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Closed system oxygen isotope redistribution in igneous CAIs upon spinel dissolution

In several Calcium-Aluminum-rich Inclusions (CAIs) from the CV3 chondrites Allende and Efremovka, representative of the most common igneous CAI types (type A, type B and Fractionated with Unknown Nuclear isotopic anomalies, FUN), the relationship between 16 O-excesses and TiO2 content in pyroxene indicates that the latter commonly begins to crystallize with a near-terrestrial 16 O-poor composition and becomes 16 Oenriched during crystallization, reaching a near-solar composition. Mass balance calculations were performed to investigate the contribution of spinel to this 16 Oenrichment. It is found that a back-reaction of early-crystallized 16 O-rich spinel with a silicate partial melt having undergone a 16 O-depletion is consistent with the O isotopic evolution of CAI minerals during magmatic crystallization. Dissolution of spinel explains the O isotopic composition ( 16 O-excess and extent of mass fractionation) of pyroxene as well as that of primary anorthite/dmisteinbergite and possibly that of the last melilite crystallizing immediately before pyroxene. It requires that igneous CAIs behaved as closed-systems relative to oxygen from nebular gas during a significant fraction of their cooling history, contrary to the common assumption that CAI partial melts constantly equilibrated with gas. The mineralogical control on O isotopes in igneous CAIs is thus simply explained by a single 16 O-depletion during magmatic crystallization. This 16 Odepletion occurred in an early stage of the thermal history, after the crystallization of spinel, i.e. in the temperature range for melilite crystallization/partial melting and did not require multiple, complex or late isotope exchange. More experimental work is however required to deduce the protoplanetary disk conditions associated with this 16 Odepletion.

Introduction

Meteoritic Calcium-Aluminum-rich inclusions (CAIs) are the oldest solar system rocks. Igneous CAIs from CV chondrites initially formed in a 16 O-rich environment of near-solar isotopic composition [START_REF] Mckeegan | The oxygen isotopic composition of the Sun inferred from captured solar wind[END_REF] and underwent a 16 O-depletion later in their history resulting in a near-terrestrial composition. Understanding the conditions under which the CAI isotopic composition changed is essential to explaining the origin of the isotopic difference between the Sun and the rocky planetary materials.

The extent of 16 O-enrichment is mineral dependent with spinel and Ca, Al, Ti-rich clinopyroxene being the two most 16 O-rich minerals and melilite and anorthite being the most 16 O-poor (e.g. [START_REF] Clayton | Distribution of the pre-solar component in Allende and other carbonaceous chondrites[END_REF][START_REF] Mckeegan | Stable isotope variations in extraterrestrial materials[END_REF]. This mineralogical control of the 16 O-content is not easily understood and many explanations have been proposed. A key issue is to explain how melilite can be 16 Odepleted, while pyroxene is 16 O-enriched. It has been proposed to result from (1) gassolid equilibration by solid-state diffusion [START_REF] Clayton | Distribution of the pre-solar component in Allende and other carbonaceous chondrites[END_REF][START_REF] Simon | Oxygen isotopic variations in the outer margins and Wark-Lovering rims of refractory inclusions[END_REF], (2) gas-melt equilibration during partial melting and crystallization [START_REF] Aléon | Oxygen isotope heterogeneities in the earliest protosolar gas recorded in a meteoritic calcium-aluminium-rich inclusion[END_REF][START_REF] Ito | Oxygen isotopic SIMS analysis in Allende CAI: Details of the very early thermal history of the solar system[END_REF][START_REF] Krot | Calcium-aluminum-rich inclusions with fractionation and unknown nuclear effects (FUN CAIs): I. Mineralogy, petrology and oxygen isotopic compositions[END_REF][START_REF] Thrane | Discovery of a New FUN CAI from a CV Carbonaceous Chondrite: Evidence for Multistage Thermal Processing in the Protoplanetary Disk[END_REF][START_REF] Yoshitake | Correlations between oxygen-isotopic composition and petrologic setting in a coarse-grained Ca, Al-rich inclusion[END_REF][START_REF] Yurimoto | Oxygen isotope exchange between refractory inclusion in Allende and solar nebula gas[END_REF] possibly associated with chondrule formation (e.g. Krot et al., 2008), (3) aggregation of solids condensed in different environments (e.g. [START_REF] Kawasaki | Oxygen isotopic and chemical zoning of melilite crystals in a type A Ca-Al-rich inclusion of Efremovka CV3 chondrite[END_REF] or (4) fluid-rock equilibration on a parent-body [START_REF] Aléon | Finegrained, spinel-rich inclusions from the reduced CV chondrite Efremovka: II. Oxygen isotopic compositions[END_REF][START_REF] Bodénan | An oxygen isotope study of Wark-Lovering rims on type A CAIs in primitive carbonaceous chondrites[END_REF][START_REF] Krot | Oxygen isotopic compositions of Allende Type C CAIs: Evidence for isotopic exchange during nebular melting and asteroidal metamorphism[END_REF][START_REF] Wasson | 16 O-rich melilite in CO3.0 chondrites: Possible formation of common, 16 O-poor melilite by aqueous alteration[END_REF].

While some explanations work for given CAI types (e.g. type A CAIs or type C CAIs), none explain satisfactorily observations on type B CAIs. The fluid-rock model explains the isotopic heterogeneity in fine-grained CAI material such as Wark Lovering rims [START_REF] Yoshitake | Correlations between oxygen-isotopic composition and petrologic setting in a coarse-grained Ca, Al-rich inclusion[END_REF], fine-grained or small CAIs (e.g. [START_REF] Aléon | Finegrained, spinel-rich inclusions from the reduced CV chondrite Efremovka: II. Oxygen isotopic compositions[END_REF][START_REF] Wasson | 16 O-rich melilite in CO3.0 chondrites: Possible formation of common, 16 O-poor melilite by aqueous alteration[END_REF], but there is no hypothesis that explains the mineralogical control on all igneous CAIs. The partial melting hypothesis does not match the crystallization sequence of type B CAIs [START_REF] Stolper | Crystallization sequences of Ca-Al-rich inclusions from Allende: An experimental study[END_REF][START_REF] Stolper | Crystallization sequences of Ca-Al-rich inclusions from Allende: The effects of cooling rate and maximum temperature[END_REF] and requires late crystallization of melilite, (e.g. [START_REF] Yurimoto | Oxygen isotope exchange between refractory inclusion in Allende and solar nebula gas[END_REF], the solid state diffusion model does not match quantitatively type B CAIs observations [START_REF] Ryerson | Determination of oxygen self-diffusion in akermanite, anorthite, diopside, and spinel: Implications for oxygen isotopic anomalies and the thermal histories of Ca-Al-rich inclusions[END_REF] and the condensation model requires isolated formation of individual crystals unlike type B CAIs (e.g. [START_REF] Kawasaki | Oxygen isotopic and chemical zoning of melilite crystals in a type A Ca-Al-rich inclusion of Efremovka CV3 chondrite[END_REF]. As these hypotheses have very different implications for the distribution of oxygen isotopes in the protoplanetary disk either with distance from the protosun, height in the disk or with disk age, it is important to unravel the physico-chemical process at the origin of the mineralogical control of O isotopes in CAIs and to evaluate if it works for all igneous CAI types and at the very least for the most enigmatic type B CAIs.

