and therefore limits the value of this products clearly becomes less alkalic with time (Table 3).
element as an indicator of plagioclase removal. Nearly Changes are more noticeable in the upper part of the
constant Sr concentrations in the most differentiated Remparts cliff but a clear alkalic ‘flavour’ is still perceived
lavas and the correlated variations of Sr/Nd with Eu/ in the Nez-de-Boeuf series (Fig. 7), which is ~350 ky
Eu∗, however, suggest that the cumulates contained younger than the oldest Piton de la Fournaise lava flows.
20–30% plagioclase. Examination of Fig. 11 (a and b) The transition from alkali basalts to tholeiites deduced
shows that olivine was not an important constituent from the compounded underwater observations collected
(Ζ10%). From the enrichment factor (~3) estimated during several dives on the northeastern flank of the
for the Ce concentrations after correction for olivine Loihi seamount by Garcia et al. (1995) seems to occur
accumulation–fractionation (Fig. 16), we suggest that the faster than at Piton de la Fournaise.
differentiated lavas formed from the basalts by removal The strong negative correlation of the alkalinity index

with the CaO/Al2O3 ratio (see Fig. 20, below) supportsof 0–70% of a gabbroic cumulate constituted of 20–40%
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Fig. 19. Plot of 87Sr/86Sr (Β) vs stratigraphic position. The CaO/Al2O3 ratio (Χ, right axis) and MgO contents (line without symbols, no scale)
are shown for comparison. Most picrites from the Langevin series have more radiogenic Sr.

the original suggestion of O’Hara (1968) that the lavas
become alkalic upon massive removal of clinopyroxene.
Although the role of clinopyroxene fractionation in the
differentiation of alkali basalts was repeatedly noticed
(Feigenson et al., 1983; Duda & Schmincke, 1985; Frey
et al., 1990), the difference between alkali and tholeiitic
basalts is usually ascribed to isotopically different sources
(Chen & Frey, 1983). In the case of Piton de la Fournaise,
the lack of correlation between alkalinity and the 87Sr/
86Sr ratios (Fig. 19b) in non-picritic basalts suggests that
the dominant control of alkalinity is not the source
composition. The discrimination line in Macdonald &

Fig. 20. The good correlation between the CaO/Al2O3 ratio and
Katsura’s (1964) alkalinity–silica diagram (Fig. 7) was the alkalinity index indicates that clinopyroxene fractionation creates
drawn in such a way that the alkalinity index of basalts alkalinity in many Piton de la Fournaise lavas. This observation

substantiates a model first expressed by O’Hara (1968).is left unaltered by fractionation or accumulation of
olivine containing ~80% forsterite. In contrast, sub-
stantial clinopyroxene removal drives basalts from the

Green & Ringwood with only slight differences. Figure 21tholeiitic into the alkalic field. The alkalic and tholeiitic
summarizes with some accuracy the phase relationships ofbasalts from Piton de la Fournaise may have a common
a basalt similar to what we defined as a steady-statesource and the same parent magma but their fractionation
basalt. Olivine is the liquidus phase up to 8 kbar andhistory has been extremely different.
does not seem to reach saturation at any temperature
near the liquidus at deeper levels. The cross-over with
clinopyroxene as the liquidus phase occurs at 9±2 kbar.

Depth of fractionation Green & Ringwood (1967) mentioned that orthopyroxene
The main features of olivine tholeiite fractionation were joins clinopyroxene upon cooling at high pressure. Pla-
long ago established experimentally by Green & Ring- gioclase crystallizes before pyroxene at low pressure and
wood (1967). The more recent experimental results of after pyroxene at high pressure down to at least 10 kbar.
Mahood & Baker (1986) on Pantelleria basalts, and of The clinopyroxene–plagioclase cross-over is located at
Fisk et al. (1988) on Piton de la Fournaise, complemented 4±1 kbar.
by unpublished experiments by H. Mesnil & M. Baker Albarède & Tamagnan (1988) found that the phe-

nocrysts from the historical basalts of the Piton de la(personal communication, 1996), refine the model of
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hotspots. The high velocity observed at depth >15 km
at the base of the crust and in the lithosphere under the
Marquesas (Caress et al., 1995) and Réunion (Driad et al.,
1995) could indicate the abundance of these cumulates. A
petrological model to account for that correspondence
has been proposed by Farnetani et al. (1996).

