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This contribution explores the petrogenetic relationships between silicate and carbonatitic rocks in the Crevier Alkaline Intrusion (CAI, Québec, Canada). The CAI is located in the Proterozoic Grenville Province and is composed of a suite of undersaturated peralkaline rocks from ijolite to nepheline syenite and carbonatites. Petrogenetic relationships between different undersaturated alkaline igneous rocks, carbonate-bearing and carbonate-free nepheline syenite and carbonatites observed in the CAI suggest that (i) carbonate-bearing and carbonate-free silicate rocks are comagmatic with carbonatite, and that (ii) both silicate and carbonatitic liquids are fractionated from an ijolitic parental magma that has undergone liquid immiscibility. One of the observed facies is characterized by spectacular ocelli of carbonate-bearing nepheline syenite in a matrix of carbonatite. The younger nepheline syenite facies can be divided into two groups based on the presence or absence of magmatic carbonates. Both groups are characterized by the presence of pyrochlore-group minerals that carry the Nb-Ta mineralization.

We specifically use accessory minerals such as zircon, pyrochlore and apatite to constrain the temporal and physicochemical parameters of the immiscibility process. By coupling (i) mineral textures, (ii) trace elements, (iii) Ti-in-zircon thermometry, and (iv) oxygen isotope compositions, we have traced the crystallization of zircon before, during and after the immiscibility process. The results allowed us to constrain the minimum temperature of this process at ~815-865°C. In addition, two magmatic populations of pyrochlore are identified through their petrographic and geochemical characteristics within the younger nepheline syenite facies. Pyrochlore from the earlier ocelli facies of carbonate-bearing nepheline syenite follow a Nb-Ta differentiation trend, whereas pyrochlore from the younger carbonate-free nepheline syenite follow a more classical Nb-Ti trend.

INTRODUCTION

Carbonatites often occur in close spatial association with undersaturated alkaline igneous rocks with compositions varying between pyroxenites, nephelinites and/or ijolites, and more evolved nepheline syenites (Le [START_REF] Bas | Nephelinites and carbonatites[END_REF][START_REF] Gittins | The origin and evolution of carbonatite magmas[END_REF][START_REF] Bailey | Carbonate magmas[END_REF][START_REF] Harmer | The petrogenetic association of carbonatite and alkaline magmatism: constraints from the Spitskop Complex, South Africa[END_REF][START_REF] Winter | An introduction to igneous and metamorphic petrology[END_REF][START_REF] Mitchell | Carbonatites and carbonatites and carbonatites[END_REF][START_REF] Millong | Carbonatites in western North America: occurrences and metallogeny[END_REF]. The petrogenetic link between carbonatite and alkaline silicate rocks, both of mantle origin, is still discussed [START_REF] Bell | Carbonatites: genesis and evolution[END_REF][START_REF] Bell | Radiogenic isotope constraints on relationships between carbonatites and associated silicate rocks-a brief review[END_REF][START_REF] Bell | Carbonatites-into the twenty-first century[END_REF][START_REF] Winter | An introduction to igneous and metamorphic petrology[END_REF][START_REF] Halama | The Grønnedal-Ika Carbonatite-Syenite Complex, South Greenland: Carbonatite Formation by Liquid Immiscibility[END_REF][START_REF] Bell | Source of parental melts to carbonatites-critical isotopic constraints[END_REF][START_REF] Mollex | Tracing helium isotope compositions from mantle source to fumaroles at Oldoinyo Lengai volcano, Tanzania[END_REF]. Some authors argue that carbonatites represent primary melts extracted from a carbonate-rich mantle source [START_REF] Wyllie | Carbonation and melting reactions in the system CaO-MgO-SiO 2 -CO 2 at mantle pressures with geophysical and petrological applications[END_REF][START_REF] Wallace | An experimental determination of primary carbonatite magma composition[END_REF][START_REF] Bédard | The Dolodau Dykes, Canada: an example of an Archean Carbonatite[END_REF][START_REF] Dalton | The compositions of primary carbonate melts and their evolution through wallrock reaction in the mantle[END_REF][START_REF] Dalton | The continuum of primary carbonatitic-kimberlititc melt compositions in equilibrium with lherzolite: data from the system CaO-MgO-Al 2 O 3 -SiO 2 -CO 2 at 6 GPa[END_REF][START_REF] Harmer | The case for primary, mantle-derived carbonatite magma[END_REF][START_REF] Moore | The transition from carbonate to silicate melts in the CaO-MgO-SiO 2 -CO 2 system[END_REF][START_REF] Brey | Experimental melting of carbonated peridotite at 610 GPa[END_REF][START_REF] Dasgupta | February 2020 with applications to the geochemistry of the mantle and of mantle-derived melts[END_REF][START_REF] Hammouda | Trace element partitioning during partial melting of carbonated eclogites[END_REF]. Others plead for fractional crystallization from a CO 2 -rich parent silicate melt [START_REF] Watkinson | Experimental study of composition join NaAlSiO 4 -CaCO 3 -H 2 O and genesis of alkali rock-carbonatite complexes[END_REF][START_REF] Lee | Experimental data bearing on liquid immiscibility, crystal fractionation, and the origin of calciocarbonatites and natrocarbonatites[END_REF][START_REF] Korobeinikov | Geology and copper sulphide mineralization of the Salmagorskii Ring Igneous Complex, Kola Peninsula, NW Russia[END_REF][START_REF] Nielsen | Is natrocarbonatite a cognate fluid condensate?[END_REF][START_REF] Ulmer | Generation and differentiation of group II kimberlites: Constraints from a high-pressure experimental study to 10 GPa[END_REF], or for immiscible separation from a carbonate-bearing silicate melt (Koster van Groos & [START_REF] Koster Van Groos | Liquid immiscibility in the join NaAlSi 3 O 8 -CaAlSi 2 O 8 -Na 2 CO 3 -H 2 O[END_REF][START_REF] Freestone | The role of liquid immiscibility in the genesis of carbonatites-an experimental study[END_REF][START_REF] Kjarsgaard | Liquid immiscibility and the origin of alkali-poor carbonatites[END_REF][START_REF] Lee | Liquid immiscibility between nephelinites and carbonatite from 1•0 to 2•5 GPa compared with mantle melt compositions[END_REF][START_REF] Brooker | The effect of CO 2 saturation on immiscibility between silicate and carbonate liquids: an experimental study[END_REF][START_REF] Kjarsgaard | Phase relations of a carbonated high-CaO nephelinite at 0.2 and 0.5 GPa[END_REF]Veksler et al., 1998a;[START_REF] Halama | The Grønnedal-Ika Carbonatite-Syenite Complex, South Greenland: Carbonatite Formation by Liquid Immiscibility[END_REF][START_REF] Brooker | Silicate-carbonate liquid immiscibility and phase relations in the system SiO 2 -Na 2 O-Al 2 O 3 -CaO-CO 2 at 0.1-2.5 GPa with applications to carbonatite genesis[END_REF][START_REF] Potter | Different types of liquid immiscibility in carbonatite magmas: A case study of the Oldoinyo Lengai 1993 lava and melt inclusions[END_REF].

Although the immiscibility between silicate and carbonate liquids is poorly documented and only observed in-situ in few localities, it represents an attractive model for the genesis of alkaline silicate-carbonatite complexes [START_REF] Bas | Nephelinites and carbonatites[END_REF]. It has been proposed for a number of occurrences, e.g. the Gardiner complex (Greenland, Nielsen, 1980;Veksler et al., 1998b), the Maoniuping complex (China, [START_REF] Xu | Genesis of the carbonatitesyenite complex and REE deposit at Maoniuping, Sichuan Province, China: Evidence from Pb isotope geochemistry[END_REF], Grønnedal-Ìka (Greenland, (Th), cassiterite (Sn), Sc metal (Sc), Y-monazite (Y), monazite (La, Ce), geikielite (Mn, Ti), andradite (Ca), celestite (Sr), baryte (Ba), galena (Pb), albite (Na, Si), orthoclase (K), W metal (W), LiNbO 3 (Nb), LiTaO 3 (Ta), zircon (Zr), corundum (Al), hematite (Fe), F-apatite (F). The calculation correction used was PAP [START_REF] Pouchou | Quantitative analysis of homogeneous or stratified microvolumes applying the model "PAP[END_REF] and the pyrochlore composition was calculated following the formula A 2-m B 2 X 6-w Y 1-n from [START_REF] Atencio | The pyrochlore supergroup of minerals: nomenclature[END_REF] with m, w and n corresponding to the vacancies on the different sites. The cations U 4+ , Th 4+ , Sn 4+ , Sc 3+ , Y 3+ , La 3+ , Ce 3+ , Mn 2+ , Ca 2+ , Sr 2+ , Ba 2+ , Pb 2+ , Na + and K + were attributed to the A-site, W 6+ , Nb 5+ , Ta 5+ , Si 4+ , Ti 4+ , Zr 4+ , Al 3+ and Fe 3+ were attributed to the B-site, while F -and OH -were attributed to the X/Y-sites. The results for pyrochlore are summarized in Table 3 and detailed in Table S1.

TABLE 3

For quantitative analyses of apatite, major and trace elements (P, Ca, Cl, F, Na, Si, Mg, Fe, Sr, Y, Eu, Dy, Yb, S, Mn, Zr, La, Ce, Nd, Sm, Gd, Pb, Th, U) were measured using an accelerating voltage of 15 kV and a beam current of 12 nA. Peak counting time was set to 10 s for each element. The standards used for these measurements were apatite (Ca, P), albite (Na, Si), olivine (Mg, Fe), celestite (Sr), geikielite (Mn), monazite (La, Ce, Nd), baryte (S), topaz (F), vanadinite (Cl). Formula units were calculating based on 12.5 oxygens, based on an ideal formula of Ca 5 (PO 4 ) 3 (F,Cl,OH). The cations Ca 2+ , Na + , Mg 2+ , Fe 3+ , Sr 2+ , Mn 2+ , La 3+ , Ce 3+ and Nd 3+ were attributed to the Ca-site, P 5+ , Si 2+ and S 6+ were attributed to the P-site, while F -and Cl -were attributed to the F-site. The results for apatite are provided in Table 4.

TABLE 4
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Trace element analyses of zircon using laser ablation-inductively coupled plasmasector field-mass spectrometry (LA-ICP-SF-MS)

Trace element analyses were carried out on zircon grains from the carbonate-bearing coarse-grained nepheline syenite (sample 12-PA-011-B11) at the Goethe University of Frankfurt (Germany), using laser ablation-inductively coupled plasma-sector field-mass spectrometry (LA-ICP-SF-MS). The laser spot size and the repetition rates were set to 50 μm and 5.5 Hz, respectively. Analysis time for each spot was overall 90 s, with 30 s washout, 30 s for the background (no ablation) and 30 s for the sample. The intensities of the following isotopes were recorded: 44 Ca, 49 Ti, 57 Fe, 88 Sr, 139 La, 140 Ce, 141 Pr, 146 Nd, 147 Sm, 151 Eu, 157 Gd, 158 Gd, 159 Tb, 161 Dy, 165 Ho, 167 Er, 169 Tm, 172 Yb, 175 Lu, 232 Th, and 238 U.

The GJ-1 zircon, NIST SRM-612 and NIST SRM-614 reference materials were monitored as standards during the analytical session. Relative errors obtained for the analyzed trace elements on reference material are between 2 and 8% (1 sigma). Raw data of LA-ICP-SF-MS analyses were processed using the software GLITTER™ [START_REF] Griffin | Laser Ablation ICP-MS in the Earth Sciences: Current Practices and Outstanding Issues[END_REF].