The O isotopes -TiO2 content relationship in pyroxene, the last phase that crystallized in many igneous CAIs, shows that it became 16 O-enriched during its crystallization [START_REF] Aléon | Oxygen isotopes in the early protoplanetary disk inferred from pyroxene in a classical type B CAI[END_REF][START_REF] Kawasaki | Crystal growth and disequilibrium distribution of oxygen isotopes in an igneous Ca-Al-rich inclusion from the Allende carbonaceous chondrite[END_REF][START_REF] Macpherson | Primary reverse oxygen-isotope evolution of pyroxene in Compact Type A CAIs from the Efremovka and NWA 3118 CV3 chondrites: insights into internal CAI mixing lines[END_REF]. Because the self-diffusion of O is sluggish in pyroxene [START_REF] Ryerson | Determination of oxygen self-diffusion in akermanite, anorthite, diopside, and spinel: Implications for oxygen isotopic anomalies and the thermal histories of Ca-Al-rich inclusions[END_REF], it faithfully records the O isotopic composition of the melt from which it crystallizes thus indicating 16 O-enrichment of the melt during crystallization of pyroxene. This 16 Oenrichment is however at odds with the O isotopic composition of FUN (Fractionated with Unknown Nuclear isotopic anomalies) CAIs [START_REF] Krot | Calcium-aluminum-rich inclusions with fractionation and unknown nuclear effects (FUN CAIs): I. Mineralogy, petrology and oxygen isotopic compositions[END_REF], for which isotopic evolution of a mass fractionated 16 O-rich melt by equilibration with an unfractionated 16 O-poor reservoir during crystallization is commonly advocated [START_REF] Krot | Calcium-aluminum-rich inclusions with fractionation and unknown nuclear effects (FUN CAIs): I. Mineralogy, petrology and oxygen isotopic compositions[END_REF][START_REF] Thrane | Discovery of a New FUN CAI from a CV Carbonaceous Chondrite: Evidence for Multistage Thermal Processing in the Protoplanetary Disk[END_REF][START_REF] Williams | Thermal and chemical evolution in the early solar system as recorded by FUN CAIs: Part I -Petrology, mineral chemistry, and isotopic composition of Allende FUN CAI CMS-1[END_REF]. Reconciling both observations thus requires alternative interpretations.

A plateau in the abundance of spinel during the experimental crystallization of type B CAI liquids led [START_REF] Stolper | Crystallization sequences of Ca-Al-rich inclusions from Allende: An experimental study[END_REF] to infer the existence of a reaction, previously demonstrated during crystallization of Ca, Mg, Al, Si (CMAS) melts (e.g. [START_REF] Onuma | Study of the system CaMgSi2O6-CaFe3+AlSiO6-CaAl2SiO6-CaTiAl2O6: II. The join CaMgSi2O6-CaAl2SiO6-CaTiAl2O6 and its bearing on the Ca-Al-rich inclusions in carbonaceous chondrite[END_REF][START_REF] Yang | Phase equilibria of the join akermaniteanorthite-forsterite in the system CaO-MgO-Al2O3-SiO2 at atmospheric pressure[END_REF], involving spinel + melt when clinopyroxene begins to crystallize. Here I compile and compare O isotope data in major minerals from selected igneous CAIs representative of the various CAI types including type A, type B, intermediate pyroxene-rich type A and FUN CAIs. FUN CAIs are included here because the mineralogical control on the 16 O-excess is common to FUN and non-FUN CAIs, thus suggesting a possibly common process, and because a continuum of thermal histories and isotopic anomalies has been evidenced between FUN and non-FUN CAIs (e.g. [START_REF] Krot | Calcium-aluminum-rich inclusions with fractionation and unknown nuclear effects (FUN CAIs): I. Mineralogy, petrology and oxygen isotopic compositions[END_REF]. I notably examine the relationship between O isotopes and TiO2 content in pyroxene, a tracer of crystallization progress [START_REF] Simon | Fassaite composition trends during crystallization of Allende Type B refractory inclusion melts[END_REF]. I subsequently use mass balance considerations in a model involving spinel resorption to investigate to what extent this process can explain the isotopic composition of pyroxene in different CAI types. [START_REF] Clayton | The oxygen isotope record in Murchison and other carbonaceous chondrites[END_REF]. Samples not deviating from the CCAM line are considered to be unfractionated.

Samples and method

Isotopic

The Ti content of the pyroxene is reported here as TiO2 (wt%) with all Ti assumed to be tetravalent.

Samples

Allende USNM 3529-Z. 3529-Z is a type B1 CAI from the CV3 chondrite Allende ~ 2 cm in diameter. It is unfractionated and dominantly composed of melilite (mel), spinel (sp), Al-Ti-rich clinopyroxene (cpx) and anorthite (an) (e.g. [START_REF] Podosek | Correlated study of initial 87Sr/86Sr and Al-Mg isotopic systematics and petrologic properties in a suite of refractory inclusions from the Allende meteorite[END_REF].

Melilite is present as 16 O-poor chemically zoned mm-sized blades with Al-rich cores and Mg-rich periphery [START_REF] Aléon | Oxygen isotopes in the early protoplanetary disk inferred from pyroxene in a classical type B CAI[END_REF]. Spinel is 16 O-rich and is poikilitically enclosed in melilite, anorthite and pyroxene. It is among the most documented CAIs for both O isotopes and pyroxene chemical composition [START_REF] Aléon | Oxygen isotopes in the early protoplanetary disk inferred from pyroxene in a classical type B CAI[END_REF][START_REF] Mckeegan | Stable isotope variations in extraterrestrial materials[END_REF], Table 1). The Al-Ti-rich cpx has 16 O excesses inversely related with Ti content.

Allende CMS-1. CMS-1 is a new FUN CAI from Allende [START_REF] Williams | Thermal and chemical evolution in the early solar system as recorded by FUN CAIs: Part I -Petrology, mineral chemistry, and isotopic composition of Allende FUN CAI CMS-1[END_REF]. It is irregular, ~4 mm in size, and is mostly composed of melilite, Al-Ti-rich cpx, and spinel. 16 O-rich spinel is poikilitically enclosed by Al-Ti-rich cpx and 16 O-poor melilite (Table 1).

Pyroxene has variable 16 O excesses and TiO2 content (Williams et al., 2017, Table 1).

Spinel is mass fractionated to various extents and melilite is unfractionated (Table 1).

The most 16 O-poor cpx is the least fractionated and conversely (Table 1).

Allende STP-1. STP-1 is a type B2 FUN CAI dominantly composed of melilite (Åk ≤ 39 mol%), spinel, Al-Ti-cpx and dmisteinbergite (dmis) [START_REF] Holst | Hf-182-W-182 age dating of a Al-26-poor inclusion and implications for the origin of short-lived radioisotopes in the early Solar System[END_REF][START_REF] Krot | Calcium-aluminum-rich inclusions with fractionation and unknown nuclear effects (FUN CAIs): I. Mineralogy, petrology and oxygen isotopic compositions[END_REF]. Pyroxene is igneously zoned and contains variable TiO2 and 16 O excesses [START_REF] Krot | Calcium-aluminum-rich inclusions with fractionation and unknown nuclear effects (FUN CAIs): I. Mineralogy, petrology and oxygen isotopic compositions[END_REF]. Spinel is 16 O-rich and variably mass fractionated (Table 1); it is poikilitically enclosed in all other minerals. STP-1 has an O isotopic composition intermediate between that of 3529-Z and CMS-1. Melilite is variably 16 O-rich and mass fractionated (Table 1). Dmisteinbergite, the hexagonal polymorph of CaAl2Si2O8, has the isotopic composition of the most 16 O-rich pyroxene.

Allende 7R-19-1. 7R-19-1 is an igneous CAI from Allende intermediate between type A and type B CAIs. It is dominated by gehlenitic melilite (mostly Ak0-40, [START_REF] Ito | Oxygen isotopic SIMS analysis in Allende CAI: Details of the very early thermal history of the solar system[END_REF] with spinel, but contains coarse pyroxene grains with igneous zoning [START_REF] Ito | Oxygen isotopic SIMS analysis in Allende CAI: Details of the very early thermal history of the solar system[END_REF][START_REF] Yurimoto | Oxygen isotope exchange between refractory inclusion in Allende and solar nebula gas[END_REF]. Cpx has variable TiO2 content and O isotopic composition.

Isotopic weighted means were calculated along homogeneous profiles in zoned cpx (Table 1). Other O isotopes data in pyroxene showing a larger range of variation are considered here for comparison. Spinel is 16 O-rich and melilite has a large range of 16 Oexcesses (Table 1).