Buffered differentiation in an ascending
slurry-zone
The apparently innocuous observation that the Piton de
la Fournaise lavas can be divided into a dominant type
(the ‘steady-state basalts’) and two subordinate series with
fairly variable compositional patterns poses the moreFig. 21. Tentative saturation boundaries of olivine, clinopyroxene and
difficult question of the relationships between the geo-plagioclase in Piton de la Fournaise basalts near steady-state composition

from the experimental work of Fisk et al. (1988), Green & Ringwood chemical diversity of the lavas and the differentiation
(1967), and H. Mesnil & M. Baker (personal communication, 1996). mechanism. A similar situation was addressed by Rhodes
The pyroxene–plagioclase cross-over is at 4±1 kbar, the clinopyroxene–

(1988) for Mauna Loa, for which most bulk compositionsolivine cross-over at 9±2 kbar.
are ‘perched’ at the intersection of an olivine control line
with a trend for more differentiated lavas. Let us first

Fournaise crystallize in the order olivine– investigate the compositional variability produced by
clinopyroxene–plagioclase, i.e. in the same sequence as mineral fractionation. The differential form of the Ray-
noted by Upton & Wadsworth (1972b) in the Piton de leigh equation can be written for an element subscripted
Chisny cumulate xenoliths. These observations place

i as
fractionation at >4 kbar, i.e. at depth exceeding those
of geophysical anomalies which could be interpreted as dCi

Ci

=(Di−1)
df

F
.

reflecting a stagnant magma chamber (Lénat & Aubert,
1982). The presence of plutonic rocks at relatively shallow

This equation is of little interest for incompatible elementsdepth under the volcano (Rançon et al., 1989) requires
whose variations should be dominated by fluctuations,that magmas have occasionally been trapped in sills
however small, of the melting regime. For compatibleand dykes, not the presence of a long-standing magma
elements, however, the dispersion dCi/Ci of the con-chamber capable of feeding long sequences of volcanic
centrations of very compatible elements in residual meltseruptions. Polybaric fractionation of a clinopyroxene-
varies rapidly with the fraction of crystals removed.rich, olivine-poor gabbroic assemblage at moderate pres-
Conversely, this equation can be used to estimate dF/Fsure (~8–10 kbar), and of olivine at higher levels (4–8
from the dispersion dCi/Ci of a compatible element ikbar) seems to be prevalent. In general, a significant trend
when its solid–liquid fractionation can be estimated. Fortowards less fractionation and decreasing clinopyroxene/
basalts with 4% < MgO < 9% (which includes most ofolivine ratio in the cumulate of younger rocks is visible
the aphyric steady-state basalts in the histogram of Fig.in the mean values of the alkalinity index (Figs 7 and
9a), a relative dispersion (standard deviation divided by9b; Table 3), and of the range of CaO/Al2O3 and Sc/
mean value) of±18% is observed for MgO and±54%Yb ratios (Fig. 14). This trend indicates that differentiation
for Ni. For pure olivine fractionation, the mineral datatakes place at increasingly higher levels with time. Sub-
and experiments suggest DMgO ~5·5, DNi ~18. The re-dued but perfectly identifiable clinopyroxene removal
lationship above would require a relative dispersion ofassociated with incompatible element fractionation ([Al-
the fractionation extent of only 18/4·5 = 4% andbarède & Tamagnan (1988) and above] suggests that,
54/17·0 ~3%, respectively. Chromium shows the samehowever dominated by low-pressure olivine control, the
pattern but dealing with Cr fractionation by chromitehistorical lavas still go through some clinopyroxene frac-
is confusing. These values are surprisingly small andtionation. This fractionation pattern casts some doubt
consistent. Buoyancy-driven eruption is probably not anon the validity of trace element modelling aimed at
effective mechanism to bring differentiation to a halt atdescribing the distribution of melts and the residual
a fixed MgO content: Piton de la Fournaise lavas withmineralogy in the mantle source when the geochemical
olivine phenocryst contents varying from 0 to 50% havevariability is limited (Hofmann & Feigenson, 1983; Al-
widely different densities but seem to be emitted equallybarède & Tamagnan, 1988; McKenzie & O’Nions, 1991).
easily. A density minimum, which Sparks et al. (1980)The presence of clinopyroxene-rich cumulates should

