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Abstract 30 

Phosphate is an indispensable component in the fertilizer industry. It has recently become 31 

a critical part of the green energy transition because of the demand for lithium ferro phosphate in 32 

rechargeable batteries. A significant amount of phosphate ore (~90%) is globally produced from 33 

sedimentary rocks. High-quality phosphate ore containing low amounts of toxic elements, 34 

however, is only produced from igneous carbonatite.  35 

The Lac à l'Orignal deposit (~1069-993 Ma), Canada, in the central Grenville Province, 36 

contains a large amount of fluorapatite (≤ 20%) hosted in oxide-bearing norite-gabbronorite-37 

anorthosite layered intrusions. The deposit is hosted in the Vanel Anorthosite (1080 ± 2 Ma) near 38 

the northern border of the Mattawa Anorthosite (1016 ± 2 Ma). The major host rock oxide-39 

apatite-gabbronorite (OAGN) is primarily composed of plagioclase, orthopyroxene, 40 

clinopyroxene, fluorapatite, ilmenite, and magnetite. The Al contents of the OAGN 41 

orthopyroxene indicate that the magmatic deposit was emplaced at mid-low crustal levels (~2.0-42 

3.6 kbar) and reverse zoning in the OAGN plagioclase suggests < 2.5 kbar of pressure change 43 

during their crystallization. An overall increase of REE+Y concentrations in the OAGN 44 

fluorapatite with decreasing their fluorapatite contents indicates that the magma went through 45 

fractional crystallization. This study suggests that high abundances (ca. > 8 %) of fluorapatite in 46 

some OAGN were produced from crystal avalanching after initial crystal settling. Antithetic 47 

correlation between the Cl content of fluorapatite and the Mg# [Mg/(Mg + Fe2+)] of coexisting 48 

orthopyroxene suggests that phosphate ores with low Cl contents are expected for OAGN that 49 

formed at the initial stages of magma crystallization. Therefore, the Mg# of the OAGN 50 

orthopyroxene provides an exploration tool for targeting phosphate ore with low Cl content, 51 

which is preferred in the production of phosphoric acid, a major intermediate feedstock for the 52 
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fertilizer and green energy industries. Apatite contents in carbonatite and average P2O5 content in 53 

carbonatite melt are generally similar to those of the Lac à l’Orignal OAGN. The average 54 

concentrations of REE, and toxic metals, such as Pb, Th, and U, in the OAGN fluorapatite are, 55 

however, lower than those in apatite from carbonatite worldwide. Therefore, the apatite of the 56 

OAGN appears to be of high quality and more environmentally-friendly as a source of phosphate 57 

ore. 58 

Keywords: Grenville, green energy, anorthosite, apatite, chlorine 59 

  60 

1. Introduction 61 

Electric vehicles (EVs) are pivotal for the worldwide approach to decarbonize the 62 

transport and energy sectors (Trost and Dunn, 2023; Xu et al., 2020). As a result, rechargeable 63 

batteries for EVs are in significant demand at present, which will only increase in the future 64 

(Spears et al., 2022; Xu et al., 2020; Abergel et al., 2020). Olivine structured-lithium iron (ferro) 65 

phosphate (LiFePO4; LFP) material has gained significant attention as a prospective cathode 66 

material for rechargeable batteries because of its superior safety and environmental benignity 67 

(Ye et al., 2018; Li and Ma, 2019; Ahsan et al., 2021). Recently, the demand for LFP material in 68 

the battery and automobile industry has increased due to the supply crunch and price volatility of 69 

nickel and cobalt, the raw materials for other types of rechargeable batteries (Walvekar et al., 70 

2022; Wang et al., 2023). Therefore, phosphate is becoming critical in the energy sector as the 71 

world transitions to green energy. The demand for phosphate from the growing battery industry 72 

is concerning because most of the global phosphate production is used for the manufacture of 73 

fertilizer (85%) and animal feed (10%; Spears et al., 2022). The additional requirements for 74 

phosphate ore in the green energy sector can produce bottleneck problems, i.e., more demand 75 
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than production capacity. Consequently, many countries (European Union, Ontario in Canada, 76 

and Korea) list phosphate rock and phosphorus as critical raw materials with a high supply risk 77 