Efremovka 101,3. E101,3 is a compact type A CAI from the reduced CV3 chondrite Efremovka [START_REF] Aléon | Coupled O and Mg Isotopic Investigations of Compact Type A Refractory Inclusions[END_REF]. It is dominated by melilite and contains small spinel and perovskite grains. Rare interstitial pyroxene has the habit of the last crystallizing phase observed in igneous type A CAIs [START_REF] Simon | Origin of compact type A refractory inclusions from CV3 carbonaceous chondrites[END_REF] and is 16 O-poor (Table 1). It is extremely Al-Ti-rich and Mg-Si-poor with up to 25.0 wt% Al2O3, up to 21.8 wt% TiO2, down to 24.6 wt% SiO2, down to 2.8 wt% MgO and ~24 wt% CaO. Spinel is 16 O-rich.

Melilite is 16 O-poor in the CAI interior (Table 1), when associated with pyroxene, and becomes 16 O-enriched toward the CAI periphery [START_REF] Aléon | Coupled O and Mg Isotopic Investigations of Compact Type A Refractory Inclusions[END_REF].

Method

In order to evaluate the possible contribution of spinel to the oxygen isotopic evolution of CAI melts, I calculate here the O isotopic evolution of a system, in which spinel dissolves in the residual melt during crystallization of lower temperature phases, such as pyroxene, without interaction with an external reservoir. At each crystallization step, the spinel + liquid reaction is considered to produce an intermediate melt having a fraction of its O from spinel and a fraction of its O from the initial melt. Partial crystallization of this intermediate melt yields clinopyroxene and a residual melt, which becomes the new initial melt and in turn reacts with remaining spinel. In temperature and cooling rate conditions representative of cpx crystallization in type B CAIs (1500 K; 5 K/h), the diffusion length of O in diopside [START_REF] Ryerson | Determination of oxygen self-diffusion in akermanite, anorthite, diopside, and spinel: Implications for oxygen isotopic anomalies and the thermal histories of Ca-Al-rich inclusions[END_REF] is 55 nm.

Owing to this low O self-diffusivity, cpx is considered to record the composition of the intermediate melt and is no longer considered in the system. For each CAI, the stoichiometry and extent of this reaction depend on many poorly determined quantities, such as the bulk chemical composition, the extent of initial crystallization, the temperature of reaction, or the kinetics of spinel dissolution. The stoichiometry of the spinel + liquid reaction is therefore taken into account using the fraction of O from the initial melt involved in the reaction as a free parameter denoted fM. The oxygen isotopic composition is then calculated by mass balance. The calculation is stopped arbitrarily after the composition of pyroxene has stabilized.

Intricate sector zoning and growth zoning in cpx probably blur the correlation between TiO2 content and O isotopes (e.g. in CAI TS34, [START_REF] Kawasaki | Crystal growth and disequilibrium distribution of oxygen isotopes in an igneous Ca-Al-rich inclusion from the Allende carbonaceous chondrite[END_REF] but line profiles in zoned pyroxene grains in 3529-Z [START_REF] Aléon | Oxygen isotopes in the early protoplanetary disk inferred from pyroxene in a classical type B CAI[END_REF] indicate that this relationship is preserved and approximately linear within single sectors. The variation of TiO2 content during pyroxene crystallization is thus assumed here to proceed linearly with time. It is scaled to a maximal content close to the maximum TiO2 content in cpx, assumed to be representative of the first pyroxene crystallized and to the minimal cpx TiO2 content, assumed to be representative of the final pyroxene.

The parameters of the model are (i) the initial and final O isotopic composition and Ti content, (ii) the extent of mass fractionation and the proportion of mass fractionated spinel involved in FUN CAIs and (iii) the atomic fraction of O from melt and spinel, i.e. the stoichiometry of the spinel + melt reaction (Table 2). The initial and final compositions are dictated by the observed compositions of the samples. Spinels systematically have ∆ 17 O values ~ -24 ‰ and the residual melt starting ∆ 17 O values are between -0.9‰ and -4.1‰, corresponding to those of the most 16 O-poor melilite in the corresponding CAIs. The initial and final TiO2 contents are also dictated by the composition of the most and least Ti-rich pyroxene in the CAIs considered here. Given that individual cpx crystals have variable maximum TiO2 content within a single CAI [START_REF] Aléon | Oxygen isotopes in the early protoplanetary disk inferred from pyroxene in a classical type B CAI[END_REF][START_REF] Kawasaki | Crystal growth and disequilibrium distribution of oxygen isotopes in an igneous Ca-Al-rich inclusion from the Allende carbonaceous chondrite[END_REF][START_REF] Simon | Fassaite composition trends during crystallization of Allende Type B refractory inclusion melts[END_REF], a small range of initial TiO2 contents is used to account for local chemical variations in melt pockets at the origin of individual pyroxene crystals as well as for sector zoning. Although a large range of mass fractionation is observed in spinel, only two endmember compositions are considered for the mass balance calculations. MFsp denotes the mixing fraction of the most fractionated spinel. Conversely, (1-MFsp) is the proportion of unfractionated spinel. It directly depends on the observed composition. As a result, fM, the fraction of oxygen atoms from the melt, is the only parameter that is not fixed by observations and can be adjusted for each CAI.

Scanning electron microscopy of spinel textures in 3529-Z was done using the TESCAN SEM at the Museum National d'Histoire Naturelle in Paris.

Results

Comparison between CAIs

In CMS-1, the most Ti-rich pyroxene is also the most 16 O-poor and the relationship between TiO2 and ∆ 17 O is somewhat hyperbolic and close to that observed in 3529-Z (Fig. 1a). The ∆ 17 O value of cpx drops as TiO2 decreases during crystallization more rapidly in CMS-1 than in 3529-Z (Fig. 1b). A decrease of the ∆ 17 O value during pyroxene crystallization has also been found in the type B1 CAI TS34 [START_REF] Kawasaki | Crystal growth and disequilibrium distribution of oxygen isotopes in an igneous Ca-Al-rich inclusion from the Allende carbonaceous chondrite[END_REF]. Compared to type B CAIs, cpx is both more Ti-rich and more 16 O-poor in the type A CAIs 7R-19-1 and E101,3 with the most Ti-rich cpx being also the most 16 O-depleted.

Interstitial pyroxene in E101,3 has the highest Ti content observed in CAIs and the very 16 O-poor composition usually characteristic of melilite (Fig. 1c). The ∆ 17 O-TiO2 relationship thus defines a sequence, where the most refractory samples have abundant 2). In CMS-1, it intersects the spinel mass fractionation (MF) line at the most fractionated end (Fig. 3) and in STP-1 it intersects the spinel MF line at an intermediate MF value (Fig. 4). In spite of comparable ranges of ∆ 17 O values, cpx in 3529-Z, CMS-1 and STP-1 displays linear trends with an extent of MF in the 16 Orich endmember specific to each individual CAI and seemingly related to the MF in spinel.

Model results

3529-Z

The relationship between ∆ 17 O and TiO2 in cpx in 3529-Z is well reproduced using a fraction of oxygen from the melt (fM) of 0.8 in the sp dissolution reaction (Table 2). The full compositional range is encompassed if the initial TiO2 content is varied between 11 wt% and 15 wt% (Fig. 1). Upon spinel dissolution, the O isotopic composition of the melt first matches the O isotopic composition of anorthite (Fig. 2), a mineral that appears commonly before pyroxene in the crystallization sequence of type B CAIs [START_REF] Stolper | Crystallization sequences of Ca-Al-rich inclusions from Allende: An experimental study[END_REF]. It reaches rapidly the composition of pyroxene (after the third step), once the ∆ 17 O value is lower than -12.8 ‰. Subsequent pyroxene grains crystallize with ∆ 17 O values between -12.8 ‰ and the final value of spinel. As the ∆ 17 O value drops in an asymptotic way, rapidly first and more and more slowly as crystallization proceeds, the proportion of 16 O-rich cpx is increasing as its ∆ 17 O value approaches that of spinel, in agreement with observations.

