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Introduction

Since the seminal observations by [START_REF]Geological observations of volcanic islands[END_REF] in the Galápagos Islands, it is well established that the separation of the crystals formed in magmas is able to generate a variety of successive and chemically diverse rock types. As a consequence, cumulates formed by the accumulation of extracted crystals from the previous magmas, are produced during their cooling.

Therefore, crystallization of the magmas account for a large part of the diversity of the lavas erupted at the surface of the rocky planets, and for many magmatic rocks that cooled in planetary crusts. The geochemical modelling of the incompatible trace element concentrations in lavas is a classic exercise for constraining their formation (e.g., [START_REF] Allègre | Quantitative models of trace-element behavior in magmatic processes[END_REF][START_REF] Hanson | Rare earth elements in petrogenetic studies of igneous systems[END_REF] among many others).

However, the geochemistry of cumulates is much more complex (e.g., [START_REF] Barnes | The effect of trapped liquid crystallization on cumulus mineral compositions in layered intrusions[END_REF]. Of course, mathematical laws allow estimates of trace element abundances in phases in equilibrium with a given melt, but the compositions of cumulates could be largely affected by melts trapped within crystals (melt inclusions) or the crystal network. These amounts of trapped melts are not easy to quantify (e.g., [START_REF] Cawthorn | The use of phosphorus contents in yelding estimates of the proportion of trapped liquid in cumulates of the upper zone of the Bushweld complex[END_REF][START_REF] Charlier | Geochemistry of cumulates from the Bjerkreim-Sokndal layered intrusion (S. Norway): part II. REE and the trapped liquid fraction[END_REF]Manoochehri et al., 2015 among others). Moreover, subsolidus reequilibration or metamorphic events are able to redistribute the trace elements between crystals, hence providing additional complexities when the compositions of the parental melts are discussed (e.g., [START_REF] Treiman | The perils of partition: Difficulties in retrieving magma compositions from chemically equilibrated basaltic meteorites[END_REF]. The redistribution of elements between melt inclusions and cumulus phases can greatly disturb the composition of the latter, and it is important to know the proportion of these trapped melts in order to assess the importance of the effects produced during the metamorphic history of cumulates [START_REF] Barrat | Determination of the parental magmas of HED cumulates: The effects of interstitial melts[END_REF]. This is particularly critical for the study of extraterrestrial cumulates, as exemplified by some of the Martian meteorites whose parental melt compositions and trapped melt proportions are still not established precisely: the orthopyroxenite Allan Hills (ALH) 84001 [START_REF] Mittlefehldt | ALH 84001, A cumulate orthopyroxenite member of the Martian meteorite clan[END_REF][START_REF] Lapen | A younger age for ALH84001 and its geochemical link to shergottite sources in Mars[END_REF][START_REF] Barrat | Geochemistry of the martian meteorite ALH84001, revisited[END_REF], the chassignites (dunites) Chassigny and Northwest Africa (NWA) 2737 (e.g., [START_REF] Floran | Chassigny meteorite-cumulate dunite with hydrous amphibole-bearing melt inclusions[END_REF][START_REF] Beck | Petrography and geochemistry of the chassignite Northwest Africa 2737 (NWA 2737)[END_REF]. In addition, the lack of field constraints makes the study of meteoritic cumulates difficult: their settings and exact conditions of crystallization have to be deduced, and the associated lithologies including related lavas are not necessarily known due to the scarcity or the lack of samples.

New constraints could be obtained on differentiated meteorites if more comparative studies on terrestrial analogs were undertaken (Friedman [START_REF] Lentz | Formation of a martian pyroxenite : A comparative study of the nakhlite meteorites and Theo's Flow[END_REF]. Cumulative dunites found in some oceanic shield volcanoes, as exemplified by those from Piton de la Fournaise (La Réunion Island, Indian Ocean) share many textural, mineralogical and chemical features with them, as suggested by [START_REF] Udry | 1.34 billion-year-old magmatism on Mars evaluated from the co-genetic nakhlites and chassignites meteorites[END_REF]. Here we show that the contribution of trapped melts explains, in part, the diversity of incompatible trace element distributions in dunites from La Réunion despite very low modal proportions. Transposed to the Martian case, the same lines of reasoning provide additional constraints on the composition of the Chassigny parental melt.

Geological setting of La Réunion Island

La Réunion Island is located in the Indian Ocean, 750 km east of Madagascar. It is the emergent part of a volcanic cone of 240 km x 200 km x 7 km, and the most recent expression of the hot spot that created Mauritius, the Mascarene Plateau, the Chagos-Maldive-Laccadive Ridge, and produced the Deccan Traps ca. 65 Ma ago [START_REF] Courtillot | Deccan flood basalts at the Cretaceous/Tertiary boundary? Earth Planet[END_REF]. Two major basaltic shield volcanoes are well exposed on this island: the now extinct Piton des Neiges, and the Piton de la Fournaise which started to raise ca. 450 ky ago on its SE flank (Fig. 1a,b). The existence below Piton de la Fournaise and on the eastern submarine flank of the island, of a third large volcano, referred as Les Alizés volcano, probably active at the same time as Piton des Neiges, has been proposed. Its presence is still being discussed (Upton andWadsworth, 1965, 1972a;[START_REF] Gillot | Eruptive history of the Piton de la Fournaise volcano, Réunion Island, Indian Ocean[END_REF][START_REF] Bachèlery | Evolution volcano-structurale du Piton de la Fournaise depuis 53 Ma[END_REF][START_REF] Merle | Calderas, landslides and paleocanyons on Piton de la Fournaise volcano (La Réunion Island, Indian Ocean)[END_REF][START_REF] Lénat | A new model for the evolution of the volcanic island of Réunion (Indian Ocean)[END_REF][START_REF] Lénat | Anatomy of Piton de la Fournaise volcano (La Réunion, Indian Ocean)[END_REF][START_REF] Salvany | Geomorphic evolution of the Piton des Neiges volcano (Réunion Island, Indian Ocean): competition between volcanic construction and erosion since 1.4 Ma[END_REF][START_REF] Lebas | Understanding the evolution of an oceanic intraplate volcano from seismic reflection data: A new model for La Réunion, Indian Ocean[END_REF].