be visible as a velocity increase in seismic profiles across and Stolper & Walker (1980) assumed to reduce the
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compositional spread of ocean- floor tholeiites and layered extremely similar to that of the ‘cumulates’ from Piton
Chisny (Babkine et al., 1966; Upton & Wadsworth, 1972b)intrusions, is unlikely to occur in the steady-state basalts,

which lack significant plagioclase fractionation. An al- and to some plutonic rocks from the Grand Brûlé drill
hole (Rançon et al., 1989).ternative mechanism is needed that allows the Piton de

la Fournaise to erupt substantially differentiated lavas for Scott & Stevenson (1986) suggested that zone-refining
is an appropriate model for the assessment of solid–liquidwhich the differentiation extent is nearly constant over

several hundred thousand years. mass-balance during the passage of a porosity wave.
Albarède (1995) adapted Pfann’s (1952) equation forRhodes (1988) explained the surprisingly narrow vari-
zone-refining to the case of a crystal mush (Fig. 22).ability of most Mauna Loa lavas by a regime of con-
Whether the solid forms a porous rigid framework or atinuously erupting and replenished magma chamber
loose slurry is immaterial to the present mass-balance(O’Hara, 1977). Physically, however, the compatible ele-
argument. A packet of magma percolates through thement variability has the same origin for both closed and
mush, forming a column of solid–liquid suspension ofopen regimes to the point that for a steady-state magma
finite height L. In the suspension zone, volume porositychamber the formal expression of variability is identical.
is U. When the liquid escapes, it leaves behind a volumeAn open magma chamber underlying the volcanoes does
porosity u of trapped melt. The solid–liquid partitionnot therefore explain a small range of compatible element
coefficient of element i is Di. The conservation equationconcentrations.
and its solution are given in the Appendix. A characteristicBuffering compatible elements in the steady-state bas-
distance zi over which the concentration of element ialts requires that the liquids equilibrated with their cu-
varies by a factor e is defined asmulate assemblages in a solid-dominated environment,

a situation much reminiscent of the melting conditions.
The FeO/MgO ratio and the Ni concentration of the zi=

Uqliq+(1−U)qsolDi

uqliq+(1−u)qsolDi

L .
basalts indicate that the dominant solid phase cannot be
mantle material. This suggests that, just before eruption, The depth of seismicity (a few kilometres) just before
the steady-state basalts must have equilibrated with an eruptions (Bachèlery et al., 1982; Lénat & Aubert, 1982;
olivine ± clinopyroxene assemblage which imposes its A. Hirn, personal communication, 1995), combined with
compatible element characteristics on the interstitial mag- the duration (several weeks) and velocity (~1 m/s) of
matic liquid. This condition can be achieved in a number eruptions, suggests that the magma column is at least
of ways such as successive equilibration between melt several kilometres high. Compatible elements, for which
and crystals at different levels, but percolation of liquids zi~L , are buffered over a short distance. Their con-
through a crystal slurry is certainly an efficient process. centration in the interstitial melt is therefore rapidly
Unless a dyke is wide (>2 m), its blocking by crystallization buffered during the ascent of the magma within the
occurs in a matter of days (Bruce & Huppert, 1990). It lithosphere. By contrast, for small values of Di, zi ~ UL/
is therefore intuitive that magmas rise more easily through (u + Di) q L. Small fractions u of trapped liquid
hot pre-existing dykes than through cold lithosphere. We therefore increase dramatically the characteristic dis-
imagine that the plumbing system of the volcano is filled tance. A solitary wave with U = 50% liquid, as in the
with unconsolidated cumulates from previous eruptions. picritic basalts, leaving behind a cumulate with u =
The secular equilibrium of the 238U–228Ra pair and 226Ra/ 0·5% residual porosity would transport unaffected dis-
230Th ratios of ~1·3–1·4 have been interpreted by Sig- tributions of very incompatible to moderately in-
marsson et al. (1995) as indicating that magmas travel for compatible elements (Di p u), such as Th, Ba, Sr, Nd
100–1000 yr from the mantle source to the surface. and Zr, over distances of ~100L, i.e. across the entire
Alternatively, it may indicate that the lavas contain a lithosphere. Not unexpectedly, the journey of the melt
melt component that had a long residence time in deep- through the slurry should not visibly perturb its in-
seated dykes. Solitary porosity waves are known to form compatible element distribution.
in wet porous media and travel unmodified over long Unlike fractional crystallization, the slurry-zone model
distances (Scott & Stevenson, 1984, 1986; Barcilon & successfully predicts several features of the Piton de la
Richter, 1986; Olson & Christensen, 1986; Whitehead Fournaise lavas:
& Helfrich, 1990). A somewhat analogous process, de- (1) The small spread of compatible element con-
scribed as diapiric melt transfer, was described on a small centrations in otherwise differentiated basalts.
scale in the olivine-rich lavas of the Kilauea Iki lava lake (2) The lack of mantle xenoliths in basalts owing to
by Helz et al. (1989). Because the steady-state lavas appear the presence of a mineral slurry lid on top of the dyke
to be saturated with these phases, the mineral composition system. Picrites from Mauna Kea have actually been
of the slurry must be dominated by olivine with ~84% found to contain small cumulate xenoliths with plastically
forsterite, spinel and, in proportions decreasing toward deformed olivine crystals (Garcia, 1996). This feature