CMS-1

In CMS-1, the relationship between ∆ 17 O and TiO2 in cpx is satisfactorily reproduced with fM = 0.6, lower than in 3529-Z (Table 2). As in 3529-Z, the full compositional range is encompassed if a variable initial TiO2 content is considered (between 9 wt% and 12 wt%, Fig. 1). When the three O isotopes are considered, the composition of pyroxene is well reproduced if all spinel involved in the spinel + melt reaction is the most mass fractionated spinel (Fig. 3). The O isotopic composition of the melt drops rapidly upon dissolution of the first spinel and converges gradually toward the composition of spinel. As a result, the first pyroxene crystallizes with a ∆ 17 O of -11.6 ‰ in agreement with the most 16 O-poor cpx observed in CMS-1 (∆ 17 O = -12.45 ‰). As in 3529-Z, subsequent pyroxene grains crystallize in increasing proportion as ∆ 17 O approaches that of spinel, again in agreement with observations.

STP-1

The O isotopic composition of pyroxene in STP-1 is correctly reproduced if fM is 0.8 as in 3529-Z and if the spinel dissolving into the melt is a mixture of approximately 50% fractionated spinel and 50% unfractionated spinel (Table 2). As in 3529-Z, the first dissolution steps (4 steps here) yield O isotopic compositions agreeing with those of a mineral that crystallizes before pyroxene, melilite in that case (Fig. 4). The model O isotopic composition matches that of pyroxene once the ∆ 17 O value is inferior to -16.8 ‰. The ∆ 17 O and ∆ 18 O values of dmisteinbergite [START_REF] Krot | Calcium-aluminum-rich inclusions with fractionation and unknown nuclear effects (FUN CAIs): I. Mineralogy, petrology and oxygen isotopic compositions[END_REF] are reached when the most 16 O-rich pyroxene crystallizes.

Type A CAIs

Many fewer data are available to compare the composition of the two type A CAIs 7R-19-1 and E101,3 with the model. Still the few O isotopic and TiO2 compositions available are reproduced using (i) a 16 O-poor melt with ∆ 17 O ~ -1‰, corresponding to the most 16 O-poor melilite in the E101,3 core, (ii) a TiO2 content varying between 22 wt% and 11 wt%, i.e. the observed TiO2 range in the two CAIs, and (iii) a fM value of 0.9, higher than for type B CAIs (Fig. 1, Table 2). Compared to the above cases, the distribution of oxygen isotopes in crystallizing pyroxene is more evenly spread between the 16 O-rich and 16 O-poor endmember compositions, with a much higher fraction of 16 Opoor pyroxene (Fig. 5). This agrees well with the isotopic composition of pyroxene in 7R-19-1, which encompasses the full O isotope range and is dominantly 16 O-depleted (Fig. 5). This full range of O isotopic composition in pyroxene from type A CAIs is also in line with the composition of 4 type A CAIs from Efremovka and from the NWA 3118 chondrite [START_REF] Macpherson | Primary reverse oxygen-isotope evolution of pyroxene in Compact Type A CAIs from the Efremovka and NWA 3118 CV3 chondrites: insights into internal CAI mixing lines[END_REF]. The 16 O-poor composition of interstitial pyroxene in E101,3 (∆ 17 O = -1.8 ‰) is intermediate between the initial composition and that reached at the first dissolution step.

Spinel textures in 3529-Z

Spinel enclosed in melilite commonly shows reactional textures, often associated with cpx (Fig. 6a-d). Isolated grains in melilite laths are rounded to subhedral (Fig. 6a).

Reactional textures are uncommon for spinel enclosed in pyroxene, where spinels are mostly subhedral to euhedral (Fig. 6e). However, spinels with sharp angles are rare (Fig. 6e). Small spinels with rounded or anhedral shape are present in all cpx grains (Fig. 6i-l).

Euhedral spinels tend to be associated with 16 O-rich pyroxene, while 16 O-poor cpx cores are often devoid of spinel. Melilite-pyroxene interfaces are commonly scalloped and associated with spinel grains having reactional textures and meniscus at the interface (Fig. 6f-h).

Discussion

16 O-enrichment of pyroxene due to spinel back-reaction with the melt

Because TiO2 is an indicator of pyroxene crystallization in igneous CAIs and TiO2 content in cpx decreases as crystallization progresses [START_REF] Simon | Fassaite composition trends during crystallization of Allende Type B refractory inclusion melts[END_REF], the relationship between TiO2 and ∆ 17 O in CMS-1 indicates that pyroxene in CMS-1 begins to crystallize with a 16 O-depleted composition and becomes progressively enriched in 16 O during crystallization. The O isotopes vs Ti content relationship and range of composition in CMS-1 are very close to those in 3529-Z (Fig. 1), for which such a conclusion has been reached not only from chemical composition but also from spatial distribution within individual crystals having cores enriched in TiO2 and depleted in 16 O [START_REF] Aléon | Oxygen isotopes in the early protoplanetary disk inferred from pyroxene in a classical type B CAI[END_REF]. When type A CAIs are considered this relationship extends to very large TiO2 content and very 16 O-poor composition, but the composition of cpx in 7R-19-1 and E101,3 does not simply extend the trend observed in CMS-1 and 3529-Z to higher values. It rather represents a similar but separated trend (Fig. 1c). Therefore, this hyperbolic 16 O enrichment with decreasing TiO2 content is observed in all CAIs for which data are available, indicating that pyroxene probably starts crystallizing with 16 Odepleted composition in most CAIs. This agrees with the 1N-B type A CAI from NWA 3118 and the type B1 CAI TS34 from Allende, where pyroxene crystals have cores enriched in Ti and depleted in 16 O [START_REF] Kawasaki | Crystal growth and disequilibrium distribution of oxygen isotopes in an igneous Ca-Al-rich inclusion from the Allende carbonaceous chondrite[END_REF][START_REF] Macpherson | Primary reverse oxygen-isotope evolution of pyroxene in Compact Type A CAIs from the Efremovka and NWA 3118 CV3 chondrites: insights into internal CAI mixing lines[END_REF]. The initial and final compositions seem to depend on CAI chemistry with the most refractory CAIs having the most Ti-rich, 16 O-poor pyroxene. While the 16 O-poor pyroxene is rare in type B CAIs and restricted to crystal cores [START_REF] Aléon | Oxygen isotopes in the early protoplanetary disk inferred from pyroxene in a classical type B CAI[END_REF][START_REF] Kawasaki | Crystal growth and disequilibrium distribution of oxygen isotopes in an igneous Ca-Al-rich inclusion from the Allende carbonaceous chondrite[END_REF] it is dominant in type A CAIs. These chemical and isotopic similarities between type A / type B CAIs and FUN / non-FUN CAIs are strongly suggestive of a single process controlling the isotopic composition of pyroxene in most types of igneous CAIs, the extent of which being controlled by individual CAI chemistry.

The variations of fM between 0.6 in CMS-1 and 0.9 in 7R-19-1 and E101,3 indicate that in all cases most oxygen atoms are coming from the silicate melt, although in CMS-1 the contribution of spinel is important. In the two type A CAIs, fM is 0.9 indicating a small contribution of spinel. The intermediate fM = 0.8 for the two type B CAIs 3529-Z and STP-1 indicates a dominant contribution of the melt but a still significant contribution of spinel. The contribution of spinel is found to be the smallest for the two CAIs that are independently described from petrographic observations to contain the lowest amount of spinel among the CAIs considered in the present study [START_REF] Aléon | Coupled O and Mg Isotopic Investigations of Compact Type A Refractory Inclusions[END_REF][START_REF] Ito | Oxygen isotopic SIMS analysis in Allende CAI: Details of the very early thermal history of the solar system[END_REF]. Examination of the bulk chemical composition of CMS-1 [START_REF] Williams | Thermal and chemical evolution in the early solar system as recorded by FUN CAIs: Part I -Petrology, mineral chemistry, and isotopic composition of Allende FUN CAI CMS-1[END_REF] and comparison with a representative range of type A and B CAIs [START_REF] Grossman | Primordial compositions of refractory inclusions[END_REF] and references within) shows that its MgO content ~13 wt% is in the upper range of type B CAIs, while its SiO2 content ~25 wt% is more typical of type A CAIs and in the lower range of type B CAIs. The resulting MgO/SiO2 ratio is among the highest in igneous CAIs. This suggests that spinel is abundant in CMS-1 (modal abundance of 24 wt%, [START_REF] Williams | Thermal and chemical evolution in the early solar system as recorded by FUN CAIs: Part I -Petrology, mineral chemistry, and isotopic composition of Allende FUN CAI CMS-1[END_REF], probably more than in typical type B CAIs such as 3529-Z and STP-1. To summarize, fM, adjusted solely to match the O isotopic composition of pyroxene in a CAI, appears to correlate to a first approximation with the proportion of spinel, with spinel contributing all the more to the pyroxene composition as the CAI is spinel-rich.