Piton de la Fournaise is among the most active terrestrial volcanoes, with on average one eruption every year since 1930. The geophysical data suggest that most eruptions are fed by several connected magma reservoirs (Fig. 1c): a shallower, at depths near or above sea level, an intermediate one, at the top of the oceanic crust, and a deeper one, at the crust-mantle interface, ca. 13 km below the sea level (Lénat et al., 2012 and references therein;[START_REF] Peltier | Magma transfer and storage at Piton de la Fournaise (La Réunion Island) between 1972 and 2007: a review of geophysical and geochemical data[END_REF][START_REF] Peltier | Are Piton de la Fournaise (La Réunion) and Kīlauea (Hawai'i) Really "Analog Volcanoes"?[END_REF]. The lavas mostly consist of 'mildly alkalic' to 'mildly tholeiitic' aphyric basalts, and subordinate olivine-phyric basalts (named picrites or oceanites), which may contain more than 40 % modal olivine. Exceptionally, more evolved lavas were erupted, as exemplified by trachytic pumices from the April 2007 eruption, which originated from small batches of magmas trapped at shallow depth (Vlastélic et al., 2011). The geochemistry of all these lavas has been extensively studied during the last forty years (e.g. Upton and Wadsworth, 1972a;[START_REF] Ludden | Magmatic evolution of the basaltic shield volcanoes of Reunion Island[END_REF][START_REF] Bachèlery | Le Piton de la Fournaise (Ile de la Réunion): Etude volcanologique, structurale et pétrologique[END_REF][START_REF] Albarède | Modeling the recent geochemical evolution of the Piton de la Fournaise volcano, Reunion Island[END_REF][START_REF] Albarède | The geochemical regimes of Piton de la Fournaise volcano (Réunion) during the last 530 000 years[END_REF][START_REF] Bosch | Pb, Hf and Nd isotope compositions of the two Réunion volcanoes (Indian Ocean): a tale of two small-scale mantle blobs[END_REF][START_REF] Boivin | Petrology of 1977 to 1998 eruptions of Piton de la Fournaise, La Réunion Island[END_REF][START_REF] Famin | Three differentiation stages of a single magma at Piton de la Fournaise volcano (Reunion hot spot)[END_REF][START_REF] Villemant | Evidence for a homogeneous primary magma at Piton de la Fournaise (La Reunion): a geochemical study of matrix glass, melt inclusions and Pélé's hairs of the 1998-2008 eruptive activity[END_REF][START_REF] Welsch | Dendritic crystallization: a single process for all the textures of olivine in basalts?[END_REF][START_REF] Muro | The Shallow Plumbing System of Piton de la Fournaise Volcano (La Réunion Island, Indian Ocean) revealed by the Major 2007 Caldera-Forming Eruption[END_REF][START_REF] Pichavant | Petrological experimental constraints on the evolution of Piton de la Fournaise magmas[END_REF]Vlastelic and Pietruszka, 2016 and references therein). Primary basalts of the Piton de la Fournaise are rather homogeneous for major elements, and incompatible element ratios. Moreover, they display only modest or restricted variability in terms of Sr, Nd, Pb, Hf, He isotopic compositions (e.g., [START_REF] Graham | A 360000 year helium isotope record from Piton de la Fournaise, Réunion Island[END_REF][START_REF] Albarède | The geochemical regimes of Piton de la Fournaise volcano (Réunion) during the last 530 000 years[END_REF][START_REF] Bosch | Pb, Hf and Nd isotope compositions of the two Réunion volcanoes (Indian Ocean): a tale of two small-scale mantle blobs[END_REF][START_REF] Vlastélic | Pb isotope geochemistry of Piton de la Fournaise historical lavas[END_REF][START_REF] Vlastélic | Control of source fertility on the eruptive activity of Piton de la Fournaise volcano[END_REF]Vlastelic and Pietruszka, 2016 and references therein). Therefore, the chemical diversity of the erupted lavas is the result of variation in the differentiation degree, and compositions of the extracted phases. At depths greater than 7.5 km, basalts crystallize chiefly clinopyroxene, plagioclase, and some olivine. The fractionation of these phases explains the unusual compositions of some of the erupted basalts ("abnormal basalts"). The most abundant basalts (i.e., those emitted by the eruptions close to the summit of the volcano) crystallize at shallower depth, and their differentiation path is controlled by an olivine-rich assemblage [START_REF] Boivin | Petrology of 1977 to 1998 eruptions of Piton de la Fournaise, La Réunion Island[END_REF][START_REF] Famin | Three differentiation stages of a single magma at Piton de la Fournaise volcano (Reunion hot spot)[END_REF][START_REF] Muro | The Shallow Plumbing System of Piton de la Fournaise Volcano (La Réunion Island, Indian Ocean) revealed by the Major 2007 Caldera-Forming Eruption[END_REF][START_REF] Pichavant | Petrological experimental constraints on the evolution of Piton de la Fournaise magmas[END_REF]. A vertical stratification of the shallower reservoir is inferred, with evolved basalts at the top, olivine rich basalts and cumulates at the bottom.

Cumulates linked to the differentiation of La Reunion lavas are known from various locations [START_REF] Lacroix | Le volcan actif de l'île de la Réunion et ses produits[END_REF][START_REF] Babkine | Nodules de péridotite et cumulats d'olivine[END_REF]Upton and Wadworth, 1972b;[START_REF] Upton | Cumulate clasts in the Bellecombe Ash Member, Piton de la Fournaise, Réunion Island, and their bearing on cumulative processes in the petrogenesis of the Reunion lavas[END_REF], and among them the most notable occurrences are:

-outcrops of a layered intrusion exposed in the deepest gorges sections cut into the Piton des Neiges, as in the Cirque de Salazie; -a thick layered complex has been recognized during the drilling of an exploration geothermal well in the Grand Brûlé area; various gabbros and ultramafic cumulates (dunites and pyroxenites) were observed at depth ranging from 1129 m to 3003 m below the surface; the base of the complex was not attained by the well; this intrusion corresponds to a large former magma chamber (10 x 18 km in plan view), probably related to "Les Alizés" volcano or "proto-Piton de la Fournaise" volcano [START_REF] Augé | The Grand Brûlé exploration drilling: new data on the deep framework of the Piton de la Fournaise volcano. Part 3: Mineral chemistry of the cumulate rocks[END_REF][START_REF] Rançon | The Grand Brulé exploration drilling : new data on the deep framework of the Piton de la Fournaise volcano. Part 1: lithostratigraphic units and volcanostructural implications[END_REF][START_REF] Gailler | Gravity structure of Piton de la Fournaise volcano and inferred mass transfer during the 2007 crisis[END_REF][START_REF] Lebas | Understanding the evolution of an oceanic intraplate volcano from seismic reflection data: A new model for La Réunion, Indian Ocean[END_REF]; -many lavas flows from Piton des Neiges and Piton de la Fournaise contain ultramafic to gabbroic enclaves; the Piton Chisny cone emitted the most famous xenolith-bearing flow of the island; the basalt and associated scorias contain numerous fresh dunite and wehrlite xenoliths, and subordinate gabbroic ones [START_REF] Lacroix | Le volcan actif de l'île de la Réunion et ses produits[END_REF][START_REF] Babkine | Nodules de péridotite et cumulats d'olivine[END_REF]Upton and Wadworth, 1972;[START_REF] Peters | Early mantle heterogeneities in the Réunion hotspot source inferred from highly siderophile elements in cumulate xenoliths[END_REF]; these enclaves sample a more or less circular hypovolcanic intrusion, ≈ 5 km in diameter [START_REF] Gailler | Gravity structure of Piton de la Fournaise volcano and inferred mass transfer during the 2007 crisis[END_REF]; this object is another former magma chamber, certainly related to an early stage of the Piton de la Fournaise volcano.

Piton Chisny ultramafic enclaves are typically centimeter to decimeter sized polyhedral blocs (up to 20 cm in diameter), with rounded edges, or egg-shaped. They appear as ejecta scattered in the lapilli and scoria of Piton Chisny. Some of them are coated with or included in fresh basaltic lava.

Ultramafic samples are coarse-grained to fine-grained with variable proportions of olivine, clinopyroxene and Cr-spinel. On the basis of modal composition, two groups can be recognized: dunites (≥ 90 % olivine + Cr-spinel ± clinopyroxene) and wehrlites (≥ 40 % olivine + clinopyroxene ± Cr spinel). Some very small samples of gabbro (plagioclase + clinopyroxene) have also been found.

They are not described in this study. This xenolith suite is interpreted as representing the crystal fraction precipitated from Piton de la Fournaise basalts in a relatively shallow magma reservoir. These cumulates have been disrupted by subsequent magma movements.