Results are summarized in Table 5 and detailed results are proposed in Table S2.

TABLE 5 U-Pb dating on zircon and apatite using LA-ICP-(SF-)MS

U-Pb analyses of zircon grains from the carbonate-bearing coarse-grained nepheline syenite (sample 12-PA-011-B11) were carried out by LA-ICP-SF-MS at the Goethe University of Frankfurt (Germany). Methods and instruments were described by [START_REF] Gerdes | Combined U-Pb and Hf isotope LA-(MC-)ICP-MS analyses of detrital zircons: Comparison with SHRIMP and new constraints for the provenance and age of an Armorican metasediment in Central Germany[END_REF][START_REF] Mitchell | Peralkaline nephelinite-natrocarbonatite immiscibility and carbonatite assimilation at Oldoinyo Lengai, Tanzania[END_REF], with modifications explained in [START_REF] Zeh | U-Pb and Hf isotope record of detrital zircons from gold-bearing sediments of the Pietersburg Greenstone Belt (South Africa)-Is there a common provenance with the Witwatersrand Basin?[END_REF]. Results are summarized in Table 5 and detailed results for unknowns and standard measurements are provided in Table S3.

U-Pb analyses of apatite grains from carbonatites were carried out by LA-ICP-MS directly on thin sections at Géosciences Rennes (France) using an ESI NWR193UC excimer 193 nm laser coupled to a quadripole Agilent 7700x ICP-MS. Methods and instruments were described by [START_REF] Pochon | U-Pb LA-ICP-MS dating of apatite in mafic rocks: Evidence for a major magmatic event at the Devonian-Carboniferous boundary in the Armorican Massif (France)[END_REF], the operating conditions are given in Table S4. Results are listed in Table 6.

TABLE 6

In-situ ion probe oxygen isotope of zircon Ion probe oxygen isotope analyses were performed at the Centre de Recherches Pétrographiques et Géochimiques (CRPG, Nancy, France) using the Cameca IMS 1270.

Secondary Ion Mass Spectrometry (SIMS) oxygen isotope analyses of zircon were carried out using a Cs + primary ion beam accelerated at 10 kV with an intensity of 10 nA. The 16 O and 18 O ion intensities were measured simultaneously in multi-collection mode using two off-axis Faraday cups, as described in detail in [START_REF] Nemchin | Re-evaluation of the origin and evolution of >4.2 Ga zircons from the Jack Hills metasedimentary rocks[END_REF]. Oxygen isotope are reported in  18 O notation as per mil deviation from the 18 O/ 16 O of V-SMOW. The analyses were corrected for the instrumental mass fractionation using the 91500-zircon standard with a δ 18 O value of 9.86‰ [START_REF] Wiedenbeck | Further characterization of the 91500 zircon crystal[END_REF] to which the data for unknowns was normalized. Results are summarized in Table 5 and detailed results are listed in Table S5.

Oxygen and Carbon isotope analyses of carbonates

Coarse-grained calcite texture from the carbonatite facies was crushed with pestle and mortar to obtain powders. A mass of 11 to 12 mg of calcite powder was digested in anhydrous phosphoric acid (H 3 PO 4 ) in a double bottom reactor at a temperature of 50°C http://www.petrology.oupjournals.org/ Downloaded from https://academic.oup.com/petrology/advance-article-abstract/doi/10.1093/petrology/egaa033/5740579 by guest on 19 February 2020 during a few hours in order to complete the reaction. Analyses on the recovered CO 2 gas were realized on a VG Optima triple collector mass spectrometer at Géosciences Rennes (France). The long term analysis of in-house standard Prolabo Rennes and international standard NBS 18 (Fen carbonatite) allows estimating the overall uncertainty at ±0.20‰

for O and ±0.10‰ for C. The results are listed in Table 7.

TABLE 7 FIELD RELATIONSHIPS

The previous work of [START_REF] Bergeron | Pétrographie et géochimie du complexe igné alcalin de Crevier et de son encaissant métasomatisé[END_REF] identified a complex assemblage of various types of silica-undersaturated rocks in the Crevier Alkaline Intrusion (CAI). An updated characterization of the main lithologies/facies constitutive of the intrusion was based on airborne aeromagnetic data, detailed mapping, drill-core logging, exploration trenches and stripped outcrops (Figs. 2b,. They are described below following their relative timing of emplacement.

Carbonate-bearing fine to coarse-grained nepheline syenite

The outer nepheline syenite (Fig. 2b) corresponds to a polyphase intrusive body with different facies from fine-to dominant coarse-grained texture (Fig. 3a). The coarsegrained type is carbonate-bearing and the dominant feldspathoid is nepheline but some grains of cancrinite and sodalite have been observed in drill cores. It forms most of the intrusion and is crosscut by fine-to medium-grained nepheline syenite dykes which are randomly injected (Fig. 3b). The rocks do not exhibit any evidence of solid-state deformation.
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Banded core

The banded core is oriented N320 (Fig. 2b) and interpreted to represent parallel dykes by [START_REF] Bergeron | Pétrographie et géochimie du complexe igné alcalin de Crevier et de son encaissant métasomatisé[END_REF]. The banded core is composed of four main facies, namely (i) ijolite-urtite (ijolite consists of pyroxene and 30 to 70% modal nepheline while urtite are leuco-ijolite with more than 70% modal nepheline; Le [START_REF] Le Maitre | Igneous rocks: A classification and glossary of terms: Recommendations of the International Union of Geological Sciences[END_REF], (ii) silicocarbonatite, (iii) nepheline syenite, and (iv) calcio-and ferrocarbonatite.

Silicocarbonatites

Outside of the banded core, the silicocarbonatites appear as dykes that crosscut the outer nepheline syenite (Fig. 3a,c). They are crosscut by the pegmatitic nepheline syenite dyke swarms (Fig. 3a,c) and by calcio-and ferro-carbonatites (Fig. 3h).

Pegmatitic nepheline syenite dyke swarms

Both the banded core and the surrounding nepheline syenite are crosscut in their center by a dyke swarm of pegmatitic nepheline syenite (Figs. 2b,3f) and carbonatite (Figs. 3a,3c,. The dyke swarms of pegmatitic nepheline syenite are oriented N320, i.e. parallel to the banded core and to the general orientation of the CAI, with an average dip of 80° toward the North-East. They correspond to the main economic target due to their high Nb and Ta contents. Detailed mapping showed that these dykes were emplaced en echelon with an apparent dextral shear-movement (Fig. 3a). The dykes are characterized by margins of megacrystic nepheline and albite (up to 50 cm long) together with dark mica crystallizing inward from the dyke walls (Fig. 3d). The center of the dykes (feeder conduits) is composed of fine-grained nepheline syenite which corresponds to the liquid from which the pegmatitic nepheline syenite crystallized. In the dyke swarms, two facies of nepheline syenite can be differentiated based on their mineralogy and field relationships. The (1) most primitive (oldest) facies corresponds to carbonate-bearing nepheline syenite characterized by the presence of magmatic carbonates. One of the feeder conduits display a spectacular ocelli texture with spheres of carbonate-bearing nepheline syenite rimmed by dark mica in a carbonatite and apatite matrix (Fig. 4a-c). The (2) youngest facies correspond to a carbonate-free nepheline syenite which seems to be contemporaneous with the carbonatites. Both the carbonate-bearing and carbonate-free nepheline syenites are enriched in Nb and Ta as shown by the presence of pyrochlore as an accessory phase.

Calcio-and ferro-carbonatites

In the southern part of the CAI the carbonatites appear as dykes (Fig. 3a,3c) or veins closely associated with the dyke swarms of pegmatitic nepheline syenite (Fig. 3f). They are more abundant in the central and northern parts (banded core) of the CAI where they can form homogeneous bodies and dykes. The dominant calciocarbonatite and the more evolved ferrocarbonatite represent the youngest types of carbonatites within the complex (Fig. 3e,g).

Nepheline-bearing alkali syenite and syenite

In the southern part of the complex a small stock of nepheline-bearing alkali syenite and syenite crosscut a fine to coarse-grained nepheline syenite that will not be further discussed in the manuscript (Fig. 2b).

FIGURE 3
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Ijolite-urtite

The ijolite-urtite series of the banded core of the CAI is a fine-grained rock with a porphyritic texture marked by the presence of euhedral nepheline and perthitic alkalifeldspar phenocrysts with Carlsbad twins (Fig. 4d). The groundmass is composed of an assemblage of nepheline-alkali feldspar-phlogopite-aegirine with primary calcite.

Accessory minerals are represented by euhedral titanite and interstitial Fe-Ti oxides. As the aegirine represents around 10% of the whole assemblage, this rock is designated as leuco-ijolite based on the classification of [START_REF] Mitchell | Classification of undersaturated and related alkaline rocks[END_REF], and as urtite or ijolite based on the percentage of nepheline (30-70% in this case) according to the classification of [START_REF] Platt | Nepheline syenite complexes -an overview[END_REF].

FIGURE 4

Nepheline syenite

The dominant lithology found in the CAI is a holocrystalline and equigranular coarsegrained nepheline syenite that corresponds to the outer rim of the complex (Figs. 2b,4e).

Alkali feldspar is albite dominant, but perthitic orthoclase are commonly observed together with minor microcline. The grains commonly display undulose extinction, twin deformation and grain boundary migration. Nepheline is commonly altered into cancrinite, some grains of sodalite were observed in drill cores. In addition, in some facies, abundant primary carbonates (calcite) are found as interstitial phases either at the edges of nepheline and feldspar crystals or as inclusions in the perthitic feldspars, making them carbonate-bearing nepheline syenites (Fig. 4e-f, Table 2).

The coarse-grained nepheline syenite is crosscut by fine-to medium-grained nepheline syenite injections, the mineralogy of which is similar to the coarse-grained nepheline syenite. Some dykes display medium-grained centers and fine-grained margins interpreted as chilled margins suggesting a difference in temperature between the cooler host rock and the intruding magma.

Pegmatitic nepheline syenite and their fine-grained feeder conduits

The pegmatitic part is characterized by centimeter-size crystals of albite, alkali feldspar, nepheline and dark mica with minor proportions of sodalite and carbonates. Nepheline is often altered in cancrinite and the observed accessory minerals are zircon, pyrochlore, pyrite, pyrrhotite and Fe-Ti oxides. The center of the dykes is composed of fine-grained nepheline syenite with variable amounts of carbonate and mica. A weak magmatic foliation underlined by the albite lattes gives to the rock a fluidal, almost trachytic, texture.

The feeder conduits are mostly composed of alkali feldspar, albite and nepheline and they are highly enriched in pyrochlore (up to 6%, Fig. 4g). Parts of the dyke swarms display evidence of magmatic-hydrothermal alteration such as crosscutting sodalite veins, nepheline with rims of cancrinite, hematization and carbonation. These zones are characterized by a modal enrichment in pyrochlore and zircon. The presence of carbonates makes the distinction between the older carbonate-bearing and the younger carbonate-free groups.

Ocelli facies

This facies was observed in only one location. It represents a feeder conduit of a pegmatitic nepheline syenite dyke within one of the dyke swarms. This particular texture http://www.petrology.oupjournals.org/ is characterized by spheres of fine-grained and dark mica-and carbonate-bearing nepheline syenite rimmed by mica in a carbonatite and apatite matrix (Figs. 3a,. In this facies, pyrochlore grains are observed only within the spheres of nepheline syenite.