Similarly to fM, the proportion of mass fractionated spinel involved in the reaction is also specific to each CAI. Intermediate situations analogous to STP-1 (Fig. 4) with both unfractionated and mass fractionated spinel dissolving into the melt appear to be more common and are found in the C1, EK1-4-1 and B7F6 FUN CAIs [START_REF] Krot | Calcium-aluminum-rich inclusions with fractionation and unknown nuclear effects (FUN CAIs): I. Mineralogy, petrology and oxygen isotopic compositions[END_REF].

However, the case where the pyroxene O isotope compositional trend intersects only the most mass fractionated spinel (Fig. 3) is also observed in the KT-1 FUN inclusion [START_REF] Krot | Calcium-aluminum-rich inclusions with fractionation and unknown nuclear effects (FUN CAIs): I. Mineralogy, petrology and oxygen isotopic compositions[END_REF]. A possible explanation is the preferential dissolution of the last spinel crystallized from an evaporating melt either because it has a smaller grain size or because it represents the outer part of coarser grained spinel, grown on early crystallizing nuclei. Interestingly, the pyroxene isotopic trend in the forsterite-bearing FUN CAIs CG-14 and BG82DH8 [START_REF] Krot | Calcium-aluminum-rich inclusions with fractionation and unknown nuclear effects (FUN CAIs): I. Mineralogy, petrology and oxygen isotopic compositions[END_REF] seems more closely related to forsterite (fo) than spinel. Fo-bearing regions and sp-bearing regions in these CAIs are almost systematically mutually exclusive so that the petrological relationships between fo, sp and cpx are probably different from those investigated here. Phase equilibria in comparable CMAS systems enriched in fo [START_REF] Yang | Phase equilibria of the join akermaniteanorthite-forsterite in the system CaO-MgO-Al2O3-SiO2 at atmospheric pressure[END_REF] indicate early crystallization and dissolution of forsterite. Olivine may thus behave somewhat like spinel albeit with a more restricted stability field, so that it may contribute O to the melt in the most fo-rich normative compositions. Olivine resorption has indeed been noticed in the fo-rich FUN CAI Vigarano 1623-5 [START_REF] Davis | Melt solidification and late-stage evaporation in the evolution of a FUN inclusion from the Vigarano C3V chondrite[END_REF]. In any case, the mass fractionated composition of cpx in FUN CAIs, testifies that its 16 O-enrichment is driven by contribution of an interior component, rather than an interaction with an outer reservoir.

A possible caveat to the spinel dissolution model is the lack of obvious textural dissolution features in spinel embedded in cpx, which are commonly subhedral to euhedral in igneous CAIs (e.g. [START_REF] Kawasaki | Crystal growth and disequilibrium distribution of oxygen isotopes in an igneous Ca-Al-rich inclusion from the Allende carbonaceous chondrite[END_REF]. With the reasonable assumption that 3529-Z is a regular, typical type B1 CAI, insights can be gained from the observation of its spinel textures (Fig. 6). Whether the reactional textures observed for spinel [START_REF] Stolper | Crystallization sequences of Ca-Al-rich inclusions from Allende: An experimental study[END_REF]. Finally, anhedral spinels with meniscus at the interface between melilite and pyroxene (Fig 6f-h) support spinel dissolution in the partial melt at the beginning of cpx crystallization, when the spinel contribution to the O isotopic change should be major. The detailed interpretation of spinel textures remains ambiguous but somewhat agrees with spinel dissolution. A more extensive study is required to conclude.

Although much less constrained, the composition of CaAl2Si2O8 (mostly anorthite) from type B CAIs is also matched by the present model. Laboratory crystallization experiments indicate that it crystallizes immediately before, simultaneously with or after pyroxene (e.g. [START_REF] Stolper | Crystallization sequences of Ca-Al-rich inclusions from Allende: An experimental study[END_REF][START_REF] Stolper | Crystallization sequences of Ca-Al-rich inclusions from Allende: The effects of cooling rate and maximum temperature[END_REF] depending on details of the thermal history or CAI chemistry. O isotopic variations in anorthite have been proposed to result either from partial melting in 16 O-poor conditions and preservation of relict 16 O-rich anorthite (e.g. [START_REF] Nagashima | Micron scale oxygen isotope heterogeneity in anorthite of a forsterite-bearing type B CAI E60 from Efremovka[END_REF] or from isotope exchange during parent body metasomatism (e.g. [START_REF] Krot | Oxygen isotopic compositions of Allende Type C CAIs: Evidence for isotopic exchange during nebular melting and asteroidal metamorphism[END_REF]. In the present model CaAl2Si2O8 is expected to have an isotopic composition corresponding to the first steps of spinel dissolution if it crystallizes immediately before pyroxene or simultaneously with the most 16 O-poor pyroxene. This is observed for anorthite in 3529-Z (Fig. 2). By contrast, dmisteinbergite in STP-1 has the composition of the final crystallizing pyroxene (Fig. 4), requiring crystallization after pyroxene or simultaneously with the last pyroxene. Such a late crystallization is consistent with the metastable nature of dmisteinbergite suggesting rapid cooling [START_REF] Krot | Calcium-aluminum-rich inclusions with fractionation and unknown nuclear effects (FUN CAIs): I. Mineralogy, petrology and oxygen isotopic compositions[END_REF] and with experiments at the highest cooling rate showing that the nucleation of CaAl2Si2O8 is delayed and that crystallization should take place after that of pyroxene [START_REF] Stolper | Crystallization sequences of Ca-Al-rich inclusions from Allende: An experimental study[END_REF][START_REF] Stolper | Crystallization sequences of Ca-Al-rich inclusions from Allende: The effects of cooling rate and maximum temperature[END_REF]. The spinel dissolution model is thus consistent with the O isotopic composition of anorthite and is an alternative to previous interpretations. Dissolution of spinel crystallized in an early stage of CAI petrogenesis by back reaction with the silicate melt is thus a process consistent with many observations in CAIs. Considering the right range of isotopic and chemical composition in individual CAIs, such a spinel + melt reaction, long inferred from experimental petrology [START_REF] Stolper | Crystallization sequences of Ca-Al-rich inclusions from Allende: An experimental study[END_REF], explains (i) the 16 O-enrichment of cpx during crystallization and the observed trend with TiO2 content, (ii) the mixing trend between unfractionated 16 O-poor phases and 16 O-rich mass fractionated minerals (spinel) in FUN CAIs and (iii) its parameterization is consistent with chemical and mineralogical properties of the considered CAIs. The very 16 O-poor interstitial cpx in type A CAIs with texture of a residual melt [START_REF] Simon | Origin of compact type A refractory inclusions from CV3 carbonaceous chondrites[END_REF], observed here in E101,3 [START_REF] Aléon | Coupled O and Mg Isotopic Investigations of Compact Type A Refractory Inclusions[END_REF], is an endmember crystallized almost directly from the 16 O-poor melt, when the CAI reached the solidus after most of the CAI crystallized as melilite, with barely any contribution of spinel.