Samples and analytical procedures

Fourteen fresh xenoliths from Piton Chisny (Fig. 1) and one sample of their host basalt were selected for this study (Table 1). In addition, a 150 mg chip of Chassigny was provided by the Museum National d'Histoire Naturelle, Paris.

Microscopic observations and quantitative chemical analyses of the various phases were performed on the polished sections. We determined the major-element compositions of the phases by electron microprobe analysis using a Cameca SX100 at Service Commun Microsonde Ouest, Plouzané. All analyses used wavelength dispersive spectrometers at 15 kV accelerating voltage, and 10-12 nA beam current. Minerals [wollastonite (Si, Ca), orthoclase (K), albite (Na), Durango apatite (P)], oxides [MnTiO3 (Mn, Ti), Al2O3 (Al), Fe2O3 (Fe), Cr2O3 (Cr), etc.] were used for calibration.

Average compositions of the olivines, pyroxenes and spinels are given in supplementary Tables 1 to 3, respectively.

Chips (usually ≈10 g for samples from La Réunion) and mineral fractions (prepared by handpicking under binocular) were powdered using a boron carbide mortar and pestle. The major element compositions were determined at IFREMER by wavelength dispersive X-ray fluorescence (WD-XRF) analyses of fusion beads, using a Brüker S8 Tiger instrument (supplementaryTable 4).

Trace element abundances were determined by ICP-SFMS following the same procedure and spectrometer described by [START_REF] Barrat | Geochemistry of CI chondrites: Major and trace elements, and Cu and Zn isotopes[END_REF] for the Reunion Island samples (Table 2), and by [START_REF] Barrat | Evidence from Tm anomalies for non-CI refractory lithophile element proportions in terrestrial planets and achondrites[END_REF] for Chassigny (Table 3). The precision and the accuracy of the results were estimated using well characterized standards and sample duplicates. For XRF results, the accuracy is better than 7 % for Na, and much better than 3 % for the other elements. For ICP-SFMS results, the accuracy is better than 5 % for all the elements and better than 3 % for the REEs (e.g., [START_REF] Barrat | Geochemistry of CI chondrites: Major and trace elements, and Cu and Zn isotopes[END_REF][START_REF] Barrat | Evidence from Tm anomalies for non-CI refractory lithophile element proportions in terrestrial planets and achondrites[END_REF].

Trace elements abundances of clinopyroxenes in three wehrlites (Table 2) were subsequently determined by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) at Institut Universitaire Européen de la Mer, Plouzané. The analyses were performed under a He atmosphere using an Excimer (193 nm wavelength) laser ablation system (Geolas Pro102), connected to a Thermo Element 2 spectrometer. Analytical and data reduction procedures followed those used by [START_REF] Barrat | Trace element geochemistry of K-rich impact spherules from howardites[END_REF]Barrat et al. ( , 2014)). Concentrations were determined on individual spots using a 90 μm-diameter laser.

Results were normalized to CaO abundances, measured by electron microprobe as internal standards to account for a variable ablation yield. The BCR-2G glass standard was used for external calibration of relative element sensitivities, using values given by [START_REF] Jochum | Chemical characterisation of the USGS reference glasses GSA-1G, GSC-1G, GSD-1G, GSE-1G, BCR2-G, BHVO2-G, and BIR1-G using EPMA[END_REF]. Replicate analyses of the USGS basaltic-glass standard BIR-1G run at intervals during the analytical session, yielded an external reproducibility generally better than 5 % (1 σ relative standard deviation) at abundances similar to those found in clinopyroxenes (Barrat et al., 2014).

Results

La Réunion

Petrography and mineral compositions of the Piton Chisny ultramafic enclaves.

Ultramafic xenoliths consist of variable proportions of olivine, clinopyroxene and Cr-spinel (Table 1). Dunite samples are found to contain more than 93 % modal olivine. Samples CHI 6, CHI 7, CHI 8, CHI 14, CHI 18 are wehrlites with 14 to 43 % of modal clinopyroxene. Representative thin sections of the Piton Chisny ultramafic cumulates are shown in Figure 2. Interstitial glass is common but always in low proportion (Fig. 3).

Most of the cumulates are equigranular dunites with polygonal textures ranging from finegrained (< 1mm) to coarse-grained (olivine crystal size up to 6 mm). In some samples, larger olivine grains, up to 1 cm, are present, surrounded by a mosaic of small olivine grains (Fig. 2). Olivine crystals are sometimes elongated with a slight preferred orientation. Evidence of solid-state deformation is common, with olivine crystals displaying undulose extinctions and misorientations along kink-band boundaries. Olivine crystals frequently contain ovoid to elongate melt inclusions, occurring alone or in clusters within the crystals (Fig. 3). Cr-spinels are always present (1.4 and 2.5 vol% of the whole rock), mainly as interstitial crystals or as small euhedral inclusions in the olivine crystals. Clinopyroxene typically appears as an interstitial phase (1.0 -3.7 vol%) or surrounding large Cr-spinels. The interstitial Cr-spinel crystals have complex shapes, and are frequently larger than the Cr-spinel included in olivine. They sometimes are associated with interstitial clinopyroxene and/or glass.

Wehrlites display two types of textures: adcumulate textures with large subhedral pyroxene crystals and smaller olivine crystals as cumulus phases (Fig. 2), and heteradcumulate textures with large oikocrysts of clinopyroxene encompassing rounded inclusions of olivine. Clinopyroxenes are generally unzoned, except very narrow iron-rich rims. Cr-spinels always appear as interstitial or in inclusions in the olivine or clinopyroxene crystals. Layers rich in cumulus pyroxene are present within single samples. These can grade from pyroxenite or wehrlite to dunite. Crystallization sequence can be determined from textural observations. Olivine most often seems to be the first phase to appear, while Cr-spinel generally appears to co-precipitate with olivine and/or clinopyroxene.

Average olivine compositions in dunites and wehrlites ranges from Fo81.8 to Fo87.4, with little difference between olivine crystals from dunites (average Fo84.7) and olivine crystals from the wehrlites (average Fo82.2). NiO and CaO contents are 0.24 (± 0.04) and 0.06 (± 0.03), respectively.

Clinopyroxenes from dunites and wehrlites are diopsides with rather homogenous compositions (En45 Wo47 Fs8 to En46 Wo49 Fs5), with Mg# varying between 84.2 and 89 (average at 86.8 and 84.8 for dunites and wehrlites, respectively). They have low TiO2 contents (0.24 ± 0.04) compared to the clinopyroxene in the current basaltic lava (1.61 ± 0.67 - [START_REF] Boivin | Petrology of 1977 to 1998 eruptions of Piton de la Fournaise, La Réunion Island[END_REF]. A good linear correlation exists between Mg# (=100 x Mg/(Mg + Fe), atomic) of olivine and clinopyroxene crystals (not shown). Spinels in both dunites and wehrlites are chrome spinels with Cr# (=100 x Cr/(Cr + Al), atomic) from 51.2 to 62.9 (average at 57.6 and 52.7 for dunites and wehrlites, respectively) and TiO2 from 1.8 to 3.9 wt%. These mineral compositions are close to the less evolved compositions described for the minerals in the basalts and olivine-rich basalts of Piton de la Fournaise (e.g., [START_REF] Boivin | Petrology of 1977 to 1998 eruptions of Piton de la Fournaise, La Réunion Island[END_REF]Di Muro el 2014), and are consistent with a crystallization in equilibrium with a basaltic melt, followed by mineral accumulation and adcumulate growth.