Silicocarbonatite

The silicocarbonatites are melanocratic due to a high modal proportion of dark mica (>40%) and are characterized by magmatic carbonate (>10%), plagioclase, aegirine with varying proportions in Fe-Ti oxides and accessory minerals (zircon, apatite; Fig. 3c,h).Two types of silicocarbonatite are observed in the intrusion: one is enriched in Fe-Ti oxides, and the other one is enriched in aegirine (Fig. 4h). The silicocarbonatites show a strong magmatic foliation underlined by micas {001} cleavage planes and they can be enriched in apatite. These silicocarbonatites form layers in the banded-core and dykes in the outer rim of nepheline syenite of the intrusion (Fig. 3a,c).

Carbonatite

On the basis of their texture and chemical composition (mainly Fe), the carbonatites are divided in two types: (i) a fine-to coarse-grained calciocarbonatite dominated by calcite (sövite composition;Figs. 3g,4i), and (ii) a coarse-grained ferrocarbonatite composed of an assemblage of ankerite, calcite, hematite, and fluorapatite. Interstitial silicate phases such as phlogopite develop at the walls of the carbonatite veins/dykes when crosscutting the nepheline syenite. The two facies are pyrochlore-poor but contain fluorapatite (Fig. 4i), strontianite, REE-carbonates and monazite. Some calciocarbonatites are enriched in sulfides (pyrrhotite, chalcopyrite, molybdenite and argentite) and tellurides.

An envelope of fenitization is marked by the metasomatic crystallization of albite and arfverdsonite in the surrounding rocks (Fig. 2b). This process of fenitization is not further considered in this contribution.

WHOLE-ROCK GEOCHEMISTRY

In the total alkali versus silica (TAS) diagram (Fig. 5a; [START_REF] Middlemost | Naming materials in the magma/igneous rock system[END_REF], the ijolite-urtite has an intermediate composition between the nepheline syenite and silicocarbonatite lithologies with an alkali content of 11.8 wt.% and a silica content of 43.8 wt.% (Fig. 5a, Table 2). The nepheline syenite defines a geochemical trend with increasing alkali (Na 2 O + K 2 O from 11.5 to 16.3 wt.%) and silica (SiO 2 from 46.4 to 59.8 wt.%) contents. The carbonate-bearing nepheline syenite are generally less evolved and fall in the nepheline monzosyenite fields with lower alkali and silica contents. The silicocarbonatite has lower alkali (from 7.7 to 9.6 wt.%) and silica (SiO 2 from 32.5 to 42.4 wt.%) contents, with higher Fe 2 O 3(t) (from 4.53 to 16.4 wt.%) and CaO (from 6.6 to 12.7 wt.%, Fig. 5, Table 2) contents.

The carbonatites (CaO from 49.8 to 52.4 wt.%) are not represented on this TAS diagram due to their very low SiO 2 content (ranging from 0.2 to 3.2 wt.%, Table 2). Their Mg number (MgO/[Fe 2 O 3(t) +MgO]*100) ranges from 30 to 45 (Table 2).

In the A vs B chemical-mineralogical diagram of Debon & Lefort (1988), the evolution from the ijolite towards the nepheline syenite is mineralogically expressed as an enrichment in nepheline, alkali feldspar and plagioclase and a decrease in clinopyroxene (Fig. 5b).

Conversely, the ferro-and silico-carbonatite is associated with an enrichment in dark micas, and the calciocarbonatite with an enrichment in calcite (Fig. 5b).

FIGURE 5

http://www.petrology.oupjournals.org/ The different lithologies display different features in Harker diagrams (Figs. 6a-d, see also Table 2). The nepheline syenite is characterized by high values in Na 2 O (from 6.4 to 12.6 wt.%) and Al 2 O 3 (from 16 to 25 wt.%), and low contents of MgO (usually <1 wt.%) and CaO (from 0.3 to 10.4 wt.%). The silicocarbonatite is enriched in MgO (from 1.5 to 9.4 wt.%), TiO 2 (from 0.7 to 4.9 wt.%), and CaO (from 6.6 to 12.7 wt.%), and has lower SiO 2 (between 32 and 43 wt.%) and Al 2 O 3 (between 10 and 16 wt.%) contents. The carbonatites are enriched in CaO (>28 wt.%), Sr (up to 9343 ppm) and REE (REE up to 1414 ppm) with low SiO 2 (<4 wt.%), Na 2 O (<1 wt.%), and Al 2 O 3 (<2 wt.%) contents (Table 2). The ijolite facies displays an intermediate composition between the nepheline syenite and the silicocarbonatite, with SiO 2 , Al 2 O 3 , MgO, CaO, Na 2 O and TiO 2 contents of 43.8 wt.%, 17.4 wt.%, 1.0 wt.%, 11.1 wt.%, 7.0 wt.%, and 0.7 wt.% (Fig. 6 and Table 2), respectively. The carbonate-bearing nepheline syenites show compositions that are closer to the ijolite than to the carbonate-free ones.

FIGURE 6

The ijolite contains a ΣREE content of 62 ppm and shows a chondrite-normalized REE pattern marked by an enrichment in the LREE relative to the HREE ([La/Yb] N = 12, Fig. 7, Table 2). The carbonate-free nepheline syenites contain ΣREE contents between 27 and 133 ppm (Table 2). They are variably enriched in LREE relative to chondrite ([La/Yb] N = 7.6-65, Fig. 7, Table 2) and they tend to have flat to slightly fractionated HREE chondritenormalized patterns ([Gd/Yb] N = 0.8-6.3, Fig. 7, Table 2). The carbonate-bearing nepheline syenites are overall more enriched in REE than the carbonate-free nepheline syenites with ΣREE contents between 121 and 319 ppm (Table 2). The silicocarbonatite and carbonatite are more enriched in REE, the former showing ΣREE contents between 274 and 543 ppm, and the latter showing ΣREE contents between 1189 and 1414 ppm (Table 2). Both show a relative enrichment of the LREE compared to HREE in their chondrite-normalized patterns as shown by their [La/Yb] N of [19][20][21][22][23][24][25][26][27][28][29][30][31][32][33][34][35][36][37]respectively (Fig. 7, Table 2).

FIGURE 7 TEXTURAL AND GEOCHEMICAL CHARACTERISTICS OF ACCESSORY MINERALS

Apatite

Apatite is present in both the silicocarbonatite and carbonatite facies. Grains are (sub-)euhedra and range in size from ca 0.2 to 2.0 mm, but some display slight dissolution textures on the rims (Fig. 8a-b). They are rather homogeneous as shown by their CaO and P 2 O 5 contents of 54.90±0.13 wt.% and of 43.03±0.15 wt.% (Table 4), respectively, and are fluorapatite with an homogeneous F content of 3.16±0.04 wt.% (Table 4). They plot in the carbonatitic field defined by [START_REF] Piccoli | Apatite in igneous systems[END_REF] (Fig. 8c-e), and are thus considered of magmatic origin.

FIGURE 8

Pyrochlore

Previous studies have distinguished two types of pyrochlore, namely (i) primary magmatic grains with complex zoning (Fig. 9a) and (ii) secondary grown or extensively altered grains during the circulation of a magmatic-hydrothermal fluid with dissolution/reprecipitation zones [START_REF] Groulier | Étude des minéralisations en Nb-Ta de l'intrusion alcaline de Crevier[END_REF]. For the purpose of this study we only focus on the magmatic pyrochlore in the studied rock types. Magmatic pyrochlore is dominantly found in the late nepheline-bearing facies, and particularly within the dyke swarms of pegmatitic nepheline syenite. Even though silicocarbonatite contains some pyrochlore, it is very rare in the carbonatites. The few observed are small in size ( 10 m) and highly metamict due to high U content, so that any EPMA analysis is difficult to undertake. Primary magmatic pyrochlore from the pegmatitic dyke swarms of nepheline syenites is euhedral and generally larger than 100 m (Fig. 9a, average of 500 m and up to ca. 2 mm). In the pegmatitic nepheline syenites, the pyrochlore grains are located along the edges of the megacrystic nepheline and albite where it is generally in spatial association with fluorapatite and ilmenite. They appear as disseminated grains within the fine-grained feeder conduits. The pyrochlore grains observed in the ocelli facies are found within the spheres of carbonate-bearing nepheline syenite where they are associated with carbonates and fluorapatite. BSE images reveal that the majority of the primary magmatic pyrochlore grains from all the different facies exhibit magmatic inclusions with complex zoning (Fig. 9a).

All the investigated magmatic grains plot in the pyrochlore field with Nb 5+ + Ta 5+ > 2Ti 4+ and Nb 5+ > Ta 5+ [START_REF] Hogarth | The pyrochlore group[END_REF]Fig. 9b). Two trends are noticeable: (i) a Nb-Ti trend with relatively constant Ta content in pyrochlore from the carbonate-poor to free pegmatitic nepheline syenite and their feeder conduits, and (ii) a Nb-Ta trend with constant Ti concentrations in the ocelli facies (Fig. 9b). Pyrochlore from the carbonate-poor to free nepheline syenite facies has Nb 2 O 5 contents ranging from 52.50 to 67.24 wt.% (mean of 61.49 wt.%), Ta 2 O 5 from 0.83 to 9.54 wt.% (mean of 6.23 wt.%), TiO 2 from 0.83 to 5.39 wt.% (mean of 2.77 wt.%) and UO 2 below 0.16 wt.% (mean of 0.01 wt.%). The pyrochlore from the carbonate-bearing ocelli facies has Nb 2 O 5 contents ranging from 53.22 to 64.48 wt.% (mean of 57.92 wt.%), Ta 2 O 5 from 4.77 to 16.06 wt.% (mean of 11.87 wt.%), TiO 2 from 1.21 to 2.66 (mean of 1.79 wt.%), and UO 2 below 1.94 wt.% (mean of 0.52 wt.%) (Tables 3 andS1).

In the Ta 5+ vs Ti 4+ diagram (Fig. 9c), the pyrochlore from the ocelli facies define a trend marked by an increase of the Ta content with minor variation in Ti implying a dominant Nb 5+ = Ta 5+ (1) isomorphic substitution due to the solid solution between pyrochlore [CaNaNb 2 O 6 (OH,F)] and microlite [CaNaTa 2 O 6 (OH,F)] [START_REF] Hogarth | The pyrochlore group[END_REF][START_REF] Nasraoui | Pyrochlore from the Lueshe carbonatite complex (Democratic Republic of Congo): a geochemical record of different alteration stages[END_REF][START_REF] Atencio | The pyrochlore supergroup of minerals: nomenclature[END_REF]. This isomorphic substitution is responsible for the negative correlation between Nb and Ta (Fig. 9d), and for the variable Nb contents with constant Ti (Fig. 9e).

In the Ta vs Ti diagram (Fig. 9c), the pyrochlore from the carbonate-poor to free nepheline syenite follow a second trend characterized by an increasing Ti content with constant Ta implying a substitution between Nb and Ti. In the Ta vs Nb diagram (Fig. 9d), the pyrochlore from the carbonate-poor to free nepheline syenites show variations in the Nb content with no to few variations in the Ta content. They also display a linear negative correlation between Nb and Ti (Fig. 9e). The evolution of the Ta, Nb and Ti contents marks the replacement of Nb 5+ by Ti 4+ and the involvement of Na + and Ca 2+ following the reaction Ca 2+ + Ti 4+ = Na + + Nb 5+ (2). This substitution scheme is dominant for the pegmatitic carbonate-poor to free nepheline syenite facies. It illustrates the solid solution between betafite [CaNaTi 2 O 6 (OH,F)] and pyrochlore [CaNaNb 2 O 6 (OH,F)] [START_REF] Hogarth | The pyrochlore group[END_REF][START_REF] Nasraoui | Pyrochlore from the Lueshe carbonatite complex (Democratic Republic of Congo): a geochemical record of different alteration stages[END_REF][START_REF] Atencio | The pyrochlore supergroup of minerals: nomenclature[END_REF]. Zircon grains from the carbonate-bearing coarse-grained nepheline syenite (sample 12-PA-011-B1, outer nepheline syenite from Fig. 2b) can be separated in two main populations based on their textures and chemical compositions. The dominant population corresponds to (sub-)euhedral zircon grains with lengths ranging from 100 to 950 µm and aspect ratios of 1:1 to 1:2 (Figs. 10a and11a). The CL (CathodoLuminescence) images reveal oscillatory zoned cores truncated by CL-bright rims of irregular shape perhaps formed by coupled dissolution-reprecipitation (Figs. 10a and11a). The second population corresponds to anhedral zircon grains with lengths ranging from ca. 250 to 700 µm and aspect ratios of 1:1 to 1:2 (Figs. 10c and11c). The CL images reveal complex oscillatory zoning and local dissolution-reprecipitation rims (Figs. 10c and11c). No mineral inclusions have been observed in all zircon populations even using the highest SEM resolution in the range of ca. 50 nm.