Closed-system behavior during crystallization of pyroxene

To explain the 16 O-enrichment of pyroxene upon crystallization in the type B CAIs 3529-Z and TS34, it has been proposed that these CAIs experienced a 16 O-depletion in a nebular reservoir during their formation and were subsequently exposed to a 16 O-rich gas [START_REF] Aléon | Oxygen isotopes in the early protoplanetary disk inferred from pyroxene in a classical type B CAI[END_REF][START_REF] Kawasaki | Crystal growth and disequilibrium distribution of oxygen isotopes in an igneous Ca-Al-rich inclusion from the Allende carbonaceous chondrite[END_REF]. If the partial melt was equilibrating with the ambiant gas during pyroxene crystallization, for instance due to rapid self-diffusion of O in silicate melts (e.g. [START_REF] Oishi | Oxygen diffusion in liquid silicates and relation to their viscosity[END_REF], the isotopic effect of spinel dissolution would be overprinted by exchange with nebular gas and pyroxene would rapidly reach a single Chemical isolation with absence of interaction between partially molten CAIs and O in the gas is therefore required. In a canonical solar nebula, in the temperature range at which CAI partial melting takes place (~ 1000 -1600 °C) and in thermodynamic equilibrium, O in the gas is dominantly bound into (1) CO and (2) H2O in roughly comparable proportions (Boesenberg et al., 2016 and references within). Experiments of O isotope exchange between CO or H2O gas and chondritic melts [START_REF] Boesenberg | Evaporation and the absence of oxygen isotopic exchange between silicate melt and carbon monoxide gas at nebular pressures[END_REF][START_REF] Boesenberg | Oxygen Isotopic Exchange Between Carbon Monoxide Gas and Silicate Melt: Implications for the Early Solar Nebula[END_REF]DiRocco and Pack, 2015;[START_REF] Yu | Experimental study of high temperature oxygen isotope exchange during chondrule formation[END_REF] showed that isotope exchange is rapid near 1500 °C and near complete isotopic equilibration is achieved in a few hours at 1 bar (CO, [START_REF] Boesenberg | Oxygen Isotopic Exchange Between Carbon Monoxide Gas and Silicate Melt: Implications for the Early Solar Nebula[END_REF] or at 1 bar with a volume dilution (i.e. with lower partial pressure, H2O, DiRocco and Pack, 2015). Exchange rates have been determined for water vapor (DiRocco and Pack, 2015;[START_REF] Yu | Experimental study of high temperature oxygen isotope exchange during chondrule formation[END_REF] but data are still lacking for CO [START_REF] Boesenberg | Oxygen Isotopic Exchange Between Carbon Monoxide Gas and Silicate Melt: Implications for the Early Solar Nebula[END_REF]. Still, approximately 50% to 100% isotope exchange is reached for both gases at 1 bar in a few hours to less than 24 hours, a comparable timescale for astrophysical processes. It is therefore considered here that isotope exchange rates are comparable for H2O and CO. Volume dilution experiments have shown that the isotope exchange efficiency decreases if the partial pressure of H2O decreases in the gas (DiRocco and Pack, 2015;[START_REF] Yu | Experimental study of high temperature oxygen isotope exchange during chondrule formation[END_REF], so that extrapolation to nebular conditions (10 -3 to 10 -6 bars) yield exchange half-lives (i.e. the time at which 50% exchange is reached) between 10 and 16 hours (DiRocco and Pack, 2015). Experiments performed with CO at nebular pressure (4 × 10 -6 bar, [START_REF] Boesenberg | Evaporation and the absence of oxygen isotopic exchange between silicate melt and carbon monoxide gas at nebular pressures[END_REF] have in addition shown an absence of isotope exchange in less than ~2 hours.

The closed system behavior of CAI partial melts during crystallization of pyroxene thus requires that the partial pressure of O-bearing species (CO or H2O) is low enough to prevent efficient exchange reaction at the melt surface or that partial melting and subsequent crystallization is rapid. The result of the CO exchange experiment at 4 × 10 -6 bar [START_REF] Boesenberg | Evaporation and the absence of oxygen isotopic exchange between silicate melt and carbon monoxide gas at nebular pressures[END_REF] suggests that if the partial melting last no longer than a few hours, O isotope equilibration with the ambient gas may remain limited in the solar nebula. However, if the partial pressure of O-bearing species is too low during partial melting, mass fractionation effects are to be expected [START_REF] Nagahara | The role of exchange reactions in oxygen isotope fractionation during CAI and chondrule formation[END_REF]. Such small amounts of mass fractionation are indeed indicated by [START_REF] Boesenberg | Evaporation and the absence of oxygen isotopic exchange between silicate melt and carbon monoxide gas at nebular pressures[END_REF].

O isotopic evolution of igneous CAIs

The lack of isotopic equilibration between CAIs and nebular gas during crystallization of pyroxene implies that CAIs record the isotopic composition of the gas only on limited occasions during their formation. The O isotopic evolution of igneous CAIs can be divided in 5 stages (Fig. 7).

Stage 1. CAIs initially formed from precursors condensed from a gas of near-solar composition at temperatures between 1300 K and 1700 K (e.g. [START_REF] Ebel | Condensation in dust-enriched systems[END_REF]. During condensation, O atoms from the ambient 16 O-rich gas enter directly the mineral structure. This 16 O-rich initial composition is recorded in CAIs that escaped significant remelting (e.g. [START_REF] Liu | Isotopic records in CM hibonites: Implications for timescales of mixing of isotope reservoirs in the solar nebula[END_REF][START_REF] Ushikubo | A long duration of the 16 O-rich reservoir in the solar nebula, as recorded in fine-grained refractory inclusions from the least metamorphosed carbonaceous chondrites[END_REF].

Stage 2. A first partial melting event near the liquidus temperature is required for the crystallization of igneous spinel. The systematic 16 O-rich composition of spinel in CAIs indicates that this partial melting either took place in a 16 O-rich environment or that these first partial melts did not exchange efficiently O isotopes with the surrounding gas. The variable extent of mass fractionation observed in spinel in FUN CAIs (e.g. [START_REF] Krot | Calcium-aluminum-rich inclusions with fractionation and unknown nuclear effects (FUN CAIs): I. Mineralogy, petrology and oxygen isotopic compositions[END_REF] indicates different degrees of evaporation for individual CAIs during this first partial melting and subsequent spinel crystallization. Experimental and theoretical considerations (e.g. [START_REF] Mendybaev | Experimental evaporation of mg-and Si-rich melts: Implications for the origin and evolution of FUN CAIs[END_REF][START_REF] Nagahara | The role of exchange reactions in oxygen isotope fractionation during CAI and chondrule formation[END_REF] suggest that these different degrees of evaporation result from variable gas densities (i.e. total pressure) in the ambient medium. Unfractionated CAIs would melt at relatively high pressure (e.g. canonical nebular pressure), while FUN CAIs would melt at lower pressure. Similar enrichments of heavy Mg isotopes in spinel, melilite, and pyroxene in 3535-1, a type B1 CAI from the Leoville CV3 chondrite [START_REF] Kita | Internal 26AL-26Mg isotope systematics of a Type B CAI: Remelting of refractory precursor solids[END_REF], suggest that this evaporation occurred before or at the onset of CAI crystallization.

Stage 3. The relationship between O isotopes and TiO2 content in cpx excludes secondary isotope exchange by solid-state diffusion or by fluid circulations on the parent-body and unmelted 16 O-rich spinel preserves the initial isotopic composition of the melt because the self-diffusion of O in spinel is extremely slow. This implies that the 16 O-depletion occurred after crystallization of spinel and before crystallization of pyroxene, i.e. during crystallization of melilite. Either igneous CAIs experienced an abrupt O isotope change at this point (plain line in Fig. 7) or they experienced a partial remelting event associated with a 16 O-depletion (dashed line in Fig. 7). The existence of 16 O-poor Mg-rich melilite overgrowths around 16 O-rich gehlenitic melilite in 7R-19-1 [START_REF] Ito | Oxygen isotopic SIMS analysis in Allende CAI: Details of the very early thermal history of the solar system[END_REF][START_REF] Yurimoto | Oxygen isotope exchange between refractory inclusion in Allende and solar nebula gas[END_REF] favors a partial remelting hypothesis. The preservation of 16 O-rich spinel indicates that such a second partial melting event was not intense enough to melt spinel completely.