Bulk compositions

The major and trace element abundances of the host lava have been reported previously by [START_REF] Peters | Early mantle heterogeneities in the Réunion hotspot source inferred from highly siderophile elements in cumulate xenoliths[END_REF] and [START_REF] Barrat | Evidence from Tm anomalies for non-CI refractory lithophile element proportions in terrestrial planets and achondrites[END_REF]. Trace element abundances in the same sample as [START_REF] Barrat | Evidence from Tm anomalies for non-CI refractory lithophile element proportions in terrestrial planets and achondrites[END_REF] are given in Table 2.

New major and trace element analyses of cumulates from Piton Chisny are given in Supplementary Table S4 andTable 2. Our results are in good agreement with literature analyses (e.g., [START_REF] Peters | Early mantle heterogeneities in the Réunion hotspot source inferred from highly siderophile elements in cumulate xenoliths[END_REF]. Dunites and wehrlites are in essence Mg-rich and poor in incompatible elements. Samples from La Réunion, are of course no exception. The bulk compositions of dunites resemble olivine compositions that are their essential components. Minor elements such as Ti (TiO2=0.07-0.14 wt%), Al (Al2O3=0.18-0.50 wt%), and Ca (CaO=0.25-0.84 wt%) are at first glance controlled by the grains of chromite and diopside that pepper the rocks. Higher CaO abundances, up to 10 wt%, were measured in wehrlites that contain the highest pyroxene proportions (e.g. sample CHI 7).

Trace element abundances display huge ranges of variation. Cu and Zn concentrations range from from 2.7 to 475 µg/g and from 63 to 182 µg/g, respectively, and are explained by sulfide grains irregularly dispersed within the rocks. Incompatible elements exhibit a striking range of concentrations and ratios (Fig. 4). Wehrlites display the highest REE abundances, and concave REE patterns with light REE depletions (Lan/Smn=0.52-0.99), middle REE enrichments (Gdn/Lun=1.64-2.56), and small negative Eu anomalies (Eu/Eu*=0.94-0.95), similar to those of the pyroxenes. Except for two samples intermediate to wehrlites (CHI 5 and CHI 12), dunites display the lowest REE abundances, with Ushaped REE patterns displaying both light REE and heavy REE enrichments (Lan/Smn=1.00-2.74, Gdn/Lun=0.23-1.20), with small or no Eu anomalies (Eu/Eu*=0.87-1.00), similar to those of some of the handpicked olivine fractions.

4.2/ Chassigny

Chassigny has already been extensively described (e.g., [START_REF] Floran | Chassigny meteorite-cumulate dunite with hydrous amphibole-bearing melt inclusions[END_REF]. Here, we have analyzed only a fragment of this meteorite for REE abundances. Abundances for these elements are very similar to the literature results for this meteorite (Table 3), and as will be discussed below, similar to those of the dunites of La Reunion Island.

Discussion

Origin of the diversity of the incompatible trace element abundances in Piton Chisny cumulates

The major element contents of the Piton Chisny nodules accurately mirror their abundances in olivine, clinopyroxene, and Cr-spinel (Supplementary Table S4). In particular, the excellent correlations between Al and Ti (r=0.992) and Ca and Na (r=0.978) are of course controlled respectively by Cr-spinel and clinopyroxene. The situation is more complex for incompatible trace elements. There is no doubt that the cumulates of the Piton Chisny were formed from liquids with the same distributions of incompatible elements as Piton de la Fournaise basalts: on the one hand, Piton de la Fournaise basalts, and more generally the Reunionese basalts, do not show a great diversity of incompatible element ratios; on the other hand, the REE patterns of the clinopyroxenes in wehrlites are very similar to those of clinopyroxenes in equilibrium with regular basalts from the Piton de la Fournaise (Fig. 4).

Since the analyzed clinopyroxenes display the highest REE concentrations, it is not surprising that wehrlites have much higher REE concentrations than dunites. However, the abundances of clinopyroxenes alone cannot account for the levels of all the incompatible elements contained in these rocks, especially for dunites. For example, in a diagram La vs. CaO (Fig. 5), the dunites and wehrlites of Piton Chisny are all richer in La than what is predicted by a simple olivine-clinopyroxene mixing model. Thus, the involvement of other phases rich in LREEs is necessary to explain the balance of these elements. The contribution of interstitial liquids and magmatic inclusions as evidenced by petrographic studies (e. g., [START_REF] Bureau | Magma-conduit interaction at Piton de la Fournaise volcano, Réunion Island: a melt and fluid inclusion study[END_REF] this work) cannot be ignored and must be evaluated.

The magmatic inclusions contained in the ultrabasic nodules are of two types [START_REF] Bureau | Magma-conduit interaction at Piton de la Fournaise volcano, Réunion Island: a melt and fluid inclusion study[END_REF]. The most abundant are basaltic and chemically quite similar to typical lava of the Piton de la Fournaise. Some nodules also contain trachytic inclusions. For the calculations below, we have selected the Piton Chisny basalt (CHI1), because its trace element abundances are representative of those of basalts from Piton de la Fournaise volcano. Trachytes are very rare among Piton de la Fournaise's products, and very little chemical data are available on these rocks. The compositions obtained by [START_REF] Vlastelic | Lithium isotope fractionation during magma degassing: Constraints from silicic differentiates and natural gas condensates from Piton de la Fournaise volcano (Réunion Island)[END_REF] on trachytic pumices emitted in 2007 were selected here.

Many types of diagrams can be used to evaluate magmatic liquid participation. Since olivines are very poor in LREEs and highly incompatible elements, a very small contribution of melts is in principle easily detectable in separated olivines and dunites. Moreover, in diagrams involving abundances of these elements, the cumulates from Piton Chisny display dispersions clearly controlled by the small amounts of magmatic liquids they contain, as shown by the diagrams Nb vs. Rb or U vs. Rb (Fig. 6). However, the amounts of melts responsible for these dispersions are not precisely quantifiable with these diagrams. Indeed, they do not make it possible to distinguish between dunites and wehrlites (i.e., the clinopyroxene contribution), nor to distinguish the respective contributions of basaltic and trachytic melts. In a (Dy/Lu)n vs. (La/Lu)n plot (Fig. 7), almost all cumulates are located within the surface defined by three end-members: basalts, olivines and clinopyroxenes. The dunites analyzed by [START_REF] Peters | Early mantle heterogeneities in the Réunion hotspot source inferred from highly siderophile elements in cumulate xenoliths[END_REF] show a clear enrichment in clinopyroxenes, while our sampling display a dispersion largely controlled by the olivine-basalt mixing line. A sample stands below this line: a dunite (CH0705Y) analyzed by Peters et al. (1996), may contain small amounts of trachytic melts.

The amounts of basaltic melts contained in dunites and olivines can be easily estimated using REEs (Fig. 8). The concentrations of these samples are well reproduced by simple olivine-basalt mixing. Using the Piton Chisny basalt for calculations, the shape of the REE patterns and the REE abundances of most samples indicate that they contain about 0.25 to 1 wt% of basaltic liquids, either in the form of magmatic inclusions or trapped between the crystals (Fig. 3). The handpicked olivines suggest that the amount of magma trapped as magmatic inclusions does not exceed 0.5 wt%, which is consistent with petrographic observations. Notice that three of our samples are not correctly explained by the olivine-basalt mixture model: two dunites (CHI 5 and CHI 12) for which the contributions of clinopyroxene cannot be neglected, and the handpicked olivines from the CHI 4 dunite. This sample has a slightly higher heavy REE enrichment than the other samples, but also olivine in equilibrium with basalt, calculated using the partition coefficients. This difference should not be overemphasized, and simply illustrates the variability or the uncertainties on the partition coefficients of olivine.