was previously interpreted as reflecting the presencethe surface, calcic pyroxene. This mineralogy is therefore
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C i
liq(z)>C i

liq(0)exp(−z/zi).

The log–log plots of compatible elements should therefore
present linear arrays with slopes different from that
characteristic for Rayleigh fractionation. The closed sys-
tem condition which is the crux of Rayleigh distillation
does not hold for the slurry-zone model and, as in the
Ni–Cr plot (Fig. 12), the crystal slurry does not necessarily
plot as an extension of the liquid array as required by
the Rayleigh fractionation law.

A frustrating corollary of the proposed model is that,
because the solid–liquid interaction depends on the pre-
vious history of the dyke-filling mush, the liquid line of
descent of the basalts cannot be rigorously calculated from
the mineral equilibrium data and a simple fractionation
model. Even a simple model such as that of O’Hara (1968)
relating alkali basalts and tholeiites through polybaric
fractionation becomes difficult to assess in a cumulus-
dominated regime. If the only cumulus minerals were
those present in the picrites, we could apply the sketchy
equilibrium crystallization ‘equation’ parent magma →
cumulus + residual melt, and retrieve the composition
of the parent magma along the olivine control line which
would be in equilibrium with highly magnesian olivine
(Fig. 10). For 89% forsterite in the olivine (the highest
value recorded so far on the volcano), such a primary
magma would contain 14·5 wt % MgO, 12·3 wt % FeO,Fig. 22. Layout of the slurry-zone model. A liquid-rich zone with
11·6 wt % Al2O3 and 12·0 wt % CaO, a compositionlength L and porosity U moves upward in a dyke leaving behind a

cumulate with residual porosity u (Albarède, 1995). This zone partial- up to 1% richer in iron than that estimated by Sobolev
melting model is in essence a continuous equilibrium crystallization & Nikogosian (1994). It can be expected, however, thatmodel.

the bottom of the zone of dykes filled with poorly con-
solidated cumulates reaches down to levels (~25 km)

of intermediate to shallow magma reservoirs [see, for where clinopyroxene replaces olivine as the liquidus
instance, the concept of hydraulic filters described by mineral. In this respect, we note that the most magnesian
Clague (1987)] which are difficult to reconcile with res- picritic samples, such as LGV14, also have the highest
idence time analysis. CaO/Al2O3 and Sc/Yb ratios, indicating the presence of

(3) The presence in the picrites of plastically deformed cumulus clinopyroxene. Experimental petrology provides
olivines in equilibrium with the interstitial melt. Thin

only loose control on cumulate composition at depth.dykes and sills can be severely and repeatedly deformed
Surprisingly, compatible elements such as Ca and Crat high temperature with the slurry they contain provided
and, to a lesser extent, Sc, V and Cu should also bethe fraction of interstitial liquid is small.
buffered at depth by clinopyroxene, although the lavas(4) The origin of picrites. Abundant olivine crystals
may show all the signs of an overwhelming olivine controlcan be entrained upon flushing of the conduits during
acquired at low pressure.stronger eruptions. Clinopyroxene is probably much less