The (sub-)euhedral and anhedral zircon grains show contrasting geochemical features.

The (sub-)euhedral zircons show higher Th/U ratios (generally greater than 1 and up to 6.8), Ca + Fe contents (up to 28005 ppm), ΣLREE (up to 301 ppm), Sr (up to 2460 ppm) and Ti (up to 1536 ppm) contents, compared to the anhedral zircons with lower Th/U ratios (generally below 1 and down to 0.12) and Ca + Fe contents (down to 77 ppm), ΣLREE (between 0.5 and 16 ppm), Sr (between 0.1 and 25 ppm), and Ti (between 1.6 and 14 ppm) (Figure 12a-e, Table 5).

The REE chondrite-normalized patterns of anhedral zircon grains are characterized by (i) significantly higher HREE relative to LREE ([Sm/Yb] N from 0.01 to 0.22) independent from the Ca and Fe contents (Fig. 12e, Table 5), (ii) a positive Ce anomaly (Ce/Ce* from 1.31 to 25.83), and (iii) Eu (Eu/Eu* from 0.54 to 1.05) anomalies (Fig. 12f, Table 5). In the (sub-)euhedral zircon grains the REE patterns are highly variable and become flatter with increasing Ca+Fe and ΣLREE contents, as indicated by [Sm/Yb] N between 0.01 and 0.20, Ce/Ce* between 1.28 and 14.04, and Eu/Eu* between 0.29 and 1.04(Fig. 12e-f, Table 5).

It is pertinent to note that trace element analyses obtained from cores and rims of the two (sub-)euhedral zircon grains cover nearly the entire compositional range estimated on all anhedral and (sub)euhedral zircon grains, whereby the cores commonly show higher contents in zircon-incompatible elements (Ca, Fe, LREE, Sr) compared to the related rims (Fig. 12).

FIGURE 10 FIGURE 11 FIGURE 12

Zircon crystallization temperatures

Temperatures calculated by applying the Ti-in-zircon geothermometer calibrated by [START_REF] Ferry | New thermodynamic models and revised calibrations for the Ti-in-zircon and Zr-in-rutile thermometers[END_REF] vary between 584 and 1628°C, whereby the derived temperatures obviously increase systematically with the amount of zircon-incompatible elements (Fig. 12d). Zircon core and rim analyses of the anhedral zircon grains, all with relatively low contents in Ca, Fe, Sr and LREE, yield temperatures between 584°C and 781°C (2 below 16°C, Ferry & Watson, 2007), whereas the (sub-)euhedral grains, having all much higher contents in Ca, Fe, Sr and LREE, yield temperatures between 724 and 1628°C (2 below 16°C, [START_REF] Ferry | New thermodynamic models and revised calibrations for the Ti-in-zircon and Zr-in-rutile thermometers[END_REF] (Fig. 12d, Table 5). The highest temperatures (corresponding to the highest Ti contents) were calculated from domains having the highest Ca+Fe contents (as well as Sr and LREE), comprising both core and rim domains (for explanation see next chapter). Temperatures estimated from cores and rims of the (sub-)euhedral two zircon grains cover nearly the entire temperature range obtained from the anhedral and (sub-)euhedral grains. Here, we note that most of the calculated temperatures are probably meaningless in a geological context for three main reasons.

First, the investigated rocks contain neither rutile nor quartz, which are both required by the calibration of [START_REF] Ferry | New thermodynamic models and revised calibrations for the Ti-in-zircon and Zr-in-rutile thermometers[END_REF]. A reduced silica activity (aSiO 2 ) will result in a temperature underestimate, and a reduced rutile activity (aTiO 2 ) to temperature overestimate. Second, and even more important, correlation between Ti-in-zircon temperature and Ca+Fe suggest, that the analyzed Ti content was not only controlled by the zircon lattice (and associated thermal conditions), but very likely also by interstitial domains (see next chapter), causing an overestimation of the zircon crystallization temperature. Third, the composition of most rims, but also of core domains was modified by coupled dissolution-re-precipitation processes, which perhaps also affected the Ti contents. Taking these three processes into account, it seems that Ti-in-zircon temperatures obtained from the anhedral grains most likely represent minimum temperatures, and those obtained from the (sub-)euhedral grains maximum temperatures.

STABLE ISOTOPE DATA

Carbonates from the carbonatite facies of the CAI have  13 C values from -6.1‰ to -6.8‰ and  18 O values from +6.7 to +7.3‰ (Fig. 13,Table 7). In the  13 C v-PDB vs 18 O V-SMOW diagram (Fig. 13), data plot in the primary carbonatite field defined by [START_REF] Taylor | Oxygen and carbon isotope studies of carbonatites from the Laacher See District, West Germany and the Alnö District, Sweden[END_REF].

Both the (sub-)euhedral and anhedral zircon grains show a wide range of  18 O V-SMOW values spreading from the supra-mantle to sub-mantle field (mantle signature of +5.3±0.3‰ as defined by [START_REF] Valley | 4.4 billion years of crustal maturation: oxygen isotope ratios of magmatic zircon[END_REF]. The (sub-)euhedral and anhedral grains http://www.petrology.oupjournals.org/ have  18 O V-SMOW spreading between +2.9 and +7.8‰, and between +1.3 and +5.7‰ (Fig. 6), respectively. The  18 O V-SMOW values both populations are positively correlated to the Ca and Fe contents (Fig. 14,Table 6).
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FIGURE 13 FIGURE 14 U-Pb DATING OF ZIRCON AND APATITE

Twenty-five zircon grains from the carbonate-bearing coarse-grained nepheline syenite have been investigated through 41 spot analyses. Plotted in a concordia diagram, 17 of these analyses above 99% Pb-Pb conc. define a concordant date of 957.5 ± 2.9 Ma (MSWD = 0.74, Fig. 15a, Table 5). The degree of concordance of the 207 Pb/ 206 Pb apparent ages varies between the two dominant zircon populations as (sub-)euhedral grains show a strong decrease of the degree of concordance with increasing Ca and Fe contents (Fig. 15b), and the anhedral grains all show high degrees of concordance with variations that are not linked to the Ca and Fe contents (Fig. 15b, Table 5). Both populations show a dominant mode of distribution of their 207 Pb/ 206 Pb apparent ages at ca. 957 Ma and a younger one at ca. 850 Ma and ca. 920 Ma for the (sub-)euhedral and anhedral zircon grains (Fig. 15c), respectively.

Fifteen apatite grains from the carbonatite have been investigated through 26 analyses.

Due to the generally low radiogenic-Pb/common-Pb ratio, data were plotted in a Tera-Wasserburg diagram [START_REF] Tera | U-Th-Pb systematics in lunar highland samples from the Luna 20 and Apollo 16 missions[END_REF]. Data define a discordia yielding a lower intercept date of 934 ± 25 Ma and an initial 206 Pb/ 207 Pb ratio of 0.945 consistent with the model evolution of [START_REF] Stacey | Approximation of terrestrial lead isotope evolution by a twostage model[END_REF] (Fig. 15d).

FIGURE 15

DISCUSSION

Evidence for a silicate-carbonate liquid-immiscibility magmatic process

The ocelli facies

Ocelli textures, like those described here (Fig. 4a-c), are rare in igneous rocks. Different magmatic processes have been proposed to explain the diversity of ocelli settings and habits [START_REF] Leveson | Orbicular rocks: a review[END_REF]. Occurrences of ocelli/spherical assemblages that we refer here to as 'ocelli' have been described in alkaline/carbonatitic environment, including carbonatite (Lapin & Vartiainen, 1983), carbonatitic kimberlite (Haggerty & Fung, 2006), or ijolite (Zurevinski & Mitchell, 2015). At Shombole (Kenya-Tanzania), many nephelinite lavas contain globular carbonate-rich segregations, interpreted by [START_REF] Peterson | Peralkaline nephelinites I. Comparative petrology of Shombole and Oldoinyo Lengai, East Africa[END_REF] and further by [START_REF] Kjarsgaard | Nephelinite-carbonatite liquid immiscibility at Shombole volcano, East Africa: Petrographic and experimental evidence[END_REF] as the result of a silicate-carbonate liquid immiscibility. [START_REF] Potter | Different types of liquid immiscibility in carbonatite magmas: A case study of the Oldoinyo Lengai 1993 lava and melt inclusions[END_REF] described silicate spheroids within a carbonatite groundmass in the Oldoinyo Lengai 1933 lava, and these authors plead again for liquid immiscibility. This process has also been studied using melt inclusions entrapped in cocrystallising minerals such as nepheline, perovskite, pyroxene and magnetite [START_REF] Kjarsgaard | Peralkaline nephelinite/carbonatite liquid immiscibility: comparison of phase compositions in experiments and natural lavas from Oldoinyo Lengai[END_REF][START_REF] Nielsen | Parentalmelts of melilitolite and origin of alkaline carbonatite: evidence from crystallised melt inclusions, Gardiner complex[END_REF][START_REF] Xu | Genesis of the carbonatitesyenite complex and REE deposit at Maoniuping, Sichuan Province, China: Evidence from Pb isotope geochemistry[END_REF][START_REF] Panina | Multiphase carbonate-salt immiscibility in carbonatite melts: data on melt inclusions from the Krestovskiy massif minerals (Polar Siberia)[END_REF][START_REF] Thompson | Liquid immiscibility in silicatemelts and related systems[END_REF][START_REF] Guzmics | Carbonatite melt inclusions in coexisting magnetite, apatite and monticellite in Kerimasi calciocarbonatite, Tanzania: melt evolution and petrogenesis[END_REF][START_REF] Guzmics | Liquid immiscibility between silicate, carbonate and sulfide melts in melt inclusions hosted in coprecipitated minerals from Kerimasi volcano (Tanzania): evolution of carbonated nephelinitic magma[END_REF][START_REF] Sharygin | Silicatenatrocarbonatite liquid immiscibility in 1917 eruption combeite-wollastonite nephelinite, Oldoinyo Lengai Volcano, Tanzania: Melt inclusion study[END_REF][START_REF] Sekisova | Liquid immiscibility during crystallization of forsterite-phlogopite ijolites at Oldoinyo Lengai volcano, Tanzania: study of melt inclusions[END_REF][START_REF] Potter | Different types of liquid immiscibility in carbonatite magmas: A case study of the Oldoinyo Lengai 1993 lava and melt inclusions[END_REF][START_REF] Mollex | Architecture de la plomberie du volcan carbonatitique Oldoinyo Lengai[END_REF]Baudoin et al., 2018). These immiscible melts are proposed to be the parental magmas of nephelinitic silicate rocks, calciocarbonatite (sövite) [START_REF] Guzmics | Liquid immiscibility between silicate, carbonate and sulfide melts in melt inclusions hosted in coprecipitated minerals from Kerimasi volcano (Tanzania): evolution of carbonated nephelinitic magma[END_REF], and in some examples sulfides [START_REF] Guzmics | Liquid immiscibility between silicate, carbonate and sulfide melts in melt inclusions hosted in coprecipitated minerals from Kerimasi volcano (Tanzania): evolution of carbonated nephelinitic magma[END_REF][START_REF] Demaiffe | A hidden alkaline and carbonatite Province of Early Carboniferous age in northeast Poland: Zircon U-Pb and pyrrhotite Re-Os geochronology[END_REF], either formed in plutonic or volcanic environments (Le [START_REF] Bas | The comparability of carbonatitic fluid inclusions in ijolites and natrocarbonatite lava[END_REF].
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When plotted in the Freestone & Hamilton projection (1980), the whole rock composition of the nepheline syenite and silicocarbonatite lithologies of the CAI follow the nepheline-carbonatite melt miscibility gap proposed by [START_REF] Kjarsgaard | Nephelinite-carbonatite liquid immiscibility at Shombole volcano, East Africa: Petrographic and experimental evidence[END_REF] solvus at 0.5 GPa, 1050-900°C, Fig. 16). The silica-alkali poor composition of the carbonatite does not fit with this experimental miscibility gap. This may be due to the modification of the initial magmatic composition by late-stage magmatic or secondary processes leading to silica-alkali-depleted to -free carbonatite bulk composition. This latter composition, when compared to the geochemistry of carbonatitic melt inclusions and carbonatitic rocks in the same environment, has been interpreted by [START_REF] Guzmics | Liquid immiscibility between silicate, carbonate and sulfide melts in melt inclusions hosted in coprecipitated minerals from Kerimasi volcano (Tanzania): evolution of carbonated nephelinitic magma[END_REF] to be not representative of the initial magmatic composition. To summarize, we propose that the spectacular ocelli facies in the silicocarbonatite likely evidence a silicatecarbonate immiscibility process in the CAI. This would have led to coeval silicate-bearing and carbonate-bearing magmas. The silicate-bearing magmas are represented by preimmiscibility carbonate-bearing coarse-grained nepheline syenite and post-immiscibility carbonate-free pegmatitic facies, whereas the carbonate-bearing magmas are represented by syn-immiscibility ocelli facies and silicocarbonatites, and by postimmiscibility carbonatites (see below).