The contribution of trapped melts is much more difficult to detect in wehrlites than in dunites because clinopyroxenes are much richer in REEs than olivines. However, the melt contribution cannot be ignored. To illustrate this, we compare in Figure 9 the trace element abundances of a handpicked pyroxene fraction with the average concentrations obtained by LA-ICP-MS of pyroxene in the same sample (CHI 7). These analyses are almost identical for REEs, but the handpicked fraction displays much higher abundances for Th, U, Nb and Ta. Basaltic inclusions (1-2 wt%) may explain the higher concentrations in the handpicked fraction.

Comparison with Chassigny

Chassignites are very rare Martian meteorites. At present, only three chassignites are identified among the 231 classified Martian meteorites: Chassigny, NWA 2737 et NWA 8694 (see the Meteoritical bulletin database). Their mineralogical features have been extensively described (e.g., [START_REF] Floran | Chassigny meteorite-cumulate dunite with hydrous amphibole-bearing melt inclusions[END_REF][START_REF] Beck | Petrography and geochemistry of the chassignite Northwest Africa 2737 (NWA 2737)[END_REF][START_REF] Treiman | Martian dunite NWA 2737: petrographic constraints on geological history, shock events, and olivine color[END_REF][START_REF] Hewins | Northwest Africa 8694, a ferroan chassignite. 46 th Lunar and Planetary conference[END_REF]. These rocks are dunites containing chiefly olivine (more than 90 vol %) with subordinate pyroxenes (≈ 5 vol %, augite and pigeonite), chromite, feldspar, phosphates, mica and amphibole (e.g., [START_REF] Floran | Chassigny meteorite-cumulate dunite with hydrous amphibole-bearing melt inclusions[END_REF][START_REF] Beck | Petrography and geochemistry of the chassignite Northwest Africa 2737 (NWA 2737)[END_REF]. Texturally, they are like dunites from La Réunion Island (Udry and Day, 2018), with millimeter-sized anhedral to subhedral olivine crystals and rare poikilitic pyroxenes (Fig. 10).

Chassignites are probably linked to nakhlites, another type of Martian meteorites: they have the same crystallization ages (≈ 1.3 Ga, [START_REF] Misawa | Rb-Sr, Sm-Nd and Ar-Ar isotopic systematics of Martian dunite Chassigny[END_REF], share many chemical features (e.g., light REE enrichments, Zr-Hf negative anomalies, Beck et al., 2007;[START_REF] Udry | 1.34 billion-year-old magmatism on Mars evaluated from the co-genetic nakhlites and chassignites meteorites[END_REF], and display the same exposition ages that indicate they were certainly launched during the same impact event. Nakhlites formed probably in a volcanic setting, because they contain various amounts of mesostases in agreement with a fast cooling. Like the dunites of La Reunion Island, chassignites contain vitreous inclusions but are devoid of mesostasis, pointing to a hypovolcanic setting, in agreement with cooling rates deduced from the Ca zoning in olivine (≈ 30°C/yr for 1150-650°C, [START_REF] Mikouchi | Multiple igneous bodies for Nakhlites and Chassignites as inferred from olivine cooling rates using calcium zoning[END_REF].

The magmas that produced nakhlites and chassignites have not yet been found in the meteorite record. However, many attempts have been made to estimate the compositions of their parental melts, mainly from studies of melt inclusions and experimental works [START_REF] Johnson | Chassigny petrogenesis-Melt compositions, intensive parameters, and water contents of Martian (questionable) magmas[END_REF][START_REF] Treiman | The nakhlite meteorites: Augite-rich igneous rocks from Mars[END_REF][START_REF] Nekvasil | Alkalic parental magmas for chassignites? Meteorit[END_REF][START_REF] Sautter | Melt inclusions in augite from the nakhlite meteorites: a reassessment of nakhlite parental melt and implications for petrogenesis[END_REF][START_REF] Varela | Glass-bearing inclusions in Shergotty and Chassigny: consistent samples of a primary trapped melt?[END_REF]. Despite all these efforts and the high quality of the studies undertaken, the precise chemical composition of the parent liquids of chassignites is still uncertain. There is no doubt that these magmas were basaltic (s.l.) or even hawaiitic, but their characteristics (Al2O3 contents for example) are subject to debate, as are their similarities with some basalts analyzed in situ on Mars (Gusev Crater) by the MER Spirit rover (e.g., [START_REF] Nekvasil | Linking the Chassigny meteorite and the Martian surface rock Backstay: insights into igneous crustal differentiation processes on Mars[END_REF]. Some trace element features of the parental melts of chassignites were deduced from the compositions of the pyroxenes and olivine by [START_REF] Wadhwa | Trace and minor elements in minerals of nakhlites and Chassigny: clues to their petrogenesis[END_REF], [START_REF] Beck | Petrography and geochemistry of the chassignite Northwest Africa 2737 (NWA 2737)[END_REF] and [START_REF] Udry | 1.34 billion-year-old magmatism on Mars evaluated from the co-genetic nakhlites and chassignites meteorites[END_REF]. All these studies concluded that the Chassigny and NWA 2737 melts were strongly light-REE enriched. [START_REF] Varela | Glass-bearing inclusions in Shergotty and Chassigny: consistent samples of a primary trapped melt?[END_REF] determined the trace element abundances in a few melt inclusions and confirmed their light-REE enrichments, but did not estimate a parent melt composition. They suggested that melt inclusions were modified during late events that include possible interactions with fluids and shock metamorphism.

A recurrent problem in the study of achondrites is the low amount of material available for the determination of their bulk compositions. It is often very difficult to obtain 1 g (or more) of sample for such analyses, and therefore, the samples obtained are not necessarily representative of the whole rock.

For want of anything better, these compositions can be calculated using the average phase compositions and modal composition, or in-situ analysis on polished sections of small surfaces (raster beam techniques), but these estimates cannot have the accuracy of measurements obtained on powders prepared from samples large enough to be representative, especially when the abundances of certain trace elements are controlled by accessory phases (e.g., REEs with phosphates). These points have been widely discussed previously, and we refer the reader to the study conducted by Ryder and Shuraytz (2001) on lunar basalts for a discussion concerning the size of the samples needed for a geochemical study. Chassignites are no exception. The trace element abundances in Chassigny and NWA 2737 were determined using small chips only. Both chassignites display similar trace element distributions (Fig. 12). We will focus our discussion on REEs in Chassigny, for which several fragments have been analyzed by different laboratories, and for which the phase compositions are well characterized.

Chassigny is poor in REEs with concentrations below 2.5 x CI (Table 3). The REE patterns have a slightly concave shape reminiscent of those of the dunites from La Reunion Island (Fig. 4 and 11). The REE ratios vary significantly, and show that Chassigny is heterogeneous at the scale of a few hundred milligrams (e.g., (La/Yb)n range from 2.8 à 5.6).