In contrast to steady-state basalts, the large geochemicalabundant in the slurry from the uppermost levels of
variability of the volcanic products from the differentiatedthe plumbing system. Gravitational settling during the
Remparts series indicates a liquid-dominated context offlushing of olivine slurry-filled dykes also explains the
fractional crystallization. The existence of large reservoirsgreater abundance of olivine in vents near sea-level than
of magmatic liquid is unlikely, as they would be unstablein those located at the summit when picritic lava is
at the pressure indicated by the clinopyroxene-dominatederupted simultaneously at different elevations (Kieffer et
liquidus (>8 kbar). Wall differentiation (Irving, 1980;al., 1977).
Bruce & Huppert, 1990) in deep dykes pried open throughFor incompatible elements, the contribution of the
a cold part of the lithosphere reconciles the geochemicaldyke-filling unconsolidated cumulates during the passage
variability, the occasionally large extents of differentiationof the porosity wave is probably small and, as shown in

the Appendix, and the mineralogy of the cumulate.
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recognized as producing transitional basalts, is actuallyTHE GEOCHEMICAL SIGNATURE OF
dominated by a fractionation scheme typical of alkalic

VOLCANIC CANNIBALISM lavas. The transition from tholeiitic to alkalic lavas has
The presence of plastically deformed olivine crystals, the been thoroughly investigated in Hawaii (Macdonald &
Mg–Ni–Cr systematics of basalts and picrites reported Katsura, 1964; Feigenson et al., 1983; Frey et al., 1990,
by Albarède & Tamagnan (1988) and in the present 1991; Chen et al., 1991), and to a much lesser extent, for
work, and the presence of dismantled gabbroic fragments Piton des Neiges (Upton & Wadsworth, 1972a; Ludden,
in the differentiated lavas of the Remparts series (RP18, 1978; Rocher, 1990). The early stages of a shield volcano
RP25, RP31, RP32) indicate that cannibalization of and particularly the relations of early alkalic rocks to the
earlier crystallization products is a common phenomenon. shield lavas are less well known for three possible reasons:
Such a process may be suspected to bias the trace element (1) scarcity of relevant field data as in the case of the
and isotopic signature of the lavas with respect to that Loihi seamount (Frey & Clague, 1983; Garcia et al.,
of primary basalts with major consequences. In particular, 1995); (2) blanketing of the early rocks by young lava
the transfer times derived from U–Th series disequilibria flows combined with subsidence; (3) the early alkalic stage
may prove difficult to interpret if melt trapped in residual is not as common as speculated.
porosity is allowed to interact with fresh batches of For Piton de la Fournaise, the K–Ar data indicate that
magma. differentiated lavas belonging to an alkalic trend were

More importantly, the very existence of an olivine erupted between ~530 and 400 ka. The first steady-state
control line indicates that the interstitial melt in picrites basalts and picrites appear in the last quarter of the
consists of steady-state basalt. The slightly higher 87Sr/ Remparts series, presumably ~350 ka ago. Although
86Sr ratio in the picrites with respect to other lavas at some later progressive changes in the differentiation
comparable 143Nd/144Nd ratios (this work and B. Luais, processes are observed, this transition is certainly a major
unpublished results, 1996) therefore signals that the dis- event in the evolution of the volcanic system. The early
aggregated products may have interacted with seawater period was characterized by deeper differentiation, and
to some extent through deep hydrothermal circulation therefore more efficient cooling upon ascent, and large
around magmatic conduits filled with slurry. Plutonic chemical variability. These two features may be ascribed
material with indications of intense hydrothermal al- to small magma input rates in narrow transient conduits.
teration was actually described in the cuttings of the In contrast, the steady-state basalts represent residual
Grand Brulé drill hole (Augé et al., 1989; Lerebour et al., liquids of buffered low-pressure fractionation, which in-
1989; Rançon et al., 1989). dicates that the input rate was large, thereby reducing