Field relationships and whole-rock geochemistry

The field relationships and whole-rock geochemistry from rocks of the CAI are consistent with an (i) evolution from a common carbonate-bearing magma of ijolitic composition, the (ii) fractionation of the ijolitic magma into pre-immiscibility carbonate-bearing nepheline syenite and silicocarbonatites, the (iii) formation of the syn-immiscibility ocelli facies that records the segregation of silicate and carbonatitic liquids, and the (iv) post-immiscibility http://www.petrology.oupjournals.org/ Downloaded from https://academic.oup.com/petrology/advance-article-abstract/doi/10.1093/petrology/egaa033/5740579 by guest on 19 February 2020 emplacement of the carbonate-poor to free dyke swarms of nepheline syenite (pegmatitic together with their feeder conduits) and the calcio-and ferro-carbonatites. Field observations show clear separation of the different rock units with no to few evidence of magma mixing or mingling as shown by the lack of enclaves and crosscutting relationships. This is consistent with the whole-rock geochemistry that highlights two distinct trends starting from an ijolite composition. Together they support the model of immiscibility rather than mixing between a silicate and a carbonatitic liquid.

Pyrochlore geochemistry as a tracer of immiscibility

Accessory minerals such as pyrochlore or REE-bearing minerals have been used to decipher carbonatite features, e.g. chemical evolution from plutonic to volcanic carbonatites, as well as magmatic to hydrothermal processes [START_REF] Bambi | Tracing the chemical evolution of primary pyrochlore from plutonic to volcanic carbonatites: the role of fluorine[END_REF]McCreath et al., 2012;Torro et al., 2012). However, only few studies used these accessory minerals to document petrogenetic processes such as liquid immiscibility [START_REF] Taubald | Geochemical and isotopic (Sr, C, O) data from the alkaline complex of Grønnedal-Ika (South Greenland): evidence for unmixing and crustal contamination[END_REF][START_REF] Lee | Pyrochlore chemistry from the Sokli phoscorite-carbonatite complex, Finland: implications for the genesis of phoscorite and carbonatite association[END_REF][START_REF] Morteani | Geochemistry of phlogopite, diopside, calcite, anhydrite and apatite pegmatites and syenites of southern Madagascar: evidence for crustal silicocarbonatitic (CSC) melt formation in a Panafrican collisional tectonic setting[END_REF][START_REF] Walter | Pyrochlore as a monitor for magmatic and hydrothermal processes in carbonatites from the Kaiserstuhl volcanic complex (SW Germany)[END_REF][START_REF] Giebel | A model for the formation of carbonatite-phoscorite assemblages based on the compositional variations of mica and apatite from the Palabora Carbonatite Complex, South Africa[END_REF].

In the CAI, pyrochlore grains are predominantly associated with nepheline syenite, they display evidence of polyphase growth and they are associated with numerous episodes of dissolution and reprecipitation in the magmatic stage (Fig. 9a). We interpret some of these episodes to be linked to disequilibrium processes between the early crystallized generation of magmatic pyrochlore grains and the evolving magma, leading to the formation of several generations of primary magmatic pyrochlore grains.

It has been suggested that the pyrochlore composition can be linked to the evolution of the chemistry of the melt [START_REF] Hogarth | Primary zoning in pyrochlore group minerals from carbonatites[END_REF][START_REF] Lee | Pyrochlore chemistry from the Sokli phoscorite-carbonatite complex, Finland: Implications for the genesis of phoscorite and carbonatite association[END_REF][START_REF] Zaitsev | Evolution of Chemical Composition of Pyrochlore Group Minerals from Phoscorites and Carbonatites of the Khibina Alkaline Massif[END_REF], therefore pyrochlore minerals can theoretically be used as a proxy for the geochemical evolution of the melt from which they crystallized. When compared to pyrochlore grains from other complexes, the pyrochlore from the CAI show some distinctive features. Indeed, the two trends observed in Fig. 9b are unusual at the scale of an alkaline complex.

Pyrochlore generally follow one trend, the most common one in alkaline and peralkaline complexes being a dominant trend between Nb and Ti following the solid solution substitution scheme between pyrochlore and betafite (substitution (2), [START_REF] Chakhmouradian | New data on pyrochlore-and perovskite-group minerals from the Lovozero alkaline complex, Russia[END_REF][START_REF] Shrinivas | Compositional variation in pyrochlores of Amba Dongar carbonatite complex, Gujara[END_REF][START_REF] Cordeiro | The Catalão niobium deposit, central Brazil: resources, geology and pyrochlore chemistry[END_REF]McCreath et al., 2012). In highly evolved peraluminous rocks, pyrochlore mainly follow a Ta-Nb or a Ta-Ti trend [START_REF] Ohnenstetter | Pyrochlore-group minerals in the Beauvior peraluminous leucogranite, Massif Central, France[END_REF]. The pyrochlore from the ocelli facies of the CAI follow a Nb-Ta differentiation trend, whereas the grains from the younger pegmatitic nepheline syenite dykes follow a Nb-Ti trend (Fig. 9c-d). The ocelli facies (Fig. 4a-c) is characterized by spheres of carbonate-bearing nepheline syenite material separated by a matrix of fluorapatite-bearing carbonatite. The younger pegmatitic nepheline syenite dykes are characterized by a lack of primary magmatic carbonates, less fluorapatite and the pyrochlore grains they contain follow a more "classical" Nb-Ti trend (Fig. 9b). The greater Ta content of pyrochlore from the ocelli facies can be explained by the Nb/Ta partitioning behavior in the silicate/carbonate melt, the evolution of the fluorine fugacity (F fugacity) and the metal content of the melt. The K D Nb/Ta carb-sil at 0.8-0.9 kbar and temperature ranging from 965 to 1015°C is ~5.1 (Veksler et al., 1998a), indicating that these two elements can be strongly fractionated by an immiscibility process between a silicate and a carbonatitic liquid. Tantalum is likely to be incorporated into the silicate liquid, whereas Nb will more strongly partition into the carbonate liquid. Therefore, http://www.petrology.oupjournals.org/ Downloaded from https://academic.oup.com/petrology/advance-article-abstract/doi/10.1093/petrology/egaa033/5740579 by guest on 19 February 2020 immiscibility between carbonate and silicate liquids would lead to the formation of a Ta-"supersaturated" silicate melt. [START_REF] Zheng | Pyrochlore Chemistry from the Bonga Carbonatite-type Nb Deposit, Huila Province, Angola: Implications for Magmatic-Hydrothermal Processes of Carbonatite[END_REF] proposed that the concentration of Ta in pyrochlore could also be controlled by the F fugacity of the melt. The pyrochlore grains are closely associated with fluorapatite, and F and Ta contents are negatively correlated within pyrochlore grains (Table 3). The ocelli facies of the CAI is characterized by the presence of fluorapatite aggregates within the carbonatitic matrix. The crystallization of fluorapatite could lead to a decrease of the F fugacity of the melt. Accordingly, the combined action of segregation of a carbonate liquid from a silicate parental melt, and the decrease of the F fugacity would lead to the crystallization of an early generation of Ta-bearing pyrochlore that would subsequently result in a decrease of the available Ta content in the melt. After complete separation of the silicate and carbonatitic liquids, the fractionation between Nb and Ta most probably stopped, thus leading to the crystallization of Nb-rich pyrochlore in the pegmatitic nepheline syenite dykes with more constant Nb/Ta ratios and a more classic Nb-Ti solid solution trend (Fig. 9e).

To sum up, we propose that the two magmatic populations of pyrochlore observed within the nepheline-bearing rocks of the CAI result from the immiscibility between a carbonate and a silicate melt.

Petrogenetic model for syenite-carbonatite immiscibility

Using the petrological, geochemical, and geochronological constraints obtained on the CAI (field and petrographic data, whole rock geochemical data, characteristics of accessory minerals that are zircon, pyrochlore and apatite), we propose a petrogenetic model of magmatic evolution for the CAI (Fig. 17).

http://www.petrology.oupjournals.org/ Downloaded from https://academic.oup.com/petrology/advance-article-abstract/doi/10.1093/petrology/egaa033/5740579 by guest on 19 February 2020

Stage 1. Emplacement of a mantle-derived ijolitic/urtitic magma

We propose that the ijolite/urtite magma emplaced within a medium to low pressure allochthonous crustal segment of the Grenville Province represents the initial melt of the CAI. Indeed, in spider, Harker and A-B diagrams, the ijolite/urtite composition always plots at the intersection between the silicate and carbonatitic trends (Figs. 5-7, Table 2). This rock is characterized by a nepheline + alkali feldspar + phlogopite + aegirine + apatite + calcite (± Fe-Ti oxides) assemblage (Fig. 17).