All available Chassigny analyses are shown in a (Dy/Yb)n vs. (La/Yb)n plot (Fig. 12). The sample analyzed by [START_REF] Burghele | Chemistry of Shergottites and the Shergottite parent body (SPB): Further evidence for the two component model for planet formation (abs)[END_REF] displayed pyroxenes in excess compared to the other analyses, and will not be considered further. The others define a trend (r = 0.989) linking the composition of olivines with a LREE-enriched component. In comparison with the dunites of La Reunion Island (see fig. 7), the most likely hypothesis is that variable proportions of trapped melt would explain the variability of the data obtained on Chassigny. If this interpretation is correct, then the trend linking the compositions of olivines and total rocks also contains the composition of the parent liquid of Chassigny. Other constraints can be used to calculate this parent liquid. [START_REF] Wadhwa | Trace and minor elements in minerals of nakhlites and Chassigny: clues to their petrogenesis[END_REF] determined the REE abundances of pyroxenes from Chassigny. Experimental studies have demonstrated that the partition coefficients of REE for low Ca-pyroxene vary widely, but the ratios of the partition coefficients are much more homogeneous, particularly for the heavy REEs. For example, the experimental DDy/DYb ratios are generally very close to 0.5 (see fig. 1 in [START_REF] Barrat | Comment on «The origin of eucrites, diogenites, and olivine diogenites: Magma ocean crystallization and shallow magma processes on Vesta[END_REF] for a compilation). Since the Dy/Yb ratios of pigeonites measured by Wadhwa and Crozaz are chondritic (Fig. 13), we immediately deduce that the (Dy/Yb)n ratio of the parent liquid should be very close to 2. Using the trend in Figure 12, we can deduce the (La/Yb)n ratio of the Chassigny parent melt, close to 10.5. Similarly, we used (Dy/Yb)n vs. (Ce/Yb)n (r=0.982), (Dy/Yb)n vs. (Nd/Yb)n (r=0.996), (Dy/Yb)n vs. (Sm/Yb)n (r=0.977), (Dy/Yb)n vs. (Eu/Yb)n (r=0.964), and (Dy/Yb)n vs. (Gd/Yb)n (r=0.973) plots (not shown) and calculated the following ratios for the melt:

(Ce/Yb)n=10.4, (Nd/Yb)n=7.6, (Sm/Yb)n=4.4, (Eu/Yb)n=3.5, (Gd/Yb)n=3.1. The shape of the resulting REE pattern (Fig. 11) is very similar to that of the liquid in equilibrium with pigeonite calculated from Wadhwa and Crozaz data and partition coefficients from [START_REF] Mckay | Constraints on the origin of the mare basalt europium anomaly: REE partition coefficients for pigeonite[END_REF]. However, the enrichment in La is less marked there. We note that Chassigny's parent melt is more light REE enriched that nakhlite mesostases, illustrating the diversity of the magmas involved for these meteorites. A new estimation of the REE abundances in the parent melt is calculated using our REE ratios and the Yb abundance in the melt in equilibrium with pigeonite (Fig. 11 andTable 3). Assuming that La abundances in olivine can be neglected, the REE patterns indicate that Chassigny contained in the order of 1-2 % of trapped melts, slightly more than the proportions estimated for most of the dunites from La Réunion Island.

Conclusions

Because olivines are poor in highly incompatible trace elements, the bulk compositions of dunites are extremely sensitive to minute amounts of trapped melts. The dunites from La Réunion Island are no exception, and their contents of incompatible elements largely reflect the traces of magmas they contain. This is particularly well illustrated by the characteristic shape of their REE patterns, which allow us to estimate that most of our dunites contain between 0.25 and 1 wt % trapped basaltic magma. The augites being richer in REE, the wehrlite compositions are less sensitive to the trapped melt contribution. However, our data show that they contain similar amounts of trapped melts, whose presence should not be overlooked, especially when highly incompatible elements are considered.

Chassignites strongly resemble dunites from La Réunion Island which can be considered as close terrestrial analogs. Our observations strengthen the view that chassignites formed in a hypo-volcanic setting (e.g., [START_REF] Mikouchi | Multiple igneous bodies for Nakhlites and Chassignites as inferred from olivine cooling rates using calcium zoning[END_REF][START_REF] Udry | 1.34 billion-year-old magmatism on Mars evaluated from the co-genetic nakhlites and chassignites meteorites[END_REF]. Like La Réunion dunites, chassignites contain many glassy inclusions, and this small amount of melt explains the light REE enrichment of Chassigny samples, as well as the shape of their REE patterns. The range of (La/Yb)n ratios shown by the different samples can be explained by variations in the proportions of trapped melts. These variations make it possible to calculate the composition of this melt, which is clearly more enriched than the nakhlitic magmas analyzed to date. The study of terrestrial analogues of meteoritic cumulates makes it possible to bring new constraints to their petrogenesis. [START_REF] Beck | Petrography and geochemistry of the chassignite Northwest Africa 2737 (NWA 2737)[END_REF], nakhlite mesostases [START_REF] Jambon | Northwest Africa 5790: revisiting nakhlite petrogenesis[END_REF], and calculated Chassigny parent melts. Normalization values from [START_REF] Barrat | Geochemistry of CI chondrites: Major and trace elements, and Cu and Zn isotopes[END_REF]. See text for more details. 
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 captions1 Figure captionsFigure1. Location of La Réunion Island (A), Piton de la Fournaise volcano and Piton Chisny (B), and W-E geological section of Piton de la Fournaise (redrawn from[START_REF] Lénat | Anatomy of Piton de la Fournaise volcano (La Réunion, Indian Ocean)[END_REF].
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 2 Figure 2. Transmitted plane-polarized and cross-polarized light views of two selected xenolith samples. Dunite (CHI 2) consists almost entirely of olivine (~97 %) accompanied by dark accessory Cr-spinel and interstitial clinopyroxene (a and b). Wehrlite (CHI 7) with large rounded crystals of clinopyroxene associated to finergrained olivine + Cr-spinel crystals (c and d).
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 3 Figure 3. Photomicrographs (plane-polarized transmitted light) showing liquids trapped in xenoliths of Piton Chisny (Ol Olivine, Cpx clinopyroxene, Gl glass). A: Vesicular interstitial glass and secondary melt and fluid inclusions within wehrlite CHI-7. The glass forms thin films along grain boundaries and fracture. B: Primary melt inclusion and secondary inclusions along deformation fractures within dunite CHI-5. C: Olivine-hosted glassy inclusions crosscutting an olivine crystal within dunite CHI-4. D: Close-up of two naturally quenched melt inclusions in olivine from dunite CHI-4. The inclusions are ellipsoidal in shape, and each one contains a shrinkage bubble.
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 4 Figure 4. REE element patterns of lavas (a) and xenoliths (b) from Piton de la Fournaise, handpicked olivines from dunites (c), and clinopyroxenes from wehrlites (d).Augite in equilibrium with basalt CHI 1 is calculated using the partition coefficients given by[START_REF] Norman | Trace element distribution coefficients for pyroxenes, plagioclase, and olivine in evolved tholeiites from the 1955 eruption of Kilauea Volcano, Hawai'i, and petrogenesis of differentiated rift-zone lavas[END_REF]. Normalization values from[START_REF] Barrat | Geochemistry of CI chondrites: Major and trace elements, and Cu and Zn isotopes[END_REF].
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 5 Figure 5. La vs. CaO plot for xenoliths from Piton Chisny. Mixing curves for olivine (CaO= 0.1 wt%, La concentation is neglected) and clinopyroxene (CaO= 22 wt%, La= 1 µg/g), basalt (CaO= 10 wt%, La= 22 µg/g) and trachyte (CaO= 2.11 wt%, Figure 6. Nb (a) and U (b) vs. Rb plots for xenoliths from Piton Chisny xenoliths. Mixing lines between olivine and CHI 1 basalt.are shown for comparison. U, Nb and Rb concentrations in olivine are neglected. Data for basalts and trachytes are from Albarède et al. (1997) and Vlastelic et al. (2011) respectively.
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 7 Figure 7. (Dy/Lu)n vs. (La/Lu)n plot for xenoliths from Piton Chisny xenoliths.Olivine in equilibrium with basalts is calculated using the partition coefficients given by[START_REF] Evans | The influence of melt composition on the partitioning of REEs, Y, Sc, Zr and Al between forsterite and melt in the system CMAS[END_REF]. Data for basalts and trachytes are from[START_REF] Albarède | The geochemical regimes of Piton de la Fournaise volcano (Réunion) during the last 530 000 years[END_REF] and[START_REF] Vlastelic | Lithium isotope fractionation during magma degassing: Constraints from silicic differentiates and natural gas condensates from Piton de la Fournaise volcano (Réunion Island)[END_REF] respectively.
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 8 Figure8. REE patterns of handpicked olivines and dunites compared with olivine-basalt (CHI 1) mixtures. Olivine is calculated using CHI 1 concentrations and[START_REF] Evans | The influence of melt composition on the partitioning of REEs, Y, Sc, Zr and Al between forsterite and melt in the system CMAS[END_REF] partition coefficients. Normalization values from[START_REF] Barrat | Geochemistry of CI chondrites: Major and trace elements, and Cu and Zn isotopes[END_REF].
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 9 Figure 9. Trace element patterns of CHI 7 pyroxene. Calculated mixtures of the composition determined in-situ and basalt are shown for comparison (red curves).