Hauri et al. (1996) reported a good correlation between heat loss and crystal fractionation. These contrasting
Mg, Ni and Cr in the Mauna Kea olivine basalts, which features agree with the standard view of volcanic regimes
indicates that a large fraction of the Os isotopic signal such as that of Clague (1987). They can alternatively
in these rocks must be associated with the presence of be viewed as the contrasting transient and steady-state
olivine crystals, which those workers viewed as essentially regimes of magma extraction at the top of the hotspot
cognate minerals. Hauri et al. (1996) and Eiler et al. (1996) conduit.
concluded that the isotope systematics of Os, Sr, Nd, Pb We suggest that the early alkalic stage samples the
and O rule out the involvement of the lithosphere in the thermal boundary layer of the conduit whereas the steady-
formation of Hawaiian shield basalts. If, however, some state basalts and picritic surges are extracted from the
Fournaise basalts are capable of disaggregating up to hot core with minimum thermal variability. Interestingly,
1/1 proportions of olivine-rich cumulates and, as in the duration of the waning alkalic stage of Piton des
Hawaii, partially redissolve the xenocrysts (Helz, 1987; Neiges is comparable [190–60 ka according to Rocher
Garcia, 1996), it is likely that they can simultaneously (1990)] with that of the early alkalic stage of Piton de la
assimilate other rocks, especially those with a low melting Fournaise (530–350 ka), and the shield stages of the two
point, such as altered basalts from the volcanic edifice and volcanoes do not seem to overlap. Using the plate velocity
its underlying oceanic crust. Contamination at relatively of 0·15 deg/my estimated by Gripp & Gordon (1990),
shallow level of picrites with a high content of xenocrystic the Indian plate moved by ~3 km during the early alkalic
olivines still needs full consideration. stage of Piton de la Fournaise and the waning alkalic

stage of Piton des Neiges. In contrast, the plate moved by
~6 km since the first recorded eruption of the Fournaise
steady-state basalts. In comparison, the known 2 myTRANSIENT AND STEADY-STATE lifetime of Piton des Neiges corresponds to a displacement

MELT EXTRACTION of the plate of 33 km.
These distances may be related in different ways toThe preceding discussion has suggested that the early

history of Piton de la Fournaise, a volcano widely hotspot dynamics (Frey & Rhodes, 1993). First, the plate
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can be assumed to move above a long cylindrical hotspot (3) Mineral fractionation becomes shallower with time
as olivine replaces clinopyroxene as the liquidus phase.conduit. The more alkalic lavas tap the rim of the cylinder

(4) Modelling of the melting process should take high-whereas the tholeiitic lavas represent melts from the core.
pressure fractional crystallization into account.The radius estimated by fluid mechanics for plume

(5) Plastically deformed phenocrysts are observed. Cu-conduits is actually well within the range of the observed
mulate cannibalism should affect the geochemical prop-displacements: for steady pipe flow, Loper & Stacey
erties of the lavas.(1983) quoted a range of 10–12 km, whereas Whitehead

(6) The buffering of the compatible element com-& Helfrich (1990) estimated a radius of 14 km for waves
positions is inconsistent with magma chamber processes.in conduit (pulsated transport). Réunion, however, sits
It is thought to result from the ascent of melt-richon top of an almost perfectly conical bathymetric bulge
zones through dykes filled with a slurry of olivine ±and geoid, separated from the bulge around Mauritius
clinopyroxene.by a pronounced bathymetric low (Bonneville et al., 1988).

(7) Picrites (= oceanites) form upon flushing the slurryA model of a steady cylindrical hotspot conduit does not
from the dykes.explain these features, nor how the hotspot activity jumps

(8) The more alkalic lavas correspond to a process offrom Piton des Neiges to Piton de la Fournaise in a
dynamic crystallization of a gabbroic assemblage on dykedirection perpendicular to the hotspot track. Al-
walls.ternatively, the hotspot activity may be viewed as a string