Stage 2. Fractionation of the initial melt and formation of nepheline syenite ± carbonates

The ijolitic/urtitic magma experienced fractionation that led to the formation of the coarsegrained carbonate-bearing nepheline syenite that constitutes the main unit of the CAI. The observed crosscutting field relationships between the different units (Figs. 23) indicate that the coarse-grained carbonate-bearing nepheline syenite was emplaced before the pegmatitic nepheline syenite, the ocelli facies, the silicocarbonatites and the other carbonatites. In the carbonate-bearing nepheline syenite, the (sub-)euhedral zircon population is composed of zircon grains with high and positively correlated Ca, Fe, LREE (mainly La), Sr and Ti contents (Fig. 12b-d, Table 5). Such large ionic radii/low ionic charge trace element does not fit into the zircon lattice; therefore, their high contents are usually related to alteration processes (e.g. [START_REF] Geisler | Leaching and differential recrystallization of metamict zircon under experimental hydrothermal conditions[END_REF][START_REF] Geisler | Re-equilibration of Zircon in Aqueous Fluids and Melts[END_REF][START_REF] Hanchar | Rare earth elements in synthetic zircon: Part 1. Synthesis, and rare earth element and phosphorus doping[END_REF][START_REF] Hoskin | The Composition of Zircon and Igneous and Metamorphic Petrogenesis[END_REF][START_REF] Groulier | Étude des minéralisations en Nb-Ta de l'intrusion alcaline de Crevier[END_REF]. However, it could also result from the entrapment of co-precipitated nano-inclusions into the zircon lattice during zircon growth as proposed by [START_REF] Turlin | Petrogenesis of LREE-bearing pegmatitic granite dykes in the central Grenville Province by partial melting of Paleoproterozoic-Archean metasedimentary rocks: evidence from zircon U-Pb-Hf-O isotope and trace element analyses[END_REF]. This process might have been similar to one recently described by [START_REF] Zeh | Rutile alteration and authigenic growth in metasandstones of the Moeda Formation, Minas Gerais, Brazil -a result of Transamazonian fluid-rock interaction[END_REF] to explain relatively high Th and REE contents in authigenic rutile. The striking correlation between Ti and Ca+Fe (REE, Sr) might point to co-precipitation of phases like perovskite (CaTiO 3 ), even though pure perovskite can be excluded, as the amount of Ca+Fe commonly exceed the Ti amount by a factor 10 or more. Co-precipitation of nano-phases can also account for the observation that high amounts of Ca, Fe, LREE, Sr, and Ti were not only analyzed on zircon rims of the (sub)euhedral zircon grains, modified by a coupled dissolution-re-precipitation processes, but also on zircon cores still showing an oscillatory zoning (see Fig. 10). On the other hand, low contents in Ca, Fe, LREE, Sr of the anhedral zircon grains suggest zircon growth without co-precipitation and/or entrapment of any Ca-Fe-Ti-rich nanophase.

The finding of both zircon generations, with and without high Ca-Fe-LREE-Sr contents, as well as of intermediate zircon (see Fig. 12) within the same rock sample suggest that the melt environment changed significantly during zircon growth, allowing the entrapment of Ca-Fe-Ti-rich nanophases during an early stage of zircon growth, but not during a later stage. We interpret the (sub-)euhedral population to be the first zircon generation to crystallize in a carbonate-saturated liquid, followed by the intermediate zircon generation. This interpretation is in agreement with the commonly supra-mantle  18 O V-SMOW values obtained from pristine cores of the (sub-)euhedral population, ranging between the mantle value of +5.3±0.3‰ [START_REF] Valley | 4.4 billion years of crustal maturation: oxygen isotope ratios of magmatic zircon[END_REF] and +7.8‰, in agreement with syenite-carbonatite melt extraction from an enriched mantle source [START_REF] Marks | A global review on agpaitic rocks[END_REF] and references therein).

The sub-mantle values down to +2.9‰ (Fig. 15), might result from alteration of the primary zircon grains by a coupled dissolution-re-precipitation process after growth of the (sub)euhedral grains, in order to minimize the lattice stain caused by the incorporation of the abundant zircon-incompatible trace elements.

The anhedral zircon grains perhaps formed later in the syenite magma, after abundant extraction of carbonate-rich fluid from the initially mixed melt. This unmixing would not only prevent the co-precipitation of Ca-Fe-Ti-rich phases during zircon growth, but would also cause the fractionation of  18 O V-SMOW between the carbonate-rich and silica-rich melt phase, responsible for the generally lower  18 O V-SMOW of the anhedral zircon grains (+1.3 to +5.7‰) compared to the (sub)euhedral grains (+2.9 to +7.8‰; Fig. 14,Table 6); although post-growth alteration of the anhedral zircon grains cannot be excluded.

Stage 3. Immiscibility between carbonatitic and silicate liquids

This stage corresponds to the silicate-carbonate liquid immiscibility process, i.e. to the physical separation of both liquids. The main arguments in favor of this specific immiscibility stage are: (i) the presence of coalescent nepheline syenite droplets/spheres in a carbonatitic matrix (ocelli facies; Fig. 4a-c), (ii) emplacement of silicocarbonatites and the ocelli facies with Ta-enriched pyrochlore grains, (iii) different  18 O V-SMOW of (sub)euhedral and anhedral zircon, and finally (iv) dissolution/reprecipitation rim textures mainly around the (sub-)euhedral zircons (Figs. 10a,11a,17).

Stage 4. Post-immiscibility conditions

Following their complete separation, the silicate and carbonatitic liquids continued to evolve individually during a post-immiscibility stage. Pyrochlore grains associated with this stage within the pegmatitic nepheline syenite follow a Nb-Ti solid solution and are characterized by higher Nb/Ta ratios (Tables 3 andS1). The anhedral zircon grains of the coarse-grained nepheline syenite show low Ca, Fe, LREE, Sr and Ti contents, similar to http://www.petrology.oupjournals.org/ Downloaded from https://academic.oup.com/petrology/advance-article-abstract/doi/10.1093/petrology/egaa033/5740579 by guest on 19 February 2020 the ones of the rims in the intermediate zircon grains (Fig. 12b-d, Table 5). These features support crystallization of anhedral zircon in a carbonate-poor silicate liquid, i.e. postimmiscibility. In addition, except for one analysis that falls within the mantle domain ( 18 O V- SMOW values of +5.8±0.6‰), all  18 O V-SMOW values of these zircon grains are in the submantle domain, with values between +1.3±0.4 and +5.1±0.5‰ (Fig. 14,Table 5). They indicate a crystallization in equilibrium with the carbonatites. Indeed, at 500-800°C, using the isotopic fractionation factor of [START_REF] Zheng | Calculation of oxygen isotope fractionation in anhydrous silicate minerals[END_REF], zircon in equilibrium with carbonatites would have  18 O V-SMOW values lower by 2.5 to 4.5‰ than the  18 O V-SMOW values of the carbonatites that is of +6.7 to +7.3‰ (Fig. 4, Tables 5 and7), namely values between +2.2‰ and +4.8‰, close to the range actually measured.

In-situ LA-ICP-MS U-Pb dating of zircon and apatite constrain the timing of emplacement of the nepheline syenite at 957.5 ± 2.9 Ma (Fig. 15a) and of the carbonatite at 934 ± 25 Ma (15d), respectively.

The Crevier alkaline intrusion in the late-Grenvillian tectonic frame: implications for the formation of rare metal deposits in late-to post-collisional settings

The late stages of the Grenvillian Orogeny (ca. 980-950 Ma) are marked by the thermal relaxation of the continental crust following gravitational spreading and weakening of the convergence that led to orogenic collapse and thinning of the crust associated with low cooling rates of ca. 2-6°C/Ma [START_REF] Turlin | A 70 Ma record of suprasolidus conditions in the large, hot, longduration Grenville Orogen[END_REF]. This is witnessed in the medium to low pressure crustal segment of the Allochthonous Belt (aM-LP, Fig. 1b) by the apatite diffusion modeling that yielded a closure temperature of apatite crystals of 550-450°C at ca. 960 Ma [START_REF] Turlin | A 70 Ma record of suprasolidus conditions in the large, hot, longduration Grenville Orogen[END_REF]. Two mechanisms have been proposed to account for this thermal evolution, a slab retreat [START_REF] Turlin | A 70 Ma record of suprasolidus conditions in the large, hot, longduration Grenville Orogen[END_REF] or a lithospheric foundering (also referred to delamination; Corrigan & Hanmer, 1997;[START_REF] Groulier | Synorogenic magmatism over 100 m.y. in high crustal levels of the central Grenville Province: Characteristics, age and tectonic significance[END_REF] of the subcontinental lithospheric mantle. This late evolution of the Grenvillian Belt is associated with small volumes of late-to post-tectonic mantle-derived within-plate silica-saturated (sometimes fluorine-bearing) or silica-undersaturated alkaline magmas.

In the central Grenville Province, this event is characterized by the intrusion of syenitic bodies of the undersaturated CAI at ca. 960-955 Ma (U-Pb on zircon, this contribution). It is composed of nepheline syenite and carbonatitic rocks consistent with low-degree of partial melting of a volatile-rich mantle source (Le [START_REF] Bas | Nephelinites and carbonatites[END_REF][START_REF] Gittins | The origin and evolution of carbonatite magmas[END_REF][START_REF] Bailey | Carbonate magmas[END_REF][START_REF] Winter | An introduction to igneous and metamorphic petrology[END_REF][START_REF] Mitchell | Carbonatites and carbonatites and carbonatites[END_REF][START_REF] Millong | Carbonatites in western North America: occurrences and metallogeny[END_REF]. Such mantle enrichment is expected after the extensive metasomatism of the Grenvillian subcontinental lithospheric mantle during the Proterozoic as the southeastern Laurentian margin was an active margin over a period of 500 Ma [START_REF] Rivers | Convergent margin on southeastern Laurentia during the Mesoproterozoic: tectonic implications[END_REF][START_REF] Corriveau | Modelling 3D architecture of western Grenville from surface geology, xenoliths, styles of magma emplacement, and Lithoprobe reflectors[END_REF][START_REF] Whitmeyer | Tectonic model for the Proterozoic growth of North America[END_REF][START_REF] Rivers | The Grenville Orogen -A Post-LITHOPROBE Perspective. Tectonic Styles[END_REF][START_REF] Groulier | Synorogenic magmatism over 100 m.y. in high crustal levels of the central Grenville Province: Characteristics, age and tectonic significance[END_REF]. The shape of the CAI indicates a strong structural control following the general orientation of a major crustal lineament known as the Waswanipi-Saguenay corridor [START_REF] Bernier | Contrôles structuraux, caractéristiques pétrographiques et minéralogiques de la kimberlite d'Otish[END_REF]. This major crustal lineament is characterized by the presence of the Paleoproterozoic Nb-REEbearing Montviel carbonatitic complex [START_REF] David | Datations U-Pb effectuées dans la Sous-province de l'Abitibi à la suite des travaux de 2004-2005[END_REF] and by the Neoproterozoic Nbbearing Saint-Honoré carbonatite [START_REF] Tremblay | A petrographic study of Nb-bearing minerals at the Saint-Honoré niobium deposit[END_REF]. The presence of three major Nb(±Ta in the CAI) deposits along this lineament highlights the importance of two crucial factors for the formation of such deposits: (i) a fertile and enriched subcontinental lithospheric mantle source able to produce carbonatitic and undersaturated magma, and (ii) a crustal weakness to facilitate the ascent and emplacement of the Nb(±Ta)-bearing magma within the crust during extensional tectonic setting (late/post-tectonic to anorogenic).

Accordingly, the ca. 980-950 Ma late-to post-Grenvillian period is prospective for the formation of Nb(±Ta)-bearing magmas as it is characterized by discrete and low-degree partial melting of the mantle in an overall extensional tectonic setting.