Stage 4. After the last partial melting event, igneous CAIs crystallized as closedsystem isolated from nebular gas for O isotopes during cooling. The O isotopic composition of pyroxene and anorthite/dmisteinbergite in 3529-Z and STP-1 is well accounted for by dissolution of spinel into the partial melt.

Stage 5. Finally, igneous CAIs underwent a last heating event that upon cooling resulted in Wark-Lovering rim (WLR) formation. The conditions of WLR formation and record of the isotopic composition of the gas are unclear (e.g. [START_REF] Bodénan | An oxygen isotope study of Wark-Lovering rims on type A CAIs in primitive carbonaceous chondrites[END_REF][START_REF] Simon | Oxygen isotopic variations in the outer margins and Wark-Lovering rims of refractory inclusions[END_REF][START_REF] Yoshitake | Correlations between oxygen-isotopic composition and petrologic setting in a coarse-grained Ca, Al-rich inclusion[END_REF]. Many observations favor formation of WLR in a 16 O-rich gas thus requiring a backward isotopic evolution after the previous 16 Odepletion.

According to this scenario, spinel in the interior of igneous CAIs is always 16 Orich, pyroxene has an isotopic composition evolving from 16 O-poor in the Ti-rich cores to 16 O-rich in the Ti-poor crystal edges and anorthite/dmisteinbergite can have a range of composition following the pyroxene trend, from 16 O-poor if it crystallized before pyroxene to 16 O-rich if it crystallized after pyroxene. The case of melilite is more complex as its crystallization/partial melting corresponds to the point at which the O isotopic composition of the partial melt changes from the initial 16 O-rich composition to the pre-pyroxene 16 O-poor composition. Most melilite is thus expected to be 16 O-poor as commonly observed in igneous CAIs. Nevertheless, if the apparition of melilite and the O isotopic re-equilibration of the melt are not completely synchronous, variable isotopic compositions can be produced. Any melilite crystallized before the O isotopic change (i.e. before stage 3) will be 16 O-rich, thus producing 16 O-rich cores/relicts as observed in 7R-19-1 [START_REF] Ito | Oxygen isotopic SIMS analysis in Allende CAI: Details of the very early thermal history of the solar system[END_REF][START_REF] Yurimoto | Oxygen isotope exchange between refractory inclusion in Allende and solar nebula gas[END_REF]. By contrast, if melilite continued to crystallize once the system closed and spinel started to dissolve (i.e. during stage 4), it should be progressively enriched in 16 O along the pyroxene mixing trend as observed for STP-1 [START_REF] Krot | Calcium-aluminum-rich inclusions with fractionation and unknown nuclear effects (FUN CAIs): I. Mineralogy, petrology and oxygen isotopic compositions[END_REF]. Early or protracted crystallization of melilite in different CAIs is likely due to differing bulk chemical compositions. A variable preservation of O isotope heterogeneity in melilite is possible depending on cooling rates, as solid-state self-diffusion of O within individual crystals could potentially blur or erase the initial variations. This distribution of O isotopes with mineralogy is in excellent agreement with the observations in all igneous CAIs including FUN inclusions and accounts for both the typical composition and the isotopic variability of melilite, anorthite and pyroxene.

Implications for the proto-planetary disk setting

In order to shed light on the O isotopic difference between the 16 O-rich Sun and the 16 O-poor planets, it is essential to understand the conditions under which CAI partial melts became 16 O-poor, i.e. under what conditions the isotopic equilibration was efficient during stage 3. Gas-melt equilibration may result from (1) enhanced O abundance in the gas, e.g. higher H2O, higher dust/gas ratios such as those expected during chondrule formation, for which isotope exchange has been shown to be efficient (DiRocco and Pack, 2015); (2) prolonged heating during more than 10 hours at 1500°C. Such a heating duration is still short enough to match the petrographic observations that imply heating events shorter than a few tens of hours (e.g. [START_REF] Connolly | On type B CAI formation: Experimental constraints on fO2 variations in spinel minor element partitioning and reequilibration effects[END_REF].

An alternative to gas-melt equilibration could be a more efficient O evolution mechanism: DiRocco and Pack (2015) indicate an O isotopic evolution faster than gasmelt isotope exchange by assimilation of FeO from the oxidized iron wire of their experimental device. Assimilation of 16 O-poor silicate/oxide dust following capture by CAI partial melts may thus contribute efficiently to a rapid 16 O-depletion. Such a mechanism may be at work if the 16 O-poor carrier is refractory interstellar dust carrying nucleosynthetic anomalies [START_REF] Krot | Oxygen isotopic composition of the Sun and mean oxygen isotopic composition of the protosolar silicate dust: evidence from refractory inclusions[END_REF]. Shock waves are expected to reproduce adequately the range of temperatures and cooling rates experienced by chondrules and type B CAIs based on textures and chemical composition [START_REF] Desch | A model of the thermal processing of particles in solar nebula shocks: Application to the cooling rates of chondrules[END_REF] i.e. peak heating temperatures in the 1400-1600°C range and cooling rates between a few °C per hour and 50°C per hour in the post-shock regime between 1000 and 1400°C. Di [START_REF] Di Rocco | Triple oxygen isotope exchange between chondrule melt and water vapor: An experimental study[END_REF] showed that isotope exchange between H2O vapor and silicate melt is likely to occur in these conditions due to appropriate temperature-time conditions and elevated dust/gas ratios. It seems thus possible that igneous CAIs experiencing such a shock wave would first partially melt melilite while preserving spinel, subsequently experience significant isotope exchange due to enhanced O abundance in the gas during the peak heating associated with melilite melting and recrystallization and would finally continue to crystallize anorthite and pyroxene at lower cooling rate and lower temperature without isotope exchange with the gas after passage of the shock front.

Whether partial melting and O isotope exchange occurred in a shock or not, they require that the surrounding gas is 16 O-depleted with a near terrestrial isotopic composition. Such a 16 O-poor reservoir is usually proposed to result from (1) the isotope selective photodissociation of CO upon self-shielding, either in the outer regions of the disk [START_REF] Lyons | CO self-shielding as the origin of oxygen isotope anomalies in the early solar nebula[END_REF] or in the presolar molecular cloud [START_REF] Yurimoto | Molecular cloud origin for the oxygen isotope heterogeneity in the solar system[END_REF], (2) non-mass-dependant isotopic fractionation in chemical reactions yet to be firmly identified (e.g. [START_REF] Thiemens | History and applications of mass-independent isotope effects[END_REF], (3) accretion of 16 O-poor interstellar dust [START_REF] Krot | Oxygen isotopic composition of the Sun and mean oxygen isotopic composition of the protosolar silicate dust: evidence from refractory inclusions[END_REF]. These models have very different implications for the distribution of O isotopes in the protoplanetary disk. The self-shielding models produce a horizontal O isotope zoning with a 16 O-enriched disk interior and 16 O-depleted planetary regions. A vertical zoning with a 16 O-poor surface and a 16 O-rich interior has also been proposed to match CAI observations [START_REF] Aléon | Oxygen isotopes in the early protoplanetary disk inferred from pyroxene in a classical type B CAI[END_REF]. While the closed-system evolution during pyroxene crystallization no longer requires such a vertical zoning, the latter still provides a natural explanation for the 16 O-rich composition of the WLR, which occurred in the last environment that CAI met during their formation, possibly the dense disk midplane. Neither the diffuse regions inward the gas disk nor the disk surface are neutral environments at thermodynamical equilibrium. Rather, they are ionized regions where radiation-driven chemistry and kinetics are likely to play a major role. Detailed investigations of the chemistry and physics of these regions with regard to oxygen are required to identify the regions and conditions of 16 O-depletion in igneous CAIs.