(European Commission, 2020; Government of Ontario, 2022). In short, the increasing demand 78 

for phosphate mandates a sustainable supply of environmentally friendly phosphate ore. 79 

Phosphate ores are produced from both sedimentary and igneous rocks. At present, 80 

sedimentary phosphate ore accounts for ~95% of the global reserve and 90% of global 81 

production (Pufahl and Groat, 2017). Only a small portion of phosphate (~10%) is produced 82 

from igneous rocks, most of which is hosted in carbonatites and associated silica-undersaturated 83 

alkali intrusions mined in Russia, Brazil, and South Africa (Pufahl and Groat, 2017; El Bamiki et 84 

al., 2021; Jasinski, 2022). An advantage of the igneous phosphate ores, however, is that they 85 

provide high-quality phosphate concentrates with low concentrations of toxic elements, such as 86 

Cd, As, Pb, Si, and Al (Pufahl and Groat, 2017; Ouabid et al., 2021 and references therein), 87 

which is beneficial from an environmental perspective. Massif-type anorthosites and associated 88 

rocks formed from silicate magma can contain phosphate in economic concentrations (see review 89 

in Charlier et al., 2015) but the production of phosphate ore from this rock type is atypical (El 90 

Bamiki et al., 2021; Pufahl and Groat, 2017). 91 

The Grenville Province of eastern Canada contains numerous massif-type anorthosites 92 

and iron-oxide and apatite mineralization (Hébert et al., 2005; Ashwal and Bybee, 2017; 93 

Corriveau et al., 2007). The area also contains the rarest rock type ‘Nelsonite’ (Watson, 1907; 94 

Philpotts, 1967) consisting of only apatite and Fe-Ti oxides (Tollari et al., 2008; Charlier et al., 95 

2008; Namur et al., 2010). The province could be a potential, long-lived source of phosphate ore. 96 

Here, we report detailed mineralogical, petrological, and geochemical results for the Lac à 97 

l’Orignal deposit, which is one of the phosphate deposits from the central part of the Grenville 98 
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Province. The purpose of our study is to describe and explain: (i) the chemical characteristics of 99 

phosphate ore and the associated minerals in this deposit, and (ii) the formation of high amounts 100 

of phosphate ore in association with such silicate magmas. We also investigate possible 101 

geochemical tools that will assist with the exploration of high quality phosphate ore within this 102 

deposit. We also compare the chemical characteristics of the phosphate ore minerals in this 103 

deposit with those of carbonatites, a common host rock for igneous phosphate ore, worldwide. 104 

 105 

2. Geological setting 106 

2.1. Regional geology 107 

The Lac à l’Orignal deposit is located in the central part of the Grenville Structural 108 

Province (Fig. 1A and B; Miloski et al., 2023a; Higgins and van Breemen, 1992). The Grenville 109 

Structural Province is a ~1600 km long and ~350 km wide, Mesoproterozoic, orogenic belt along 110 

the southeastern margin of the Canadian Shield (Fig. 1B). A prominent feature of the province is 111 

that it contains numerous anorthosite massifs and anorthosite-mangerite- charnockite -granite 112 

(AMCG) (Higgins et al., 2002). 113 

The Grenville Structural Province developed on the southeastern part of the Laurentia 114 

Paleocontinent (Carr et al., 2000; Corriveau et al. 2007; Rivers, 2012). The southeastern part of 115 

the Laurentia Paleocontinent consisted of a series of margin-parallel accretionary complexes of 116 

late Paleoproterozoic to late Mesoproterozoic age prior to the orogeny (~1.8-1.3 Ga; Spencer et 117 

al., 2015). The orogenic belt resulted from the continent-continent collision between the 118 

southeastern margin of the Laurentia craton and the western margins of the Amazonian and 119 

Kalahari cratons (Jacobs et al., 2008; Ibanez-Mejia et al., 2011) for a period of ~340 million 120 
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years. The collision occurred in three distinct phases (Shawinigan,1190-1140 Ma; Ottawan, 121 