CONCLUSION

Petrogenetic relationships between different undersaturated alkaline igneous rocks, carbonate-bearing and carbonate-free nepheline syenite and carbonatites observed in the Crevier Alkaline Intrusion (CAI) are proposed to result from the immiscibility between a carbonate and a silicate melt. The spectacular ocelli facies observed in the pegmatitic nepheline syenite dyke swarms is considered to evidence the syn-immiscibility stage, whereas the carbonate-free nepheline syenite and the calcio-and ferro-carbonatites are considered to be post-immiscibility. Accessory minerals (pyrochlore, zircon, and apatite) record geochemical and isotopic features that (i) argue for this immiscibility process, and (ii) allow to constrain the thermal conditions of immiscibility at a minimum temperature of ~815-865°C and its timing (U-Pb on zircon of the nepheline syenite at 957.5 ± 2.9 Ma, and on apatite of the carbonatite at 934 ± 25 Ma). Two generations of pyrochlore have been described: (i) a syn-immiscibility Ta-U-Ca-enriched type, and (ii) a post-immiscibility Nb-Ti-Th-Na-enriched type. We propose that the behavior of Nb and Ta is strongly connected to the immiscibility process and to the F-fugacity of the melt. This ca. 980-950 Ma late-to post-Grenvillian period is prospective for the formation of Nb(±Ta)-bearing magmas as it is characterized by discrete and low-degree partial melting of the mantle in an overall extensional tectonic setting. [START_REF] Middlemost | Naming materials in the magma/igneous rock system[END_REF] showing the medium composition of ijolite (black star) between the carbonate-bearing and carbonatefree nepheline syenite (dark grey symbols) and the silicocarbonatite (white symbols). (b)

Peraluminous index A (Al-(K+Na+2Ca)) versus differentiation index B (Fe+Mg+Ti)
diagram [START_REF] Debon | A cationic classification of common plutonic rocks and their magmatic associations: principles, method, applications[END_REF] placing the location of the mineralogical poles (muscovite, biotite, quartz, alkali feldspar, pyroxene, aegirine, nepheline and calcite). c) to (e) Mn-Na-Ca, Mn-Fe-Ca and Mn-Fe-Ce ternary plots of apatite compositions. Shaded areas represent apatite formed from carbonatitic melts (Piccoli & Candella, 2002). The grey area defines the primary carbonatite field [START_REF] Taylor | Oxygen and carbon isotope studies of carbonatites from the Laacher See District, West Germany and the Alnö District, Sweden[END_REF]. Arrows indicate the main processes responsible for isotopic composition variations [START_REF] Deines | Stable isotope variations in carbonatites[END_REF]Démeny et al., 1998). Abbreviations: High T = high temperature; Low T = low temperature. showing the positive correlation between the  18 O V-SMOW signatures and the Ca + Fe contents of zircon grains. Note that anhedral Ca-Fe-poor zircon have  18 O V-SMOW signatures that range from 1.9 and 3.15‰ whereas (sub)-euhedral Ca-Fe-rich zircon have  18 O V-SMOW signatures that trend towards the carbonates' signatures. A temporal path is proposed for zircon crystallization from mantle zircon value to carbonatite composition before or during the immiscibility process, ending with low values following immiscibility as observed in zircon from a carbonate-free syenite. Compositional field of apatite formed from carbonatitic melts (Piccoli & Candella, 2002) Apatite from the carbonatite 3 and all data are available in Table S1. Data are represented in Fig. 9. 5 Apatite compositions are reported in Fig. 8 and in Table 4. 6 U-Pb dating analyses of apatite grains are reported in Fig. 15(d) and in Table 6. 7 A summary of trace elements analyses of zircon grains is reported in Table 5 and all data are available in Table S2. Data are represented in Fig. 12. 8 A summary of U-Pb dating analyses of zircon grains is reported in Table 5 and all data are available in Table S3. Data are represented in Fig. 15(a-b). 9 A summary of oxygen isotopes analyses of zircon grains is reported in Table 5 and all data are available in Table S5. Data are represented in Fig. 14. 10 Oxygen and carbon isotopes analyses of carbonates are reported in Fig. 13 and in Table 7.
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Table caption Table 1 .

 caption1 Present coordinates and results presented in this study of the various facies of the Crevier alkaline intrusion from the central Grenville Province sampled for this study,

	ordered by outcrop. Abbreviation: Neph. = nepheline; Cb-bearing NS = Carbonate-bearing
	nepheline syenite.

Table 2 .

 2 Whole-rock geochemistry of the plutonic rocks from the various facies identified in the Crevier alkaline intrusion from the central Grenville Province, ordered by rock type.
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 1 Present coordinates and results presented in this study of the various facies of the Crevier alkaline intrusion from the central Grenville Province sampled for this study, ordered by outcrop. Abbreviation: Cb = carbonate; Neph. = nepheline. Downloaded from https://academic.oup.com/petrology/advance-article-abstract/doi/10.1093/petrology/egaa033/5740579 by guest on 19 February 2020 Coordinates are reported as Universal Transverse Mercator (UTM) zone U18 and the National Topographic System (NTS) map sheet is 32H07. 3 Whole rock geochemistry data are reported in Figs. 5 to 7 and in Table 2. 4 A summary of pyrochlore compositions is reported in Table
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Table 2 .

 2 Whole-rock geochemistry of the plutonic rocks from the various facies identified in the Crevier alkaline intrusion from the central Grenville Province, ordered by rock type. Abbreviations: C = (Fe,Ca)-carbonatite; Cb-bearing NS = carbonate-bearing nepheline syenite; LOI = loss on ignition; Mg# = (Mg)/(Mg+Fe); NS = nepheline syenite; SC = Silicocarbonatite.

	Facies	C	C	C	C	SC	SC	SC	SC	SC	SC	SC	SC	SC	SC
	Sample 1	009-A2 009-A5 008-A1 019-A 007-E1 019-E2 007-E4 007-E8 008-E2 008-B4 009-D1 009-E6 013-D1 009-D2
	SiO 2 (wt.%)	3.20	0.34	2.34	0.16	35.31	35.69	39.95	36.76	41.98	32.52	40.19	39.30	39.57	37.49
	Al 2 O 3	1.22	0.11	0.72	0.05	11.57	11.36	14.06	10.18	12.65	10.69	12.67	12.23	13.14	11.53
	Fe 2 O 3(T)	1.53	1.70	35.13	1.18	14.80	15.57	9.79	16.43	13.78	14.31	12.52	11.98	16.39	13.86
	FeO	1.24	1.39	31.79	0.93	9.75	10.35	7.34	12.46	10.77	8.42	8.80	8.10	11.39	10.06
	Fe 2 O 3	0.16	0.17	0.16	0.15	4.07	4.18	1.72	2.72	1.94	5.05	2.84	3.07	3.86	2.79
	MgO	0.64	0.55	0.65	0.41	4.27	5.34	2.51	9.36	3.95	6.71	7.00	4.05	4.51	7.59
	MnO	0.37	0.29	0.27	0.32	0.22	0.22	0.18	0.20	0.23	0.24	0.17	0.19	0.14	0.17
	CaO	49.73	51.78	28.29	52.44	12.44	9.34	12.28	8.18	8.27	12.05	7.89	11.05	7.59	8.42
	Na 2 O	0.58	0.09	0.12	0.07	3.22	2.72	4.83	2.19	3.46	2.10	3.49	4.01	3.38	2.63
	K 2 O	0.24	0.03	0.43	0.01	4.55	5.25	4.56	6.72	5.58	5.59	5.60	4.08	5.37	5.96
	TiO 2	0.01	0.02	0.01	0.00	3.92	4.03	1.57	2.57	1.79	4.90	2.69	2.92	3.71	2.64
	P 2 O 5	0.06	0.05	5.84	0.31	2.42	1.03	1.93	1.23	0.64	1.63	1.18	1.33	5.64	1.27
	Cr 2 O 3	< 0.01	< 0.01	< 0.01 < 0.01	< 0.01	0.02	< 0.01	0.05	0.02	0.02	0.04	< 0.01	< 0.01	0.03
	LOI	40.23	42.00	40.62	42.07	7.68	6.95	8.38	6.07	6.56	8.69	6.05	8.16	0.58	6.20
	Total	97.82	96.96	69.18	97.01	100.40	97.50	100.00	99.89	98.88	99.43	99.45	99.30	100.00	97.77
	Sr (ppm)	8714	8722	4152	9343	1929	1600	2736	1343	1328	1511	1251	1845	868	1316
	Ba	361	403	298	360	686	716	1118	506	566	437	780	465	328	545
	Nb	17	7.2	2.3	12	391	334	138	216	210	565	301	481	921	282
	Ta	3.9	0.4	0.0	0.4	48	32	9.5	15	15	54	21	22	140	28
	W	0.8	< 0.5	3.6	< 0.5	< 0.5	< 0.5	< 0.5	< 0.5	< 0.5	< 0.5	0.7	< 0.5	< 0.5	< 0.5
	Tl	< 0.05	< 0.05	0.1 < 0.05	0.3	0.3	0.2	0.5	0.5	0.7	0.4	0.4	0.8	0.6
	Bi	< 0.1	< 0.1	0.1	< 0.1	< 0.1	< 0.1	< 0.1	< 0.1	< 0.1	< 0.1	< 0.1	< 0.1	< 0.1	< 0.1
	Th	3.8	0.5	6.3	0.6	3.7	0.6	3.1	2.3	1.4	0.9	5.9	1.1	16	3.9
	U	0.8	0.3	1.3	0.1	1.0	0.7	1.7	0.4	0.4	1.0	0.6	0.1	12	1.2
	V	7.0	5.0	6.0	7.0	268	289	131	281	119	318	234	178	215	221
	Rb	4.0	< 1	7.0	< 1	119	143	81	139	289	270	153	142	360	201
	Y	123	114	79	135	41	25	34	22	23	27	26	27	33	25
	Zr	121	4.0	4.0	2.0	627	408	549	412	199	292	637	52	621	393
	La	245	248	261	288	95	63	79	53	55	69	67	65	100	64
	Ce	509	510	542	598	226	138	179	118	121	151	140	141	237	140
	Pr	61	62	65	75	28	16	22	14	14	18	17	17	30	17
	Nd	228	234	250	280	115	63	87	56	54	70	66	64	117	64
	Sm	43	43	44	54	22	12	16	11	10	13	11	12	21	12
	Eu	13	13	12	16	6.3	3.5	4.8	3.1	2.7	3.6	3.4	3.5	5.8	3.4
	Gd	35	34	29	41	17	9.0	12	8.1	7.4	9.6	8.8	9.1	15	9.1
	Tb	4.7	4.6	3.6	5.4	2.0	1.2	1.6	1.0	1.0	1.2	1.1	1.1	1.8	1.1
	Dy	24	23	18	28	10	5.5	7.7	4.8	4.9	5.9	5.7	5.8	8.4	5.5
	Ho	4.4	4.2	3.2	4.9	1.6	1.0	1.3	0.8	0.9	1.0	1.0	1.0	1.3	0.9
	Er	12	10	7.5	12	3.8	2.4	3.0	2.1	2.3	2.5	2.5	2.5	3.1	2.3
	Tm	1.4	1.4	0.9	1.6	0.4	0.3	0.4	0.3	0.3	0.3	0.3	0.3	0.3	0.3
	Yb	8.7	8.4	5.5	9.0	2.6	1.7	2.1	1.4	1.9	1.9	1.9	1.8	1.8	1.7
	Lu	1.3	1.3	0.8	1.4	0.4	0.3	0.3	0.2	0.3	0.3	0.3	0.3	0.2	0.3
	ΣREE	1189	1197	1243	1414	530	317	416	274	275	347	326	1189	1197	1243
	[La/Yb] N	19	20	32	22	25	25	25	25	20	25	24	19	20	32
	[Gd/Yb] N	3.2	3.3	4.3	3.7	5.3	4.3	4.7	4.6	3.2	4.0	3.7	4.1	6.6	4.4
	Cl	0.0	0.1	0.0	0.0	< 0.01	0.0	0.0	0.0	0.0	< 0.01	0.0	0.0	0.0	< 0.01
	F	< 0.01	< 0.01	0.4	0.0	0.2	0.2	0.1	0.3	0.2	0.3	0.2	0.2	0.4	0.3
	Cu	< 1	12	57	4.0	10	2.0	9.0	< 1	< 1	< 1	< 1	4.0	< 1	5.0
	Ni	< 1	3.0	27	< 1	18	41	6.0	255	42	37	118	12	10	157
	Mo	3.0	1.0	104	< 1	< 1	< 1	< 1	< 1	< 1	< 1	< 1	< 1	< 1	< 1
	Zn	5.0	5.0	12	5.0	151	217	138	212	270	246	160	180	44	184
	S	1600	2400	43100	1800	400	400	500	300	300	500	300	400	300	1400
	Au	< 2	< 2	5.0	< 2	6.0	< 2	11	< 2	8.0	< 2	< 2	4.0	< 2	< 2
	Ag	0.6	< 0.5	< 0.5	< 0.5	3.3	2.1	2.9	2.1	1.0	1.4	2.9	< 0.5	3.0	2.0
	As	< 0.5	< 0.5	1.5	< 0.5	< 0.5	1.3	< 0.5	< 0.5	< 0.5	< 0.5	< 0.5	1.1	< 0.5	< 0.5
	Br	2.8	< 0.5	< 0.5	< 0.5	< 0.5	< 0.5	3.4	< 0.5	3.0	4.4	< 0.5	< 0.5	< 0.5	< 0.5
	Cr	11	5.0	< 5	< 5	14	125	< 5	268	106	111	204	10	9.0	198
	Sc	5.8	4.0	5.8	1.7	5.6	6.4	2.1	23	6.0	4.9	9.5	3.4	3.4	6.0
	Sb														