Fig. 10 .

 10 Fig. 10. Transmitted cross-polarized light view of Chassigny showing the adcumulate texture dominated by olivine (courtesy Museum National d'Histoire Naturelle, Paris).

Figure 11 .

 11 Figure 11. REE patterns of Chassignites Chassigny (N: Nakamura et al., 1982; UD: Udry and Day, 2018) and NWA 2737[START_REF] Beck | Petrography and geochemistry of the chassignite Northwest Africa 2737 (NWA 2737)[END_REF], nakhlite mesostases[START_REF] Jambon | Northwest Africa 5790: revisiting nakhlite petrogenesis[END_REF], and calculated Chassigny parent melts. Normalization values from[START_REF] Barrat | Geochemistry of CI chondrites: Major and trace elements, and Cu and Zn isotopes[END_REF]. See text for more details.
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 12 Figure 12. (Dy/Yb)n vs. (La/Yb)n plot for Chassigny. Data for mineral phases from Wadhwa and Crozaz (1995), and for whole rock (w.r.) from Mason et al. (1975) (M), Nakamura et al. (1982), Burghele et al. (1983) (B), Udry and Day (2019) (UD), and this work.

Table 1 :

 1 Main characteristics of the ultramafic xenoliths from Piton Chisny (Piton de la Fournaise volcano, La Reunion Island)

	Sample	Rock type	Modal (%vol.) and average phase compositions	Texture
	CHI 2	dunite	96.8 Ol (Fo83.1) + 1.8 Cpx (En45.7Wo46.8 Fs7.5) + 1.4 Sp (Cr# = 57.1)	Porphyroclastic
	CHI 3	dunite	96.6 Ol (Fo85.0) + 1.1 Cpx (En45.6Wo48.5Fs5.9) + 2.3 Sp (Cr# =62.6)	Porphyroclastic to equigranular
	CHI 4	dunite	96.1 Ol (Fo85.2) + 1.5 Cpx + 2.4 Sp (Cr#59.7)	Porphyroclastic to equigranular mosaic
	CHI 5	dunite	93.8 Ol (Fo84.7) + 4 Cpx (En46.0 Wo46.4 Fs7.4) + 2.2 Sp (Cr# = 51.2)	Porphyroclastic
	CHI 6	wehrlite	61.2 Ol (Fo84.7) + 37.5 Cpx (En46.6Wo44.7 Fs8.7) + 1.3 Sp (Cr# = 51.5)	Poikilitic
	CHI 7	wehrlite	55.8 Ol (Fo82.4) + 43.0 Cpx (En46.4 Wo46.2 Fs7.4) + 1.3 Sp (Cr# = 57.1)	Granular
	CHI 8	wehrlite	66.0 Ol (Fo81.8) + 32.9 Cpx (En44.8Wo46.8Fs8.4) + 1.2 Sp (Cr# = 53.1)	Poikilitic
	CHI 9	dunite	96.4 Ol (Fo84.7) + 1.3 Cpx (En45.4Wo47.8Fs6.7) + 2.3 Sp (Cr# = 60.3)	Porphyroclastic to equigranular mosaic
	CHI 10	dunite	95.9 Ol (Fo87.4) + 1.6 Cpx (En45.7Wo48.7Fs5.6) + 2.5 Sp (Cr# = 62.9)	Equigranular mosaic
	CHI 12	dunite	94.8 Ol (Fo86.1) + 3.7 Cpx (En45.7Wo46.8Fs7.5) + 1.5 Sp (Cr# = 51.9)	Porphyroclastic
	CHI 13	dunite	97.3 Ol (Fo83.8) + 1.3 Cpx (En45.5Wo47.0Fs7.5) + 1.5 Sp (Cr# = 51.8)	Porphyroclastic
	CHI 14	wehrlite	84.3 Ol (Fo82.3) + 14.3 Cpx (En46.6Wo44.8Fs8.5) + 1.4 Sp (Cr# = 49.0)	Equigranular mosaic (modal layering)
	CHI 15	dunite	96.3 Ol (Fo84.6) + 1.6 Cpx + 2.0 Sp (Cr# = 59.7)	Porphyroclastic
	CHI 16	dunite	96.7 Ol (Fo83.0) + 1.0 Cpx (En46.3Wo46.1Fs7.6) + 1.4 Sp (Cr# = 59.1)	Porphyroclastic

Table 2 .

 2 CaO, TiO2 (in wt%) and trace element (in µg/g) abundances in a basalt (B) in dunites (D) and wehrlites (W) from Piton Chisny (WR: whole rock; Ol: olivine; Px: augite). (*: analyses obtained by LA-ICP-MS, n.a.: not analysed).