(9) This volcano may have formed by the impingementof solitary waves (blobs) of material with excess potential
on the base of the lithosphere of a solitary wave of hotspottemperature, each wave being associated with the growth
material with a radius of ~100 km rising with a velocityof an individual volcano. Beneath the lithosphere, both
of 5–9 cm/yr.the front and the tail of each hot solitary wave produce

less melt that evolves as mildly alkalic lavas when it burns
through the cold lithosphere. In contrast, the hotter main
body produces melts which keep their tholeiitic affinity
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samples. Jean-Marie Lavèvre, the skilled helicopter pilot,is equal to the diameter of the blob, we obtain a preferred
carried out difficult and dangerous tasks. We thank allradius of 100 km and an ascent velocity of 9 cm/yr. This
the colleagues and friends who gave us a hand in thecalculation is reasonably robust with respect to the lifetime
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Bachèlery, P. & Mairine, P., 1990. Evolution volcano-structurale du New Mexico Bureau of Mines and Mineral Resources, p. 72.
Piton de la Fournaise, depuis 0·53 Ma. In: Lénat, J.-F. (ed.) Le Driad, L., Hirn, A., Nercessian, A., Charvis, P., Laesanpura, A. &
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Birck, J.-L. & Allègre, C. J., 1978. Chronology and chemical history

139, 333.of the parent body of basaltic achondrites studied by the 87Rb–87Sr
Feigenson, M. D., Hofmann, A. W. & Spera, F. J., 1983. Case studiesmethod. Earth and Planetary Science Letters 39, 37–51.

on the origin of basalt II. The transition from tholeiitic to alkalicBonneville, A., Barriot, J. P. & Bayer, R., 1988. Evidence from geoid
volcanism on Kohala volcano, Hawaii. Contributions to Mineralogy anddata of a hotspot origin for the southern Mascarene Plateau and
Petrology 84, 390–405.Mascarene Islands (Indian Ocean). Journal of Geophysical Research 93,

Fisk, M. R., Upton, B. G. J., Ford, C. E. & White, W. M., 1988.4199–4212.
Geochemical and experimental study of the genesis of ReunionBoudier F., 1991. Olivine xenocrysts in picritic magmas. An ex-
Island, Indian Ocean. Journal of Geophysical Research 93, 4933–4950.perimental and microstructural study. Contributions to Mineralogy and

Fitton, G., Saunders, A. D., Larsen, L. M., Hadarson, B. S. & Norry,Petrology 109, 114–123.
M. J., 1996. Volcanic rocks from the southeast Greenland marginBruce, P. M. & Huppert, H. E., 1990. Solidification and melting along
at 63°N: composition, petrogenesis and mantle sources. In: Saunders,dykes by the laminar flow of basaltic magmas. In: Ryan, M. P. (ed.)
A. D., Larsen, H. C. & Clift, P. D. (ed.) Proceedings of the Ocean DrillingMagma Transport and Storage. New York: John Wiley, pp. 87–101.
Program, Scientific Results. College Station, TX: Ocean Drilling Progam,Caress, D. V., McNutt, M. K., Detrick, R. S. & Mutter, J. C., 1995.
in press.Seismic imaging of hot-spot related crustal underplating beneath the

Frey, F. A. & Clague, D. A., 1983. Geochemistry of diverse basaltMarquesas Islands. Nature 373, 600–603.
types from Loihi Seamount, Hawaii: petrogenetic implications. EarthChen, C.-Y. & Frey, F. A., 1983. Origin of Hawaiian tholeiite and
and Planetary Science Letters 66, 337–355.alkalic basalt. Nature 203, 785–789.

Frey, F. A. & Rhodes, J. M., 1993. Intershield geochemical differencesChen, C. Y., Frey, F. A., Garcia, M. O., Dalrymple, G. B. & Hart, S.
R., 1991. The tholeiite to alkalic basalt transition at Haleakala among Hawaiian volcanoes: implications for source compositions,

198
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lavas from the Hawaii Scientific Drilling Project. Journal of Geophysical Lénat, J.-F. (ed.) Le Volcanisme de la Réunion. Clermont-Ferrand: Centre
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Rançon, J.-P., Lerebour, P. & Augé, T., 1989. The Grand Brûlé
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(Albarède, 1995) where the last term on the right-hand side cancels out and a
plot of

z i=(kL
i /kR

i )L.
lnC j

liq vs lnC i
liq

For u = 0 and U = 1, the zone-refining equation of would be a linear array with slope s j
i such as

Pfann (1952) is obtained.
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s j
i>

uqliq+(1−u)qsolDi

uqliq+(1−u)qsolDj

.
be neglected, for example, for incompatible elements,
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