Conclusions

Mass balance calculations indicate that the distribution of O isotopes between different CAI minerals is well accounted for by dissolution of early-crystallized 16 O-rich spinels into a 16 O-poor partial melt. The mineral suite crystallized during CAI cooling, that is notably pyroxene, but also anorthite/dmisteinbergite co-crystallized with pyroxene and possibly the last fraction of melilite crystals, became variably 16 O-enriched due to this back-reaction of early spinels with the CAI partial melt. Contrary to the usual assumption that CAIs constantly equilibrated with the ambient nebular gas, it is shown here that igneous CAIs underwent successions of open-system and closed-system behavior. They were notably isolated from the gas for O isotopes during their final stages of crystallization but an open-system behavior is required before that to account Comparison between literature data [START_REF] Aléon | Oxygen isotopes in the early protoplanetary disk inferred from pyroxene in a classical type B CAI[END_REF][START_REF] Mckeegan | Stable isotope variations in extraterrestrial materials[END_REF] Comparison between literature data [START_REF] Krot | Calcium-aluminum-rich inclusions with fractionation and unknown nuclear effects (FUN CAIs): I. Mineralogy, petrology and oxygen isotopic compositions[END_REF] 

  compositions are reported as ‰ deviations from the terrestrial oceans reference (Standard Mean Ocean Water, SMOW) with δ 18 O = ( 18 O/ 16 Osample -18 O/ 16 OSMOW) / ( 18 O/ 16 OSMOW) × 1000; similarly δ 17 O for the 17 O/ 16 O ratios. 16 O enrichments are calculated using ∆ 17 O = δ 17 O -0.52 × δ 18 O. Mass fractionation effects are discussed using ∆ 18 O = δ 18 O -(δ 17 O + 4.5)/0.94, i.e. the δ 18 O deviation from the Carbonaceous Chondrite Anhydrous Minerals mixing line (CCAM,

  16 O-poor cpx and the least refractory have abundant 16 O-rich cpx. When the three O isotopes are considered (Figs. 2-4), the compositions of cpx in 3529-Z, STP-1 and CMS-1 define linear arrays with a comparable range of ∆ 17 O values in pyroxene. The most 16 O-rich pyroxenes are comparable with spinel (∆ 17 O ≤ -23‰) and the most 16 O-poor pyroxenes have intermediate ∆ 17 O values between ~ -12‰ and ~-16‰. However, they have different degrees of mass fractionation, with differently mass fractionated 16 O-rich cpx. In 3529-Z the linear array of pyroxene data plots along the CCAM line, as spinel does (Fig.

  embedded in melilite (Fig 6a-d) indicate a co-crystallization of spinel and cpx or crystallization of cpx at the expense of spinel is unclear. In cpx, the contrasting sub-to euhedral texture of spinel grains (Fig 6e) may be in line with (i) spinel dissolution preferentially along the crystallographic structure and/or (ii) recrystallization of spinel from the melt enriched in 16 O after a dissolution phase. The presence of rounded angles and rounded grains (Fig 6i-l) supports the first hypothesis, while the lack of spinel grains in the 16 O-poor cpx cores may agree with the second hypothesis. Late recrystallization agrees with relict spinel having cores enriched in Ti 4+ and rims rich in Ti 3+ in TS34 (Paque et al., 2013) and possibly with the plateau in the abundance of spinel during crystallization of type B CAI melts

  isotopic composition common to all CAIs. As shown above, the O isotopic composition of pyroxene from individual FUN CAIs define a mixing line between a 16 O-poor component, possibly common to all CAIs, and a 16 O-rich component with an extent of mass fractionation specific to each CAI. The 16 O-rich endmember pyroxene composition is thus controlled by a component indigenous to each CAI, i.e. the dissolution of spinel in the present model. This requires that igneous CAIs did not exchange O isotopes with nebular gas during spinel dissolution/pyroxene crystallization and agrees with the present results reproducing observations without need for additional exchange. An important implication is that igneous CAIs behave as isolated closed-system with regard to O isotopes during crystallization of pyroxene and anorthite/dmisteinbergite.Physical isolation of partially molten CAIs from ambient nebular gas is impossible as it would require CAIs to have an outer shell hermetic to O diffusion and partial melting would have to start from the CAI interior, with complete absence of partial melt at the contact with the gas. Even in a CAI with a fully crystallized mantle, the diffusion of O along grain boundaries is likely to maintain the interior of the CAI in contact with the gas.
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 1 Summary of the isotopic properties of the considered CAIs

		Allende 3529--Z	Allende CMS--1	Allende STP--1	Allende 7R--19--1	Efremovka E101.3
	CAI type	B1	FUN	B2, FUN	A, cpx--rich	A
	pyroxene TiO2 range	TiO2 range	TiO2 range	TiO2 range	TiO2 content
		2.3 wt% to 10.8 wt%	4.3 wt% to 10.5 wt%	0.03 to 8.7 wt%	~11 wt% to ~21 wt%.	~21 wt% TiO2
		Ti--rich 16 O--poor	∆ 17 O range	correlated ∆ 17 O and ∆ 18 O	Profiles	(up to 21.8 wt%)
		--20.5‰ ≤ ∆ 17 O ≤ --15.0‰	--24.0 ‰ to --12.5 ‰	∆ 18 O = 2.3‰	TiO2 = 20 wt%;	∆ 17 O ~ --2‰
		for TiO2 ≥ 9 wt%	correlated ∆ 17 O and ∆ 18 O	for ∆ 17 O = --16.8‰	∆ 17 Oprofile1 = --10.7‰;	
		Ti--poor 16 O--rich	∆ 17 O ~ --12.5‰	∆ 18 O = 4.6‰	∆ 17 Oprofile2= --9.0‰	
		--24.3‰ ≤ ∆ 17 O ≤ --21‰	for ∆ 18 O = 6.7‰	for ∆ 17 O ≤ --24‰	∆ 17 O range	
		for TiO2 < 6 wt%	∆ 17 O ~--24.0‰		--18.9 ± 3.6‰ to	
			for ∆ 18 O ~14.5‰		1.3 ± 3.5‰	
	spinel	∆ 17 O ≤ --23.1‰	∆ 17 O ≤ --23.5‰	∆ 17 O ≤ --23.7‰	average ∆ 17 O = --20.6 ±	∆ 17 O ≤ --21‰
			2.5‰ ≤ ∆ 18 O ≤ 14.0‰	1.7‰ ≤ ∆ 18 O ≤ 8.2‰	3.3‰	
	melilite	∆ 17 O range	∆ 17 O ~ --3.5‰	correlated ∆ 17 O and ∆ 18 O	∆ 17 O range	16 O--poor in the
		--3.5‰ ≤ ∆ 17 O ≤ --2.0‰	∆ 18 O ≤ 2‰	∆ 18 O ~ 2‰	--25.2 ± 3.3‰ ≤ ∆ 17 O ≤ 7.3	interior, notably
				for ∆ 17 O ≤ --16‰	± 3.8‰	when associated
				∆ 18 O ~ 0‰		with pyroxene
				when ∆ 17 O ≥ --10‰		(∆ 17 O ~ --1‰)
						16 O--enriched
						toward the
						periphery
	CaAl2S2iO8 anorthite		dmisteinbergite		
		--12.7‰ ≤ ∆ 17 O ≤ --1.8‰		∆ 17 O ≤ --24.2‰		
				4.7‰ ≤ ∆ 18 O ≤ 6.3‰		

Table 2 :

 2 Parameters of the model that match igneous CAIs .a. : not available; * calculated from δ 17 O and δ 18 O best matching the samples

	Parameter	3529--Z	CMS--1	STP--1	Type A
	∆ 17 O sp (‰)*	--24.1	--24.0	--24.0	--24.1
	∆ 17 Oi MELT (‰)*	--2.1	--3.3	--4.1	--0.9
	fM	0.8	0.6	0.8	0.9
	TiO2 i (wt%)	13	10.5	n.a.	22
	TiO2 f (wt%)	2	2	n.a.	13
	MFsp	0	1	0.5	0

n
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for the 16 O-depletion of an initially 16 O-rich melt. More work is clearly required to unravel the exchange rates and conditions of this 16 O-depletion under realistic nebular conditions. This includes investigation of O isotope exchange between CAI melts and H2O and CO vapor, kinetics of mineral dissolution in CAI melts and kinetics of crystallization of CAI partial melts. Only such detailed experimental data can be used for comparison with protoplanetary disk models.