		CHI 1 CHI 2A CHI 2B CHI 3	CHI 4	CHI 4	CHI 5	CHI 5	CHI 9
	type	B	D	D	D	D	D	D	D	D
		WR	WR	WR	WR	WR	Ol	WR	Ol	WR
	CaO	10.03	0.44	0.33	0.31	0.32	0.15	1.44	0.19	0.35
	Be	1.20	0.010	0.007	0.005	0.008	n.a.	0.033	0.005	0.014
	K	6693	21.0	12.0	7.0	9.6	2.3	83.8	33.1	11.3
	Sc	20.84	2.94	5.08	3.36	4.39	1.80	5.60	4.22	2.36
	TiO2	2.68	0.080	0.097	0.100	0.055	0.014	0.126	0.045	0.055
	V	297	34.30	30.21	50.72	22.20	8.20	40.24	16.86	28.17
	Co	61.76	255	174	202	172	211	260	167	233
	Ni	307	2558	1842	2152	2315	n.a.	2921	n.a.	2645
	Cu	80.4	8.27	5.74	2.74	5.15	3.04	475	139	4.77
	Zn	109	132	97.5	112	93.4	93.1	126	74.7	119
	Ga	19.47	1.52	1.31	2.22	0.92	0.33	1.50	0.73	1.21
	Rb	15.83	0.079	0.048	0.016	0.033	0.014	0.278	0.116	0.048
	Sr	364	0.97	0.77	0.40	0.46	0.10	6.59	1.10	0.94
	Y	26.97	0.328	0.363	0.179	0.219	0.0648	0.888	0.242	0.297
	Zr	184	0.86	1.05	0.49	0.63	0.14	2.94	0.99	0.72
	Nb	23.56	0.220	0.169	0.085	0.100	0.026	0.500	0.108	0.172
	Ba	151	0.338	0.456	0.205	0.245	0.056	1.11	0.672	0.328
	La	21.99	0.105	0.0904	0.0559	0.0590	0.0177	0.457	0.0924	0.179
	Ce	46.07	0.232	0.207	0.113	0.124	0.0348	1.10	0.202	0.374
	Pr	6.01	0.0354	0.0294	0.0136	0.0152	0.0045	0.158	0.0266	0.0493
	Nd	26.15	0.173	0.147	0.058	0.0631	0.0184	0.735	0.116	0.202
	Sm	6.05	0.0463	0.0403	0.0150	0.0147	0.0041	0.1941	0.0281	0.0444
	Eu	2.01	0.0156	0.0128 0.00521 0.00543 0.00139 0.0639 0.00939 0.0143
	Gd	6.12	0.0558	0.0498	0.0176	0.0192 0.00512	0.217	0.0319	0.0480
	Tb	0.934	0.00927 0.00836 0.00329 0.00373 0.00096 0.0332 0.00528 0.00803
	Dy	5.22	0.0583	0.0534	0.0239	0.0273 0.00757 0.1933	0.0343	0.0511
	Ho	1.01	0.0129	0.0124 0.00633 0.00730 0.00253 0.0386 0.00805 0.0119
	Er	2.55	0.0400	0.0403	0.0217	0.0251	0.0121	0.1039	0.0270	0.0361
	Yb	2.05	0.0497	0.0519	0.0338	0.0369	0.0255	0.0884	0.0404	0.0428
	Lu	0.280	0.00913 0.00957 0.00616 0.00700 0.00534 0.01349 0.00764 0.00785
	Hf	4.80	0.0253	0.0339	0.0117	0.0137	n.a.	0.0791	0.0210	0.0155
	Ta	1.54	0.0147	0.0120	0.0053	0.0055	n.a.	0.0202	0.0064	0.0102
	Pb	1.63	0.0164	n.a.	0.0095	0.0080	n.a.	0.328	0.120	0.0111
	Th	2.21	0.0061	0.0110	0.0019	0.0078	0.0018	0.0171	0.0178	0.0051
	U	0.62	0.0037	0.0024	0.0014	0.0025	0.0013	0.0152	0.0051	0.0039
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 2 cont)

		CHI 10 CHI 12 CHI 13 CHI 15 CHI 16 CHI 6	CHI 6
	type	D	D	D	D	D	W	W
		WR	WR	WR	WR	WR	WR	Px*
	CaO	0.52	1.54	0.23	0.33	0.31	7.92	n.a.
	Be	0.020	0.037	0.004	0.010	0.011	0.029	n.a.
	K	98.0	61.0	8.3	38.9	48.2	58.7	n.a.
	Sc	2.58	3.53	4.22	4.85	1.97	2.53	n.a.
	TiO2	0.065	0.147	0.065	0.073	0.062	0.411	0.923
	V	27.89	50.64	23.50	24.42	45.95	104	n.a.
	Co	257	260	181	169	296	136	38
	Ni	3507	3843	1852	1814	3113	1431	316
	Cu	6.29	35.65	68.87	10.21	16.84	140	n.a.
	Zn	114	122	88.5	93.7	182	72.9	n.a.
	Ga	1.37	2.64	0.88	1.03	2.30	2.82	n.a.
	Rb	0.403	0.255	0.038	0.126	0.226	0.156	n.a.
	Sr	3.06	4.25	0.78	2.52	0.76	15.92	37.86
	Y	0.348	1.33	0.238	0.366	0.245	4.78	13.56
	Zr	1.37	3.84	1.02	1.87	1.10	9.00	23.88
	Nb	0.481	0.468	0.148	0.283	0.197	0.472	0.323
	Ba	1.33	0.559	0.275	1.18	0.267	1.30	n.a.
	La	0.240	0.543	0.0715	0.197	0.119	0.809	1.86
	Ce	0.517	1.68	0.154	0.431	0.286	2.61	6.23
	Pr	0.0660	0.281	0.0208	0.0561	0.0409	0.453	1.07
	Nd	0.273	1.38	0.092	0.243	0.180	2.50	5.89
	Sm	0.0569	0.355	0.0219	0.0567	0.0423	0.827	2.06
	Eu	0.0183	0.106	0.00742 0.0194	0.0136	0.287	0.713
	Gd	0.0596	0.382	0.0254	0.0609	0.0446	1.05	2.60
	Tb	0.0101	0.0572 0.00446 0.00942 0.00739	0.167	0.439
	Dy	0.0647	0.323	0.0303	0.0577	0.0464	0.973	2.45
	Ho	0.0146	0.0628 0.00755 0.0127	0.0109	0.183	0.482
	Er	0.0454	0.162	0.0262	0.0379	0.0361	0.455	1.18
	Yb	0.0509	0.133	0.0420	0.0456	0.0532	0.339	0.863
	Lu	0.00895 0.01995 0.00818 0.00805 0.00959 0.0468	0.113
	Hf	0.0262	0.113	0.0189	0.0459	0.0172	0.356	0.764
	Ta	0.0236	0.0352	0.0073	0.0184	0.0140	0.0360	0.0282
	Pb	0.0330	0.126	0.0503	0.0170	0.0751	0.128	n.a.
	Th	0.0212	0.0164	0.0066	0.0214	0.0121	0.0254	0.0359
	U	0.0233	0.0136	0.0017	0.0053	0.0147	0.0091	0.0080

Table 3 .

 3 New REE abundances in Chassigny, selected analyses from the literature used in calculations (w.r.: whole rock; ol: olivine fraction), melt in equilibrium with pigeonite estimated with analyses obtained by[START_REF] Wadhwa | Trace and minor elements in minerals of nakhlites and Chassigny: clues to their petrogenesis[END_REF] and partition coefficients from[START_REF] Mckay | Constraints on the origin of the mare basalt europium anomaly: REE partition coefficients for pigeonite[END_REF], and parent melt estimated in this work (in µg/g).

		this work	Mason	Nakamura Nakamura	Burghele	Udry and	melt in	parent melt
			et al. (1975) et al. (1982) et al. (1982) et al. (1983) Day (2018)	equilibrium (this work)
		w.r.	w.r.	w.r.	ol	w.r.	w.r.	with pig.	
	La	0.449	0.39	0.36	0.065	0.59	0.653	75	33.6
	Ce	1.11	1.12	0.88	0.221		1.506	112	85.5
	Pr	0.157	0.13				0.206		
	Nd	0.662	0.54	0.6	0.155	0.7	0.854	46.4	48.0
	Sm	0.132	0.11	0.133	0.037	0.16	0.16	10.2	9.2
	Eu	0.0407	0.038	0.045	0.0096	0.052	0.052		2.80
	Gd	0.121	0.11	0.13	0.038		0.158	7.9	8.8
	Tb	0.0194	0.02			0.04	0.023		
	Dy	0.121	0.12	0.11	0.05	0.27	0.144	8.9	6.9
	Ho	0.0257	0.03			0.058	0.028		
	Er	0.0748	0.09	0.07	0.046		0.083	3.8	
	Tm	0.0118					0.013		
	Yb	0.0803	0.1	0.08	0.065	0.12	0.083	2.3	2.3
	Lu	0.0129		0.013	0.011	0.018	0.013		
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