Table 4 :

 4 Apatite compositions from carbonatite facies (sample 12-PA-007-A6) of the Crevier alkaline intrusion from the central Grenville Province obtained using EPMA. They are reported with confidence interval of 95% in brackets (n = number of analyses).

	Mineral	Apatite
	n	195
	Ca-site	
	CaO (wt.%)	54.90
		(0.13)
	Na 2 O	0.36
		(0.02)
	MgO	0.04
		(0.06)
	FeO	0.10
		(0.04)
	SrO	0.92
		(0.02)
	MnO	0.03
		(0.00)
	La 2 O 3	0.15
		(0.01)
	Ce 2 O 3	0.34
		(0.02)
	Nd 2 O 3	0.19
		(0.01)
	P-site	
	P 2 O 5	43.03
		(0.15)
	SiO 2	0.02
		(0.02)
	SO 3	0.01
		(0.00)
	F-site	
	F	3.16
		(0.04)
	Cl	0.01
		(0.00)
	Total	103.41
		(0.15)

Atoms per formula unit calculated on the basis of 12.5 O Ca-site
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	P-site	
	P	3.005
		(0.006)
	Si	0.002
		(0.002)
	S	0.001
		(0.000)
	F-site	
	F	0.825
		(0.010)
	Cl	0.001
		(0.000)
	Ca-site	4.993
	P-site	3.008
	F-site	0.827
	Ca	4.855
		(0.014)
	Na	0.057
		(0.003)
	Mg	0.005
		(0.007)
	Fe	0.007
		(0.003)
	Sr	0.044
		(0.001)
	Mn	0.002
		(0.000)
	La	0.007
		(0.001)
	Ce	0.010
		(0.001)
	Nd	0.006
		(0.000)
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Table 5 :

 5 Summary of the results obtained on zircon grains from the carbonate-bearing nepheline syenite (sample 12-PA-011-B11) of the Crevier alkaline intrusion from the central Grenville Province. The zircon grains are grouped according to the classification of Figs. 10 and 11. Abbreviation: Temp. = temperature. Downloaded from https://academic.oup.com/petrology/advance-article-abstract/doi/10.1093/petrology/egaa033/5740579 by guest on 19 February 2020 Downloaded from https://academic.oup.com/petrology/advance-article-abstract/doi/10.1093/petrology/egaa033/5740579 by guest on 19 February 2020

	Zone a	LREE-Ca-Fe content	Ca (ppm)	Fe (ppm)	ΣLREE (ppm)	ΣHREE (ppm)	Sr (ppm)	Ti (ppm)	Temp. (°C) b	Th (ppm)	U (ppm)	Th/U	Ce/ Ce* c	Eu/ Eu* c	Sm N c /Yb N c	δ 18 O (‰)	±2σ	207 Pb/ 206 Pb age (Ma)	±2σ	Pb-Pb conc. (%)
	(Sub-)euhedral grains																		
	Grain 1																			
	Core															7.74	0.55			
	Grain 2																			
	Core	High	394	1381	94	980	94	20	815	1950	297	6.57	3.09	0.92	0.09			968	22	99
	Grain 3																			
	Core	High	1771	3846	121	1316	210	239	1167	2180	619	3.52	3.36	0.92	0.09			951	19	96
	Core	High	1604	5262	112	1202	128	346	1241	2088	727	2.87	3.53	0.96	0.10			912	23	86
	Core	High	3377	8758	112	1221	312	623	1373	2112	1006	2.10	2.71	1.00	0.11			713	15	58
	Core																			
	Grain 4																			
	Core																	917	11	67
	Core	High	3376	2890	111	1147	410	200	1134	2137	526	4.06	4.16	0.92	0.09			807	14	84
	Core	High	4260	2091	144	1345	648	130	1061	2348	369	6.36	4.27	0.93	0.10					
	Rim	High	6890	8623	147	1342	879	554	1344	2871	817	3.52	3.31	0.96	0.11					
	Grain 5																			
	Core	High	1580	1702	78	670	133	196	1131	921	853	1.08	2.40	0.95	0.12			850	26	101
	Rim	High	187	126	2.5	44	5.1	9.4	740	16	31	0.52	2.14	0.88	0.01					
	Rim	High	3815	3487	166	1290	360	503	1322	2621	971	2.70	2.26	0.94	0.12					
	Rim	High	1862	973	55	414	357	251	1177	421	765	0.55	1.38	0.94	0.06					
	Grain 6																			
	Core															4.81	0.56			
	Grain 9																			
	Core															2.90	0.46	965	37	100
	Rim	High	278	139	14	216	18	24	835	246	243	1.01	1.32	1.04	0.02					
	Rim	High	1204	1758	102	1062	40	221	1153	2415	634	3.81	3.33	0.97	0.10	3.05	0.47			
	Grain 10																			
	Core	High	2690	3940	187	1268	151	78	983	4274	1240	3.45	2.57	0.92	0.15			914	12	68
	Rim	High	5681	6798	178	1147	388	105	1027	2973	1102	2.70	2.10	0.91	0.14					
	Grain 11																			
	Core	High	580	990	20	198	69	32	866	469	178	2.63	2.42	0.93	0.06	5.70	0.57			
	Core																			
	Core	High	1603	9440	159	1139	205	178	1114	2519	843	2.99	2.48	0.88	0.11	5.66	0.55			
	Core	High	312	1288	12	105	42	25	838	113	75	1.52	2.23	0.93	0.06					
	Grain 12																			
	Core	High	4244	2808	230	928	296	651	1384	1872	1031	1.82	1.28	0.94	0.13					
	Rim	High	223	74	23	227	19	31	866	263	87	3.03	2.14	0.89	0.05	3.14	0.43			
	Grain 21																			
	Core																			
	Core																			
	Rim	High	2572	1485	182	1306	213	251	1177	2942	595	4.94	1.80	0.99	0.12					
	Grain 22																			
	Core																	590	16	70
	Grain 23																			
	Core	High	2404	2471	204	1304	209	268	1189	3220	850	3.79	2.19	0.97	0.13	5.03	0.54			
	Core																			
	Grain 24																			
	Core															7.62	0.57			
	Rim	High	8101	2742	176	1417	1062	914	1473	2361	1084	2.18	2.48	0.97	0.10	6.54	0.56			
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Table 6 .

 6 U-Pb dating of apatite from carbonatite facies (sample 12-PA-007-A6) of the Crevier alkaline intrusion from the central Grenville Province.

	Analysis no.	Concentrations		Isotopic ratios	
		Pb (ppm) U (ppm)	238 U/ 206 Pb	2	207 Pb/ 206 Pb 2
	Ap-1	3.8	4.2	3.46 0.14	0.50 0.01
	Ap-2	3.7	4.4	3.70 0.16	0.46 0.01
	Ap-3	18	1.1	0.36 0.02	0.92 0.02
	Ap-4	7.8	0.9	0.53 0.03	0.87 0.03
	Ap-5	3.3	4.6	4.21 0.18	0.45 0.01
	Ap-6	8.9	1.1	0.59 0.04	0.88 0.04
	Ap-7	3.5	4.1	3.65 0.16	0.47 0.01
	Ap-8	3.4	3.5	3.38 0.15	0.49 0.01
	Ap-9	3.7	3.6	3.32 0.14	0.52 0.01
	Ap-10	3.5	3.5	3.21 0.14	0.50 0.01
	Ap-11	3.5	3.6	3.37 0.16	0.48 0.01
	Ap-12	4.0	4.1	3.25 0.15	0.51 0.01
	Ap-13	3.5	4.1	3.57 0.15	0.45 0.01
	Ap-14	4.3	4.4	3.32 0.15	0.48 0.02
	Ap-15	4.7	4.3	3.12 0.16	0.51 0.02
	Ap-16	4.2	4.1	3.36 0.11	0.50 0.01
	Ap-17	4.1	4.5	3.22 0.21	0.51 0.01
	Ap-18	4.2	4.7	3.45 0.11	0.50 0.01
	Ap-19	3.1	2.9	3.02 0.15	0.49 0.03
	Ap-20	2.9	2.7	3.05 0.17	0.49 0.02
	Ap-21	13	0.6	0.34 0.01	0.90 0.01
	Ap-22	11	0.8	0.45 0.02	0.87 0.02
	Ap-23	3.3	3.8	3.35 0.13	0.45 0.01
	Ap-24	3.6	4.1	3.33 0.17	0.50 0.01
	Ap-25	8.5	0.7	0.49 0.02	0.89 0.02
	Ap-26	3.6	5.0	3.92 0.18	0.46 0.02

Table 7 :

 7  18 O V-SMOW and  13 C V-PDB composition of calcite from carbonatite facies (samples 12-PA-019-A, 12-PA-007-A6 and 12-PA-009-A5) of the Crevier alkaline intrusion from the central Grenville Province. Downloaded from https://academic.oup.com/petrology/advance-article-abstract/doi/10.1093/petrology/egaa033/5740579 by guest on 19 February 2020

	Sample	Facies	 18 O (‰ V-SMOW)		 13 C (‰ PDB)	
	12-PA-019-A	Carbonatite	+7.05	0.20	-6.42	0.10
	12-PA-007-A6	Carbonatite	+6.73	0.20	-6.78	0.10
	12-PA-009-A5	Carbonatite	+7.35	0.20	-6.14	0.10
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Table 3. Representative magmatic pyrochlore compositions and structural formula from different syenite facies of the Crevier alkaline intrusion from the central Grenville Province obtained using EPMA. Abbreviations: apfu = atoms per formula unit; Neph. Sye. = nepheline syenite. General formula: A 2-m B 2 X 6-w Y 1-n [START_REF] Atencio | The pyrochlore supergroup of minerals: nomenclature[END_REF] with m, w and n corresponding to the vacanciesoccupancy of the different sites.