1080-1020 Ma; and Rigolet, 1000-850 Ma); these phases were separated by periods of crustal 122 

extension and intra-plate volcanism (Miloski et al., 2023a). The Himalayan-type continental 123 

collision during the Grenville Orogeny produced intense crustal thickening associated with high-124 

grade metamorphism (amphibolite-granulite facies; Darling et al., 2004; Hynes and Rivers, 2010; 125 

Ludden and Hynes, 2000).  126 

Geochronological data indicate that magmatic intrusions within the central Grenville 127 

Structural Province occurred in three major pulses for a period of ~150 million years (~ 1160 to 128 

1008 Ma) during the orogeny. The three pulses of magmatic activity include: 1) emplacement of 129 

the labradorite, and andesine-bearing Lac St. Jean Anorthositic Suite from 1160-1135 Ma 130 

(Hébert et al., 2005; Higgins et al. 2002; Higgins and van Breemen 1992, 1996), which is the 131 

largest anorthosite suite in the world (Ashwal, 1993; 2010);  2) emplacement of the Pipmuacan 132 

Anorthosite Suite, consisting of andesine-bearing Vanel Anorthosite, the Saint-Urbain 133 

Anorthosite, and the Poulin de Courval Mangerite from 1082-1045 Ma (Higgins and van 134 

Breemen 1996; Morisset et al., 2009); and 3) emplacement of andesine-bearing Valin 135 

Anorthosite Suite consisting of the Mattawa Anorthosite (Hébert et al., 2005; Owens and 136 

Dymek, 2005), and the Labrieville Alkalic Anorthosite Massif (Owens and Dymek 1992; 1995), 137 

and the La Hache Mangerite  (Hébert et al. 2005) from 1020-1008 Ma. 138 

Multiple areas of phosphate or apatite mineralization are present in the anorthosite (or 139 

AMCG) massifs in the central part of the Grenville Structural Province and these zones 140 

developed during the three pulses of magmatic activities. In general, apatite mineralization 141 

occurs in the form of lenses, dykes, and small layered intrusions and is associated with Fe-Ti 142 

oxide minerals (Miloski et al., 2023b). The Fe-Ti oxide minerals include ilmenite/ hemo-ilmenite 143 
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(ilmenite with extensive hematite exsolution) and magnetite. The apatite and Fe-Ti oxide 144 

minerals are also associated with other silicate phases, such as plagioclase, orthopyroxene, 145 

clinopyroxene, and olivine (Miloski et al., 2023b; Charlier et al., 2008), which comprise oxide-146 

apatite-norite, leuconorite, gabbronorite, troctolite, and nelsonite as major host rocks for the 147 

phosphate ore. In some localities, however, Fe-Ti oxide-rich zones do not contain apatite. In 148 

other localities (e.g., La Hache Mangerite), more silicic rock, such as mangerite (orthopyroxene 149 

+ alkali feldspar+ plagioclase feldspar), also contains apatite associated with magnetite and 150 

ilmenite (Hébert et al., 2005; Miloski et al., 2023b). 151 

2.2. Local geology of the Lac à l’Orignal deposit 152 

The Lac à l’Orignal deposit is one of the phosphate deposits (associated with Fe-Ti 153 

oxide) within the central Grenville Structural Province (Fig. 1C) and is located ~ 300 km north-154 

northeast of Quebec City, Quebec, Canada (Fig. 1B). The deposit occurs as lenses near the 155 

border of two anorthosite intrusions, the Vanel (1080 ± 2 Ma) and the Mattawa (1016 ± 2 Ma; 156 

Hébert et al. 2009) (Fig. 1C). Delineation of the borders of the two anorthosites is difficult in the 157 

field because of their similar types of mineral assemblages, which is a common problem for 158 

other anorthosite massifs in this area (Higgins et al., 2002). Therefore, the demarcation of the 159 

two anorthosites in the geological map is based on magnetic response; the Mattawa Anorthosite 160 

has a characteristically lower magnetic response than that of the Vanel Anorthosite (Miloski et 161 

al., 2023a). 162 

 Both the Vanel Anorthosite and the Mattawa Anorthosite were emplaced between two 163 

northeast-southwest trending shear zones, the Saint Fulgence Deformation Zone (SFDZ) in the 164 

east and the Pipmuacan Deformation Zone (PDZ) in the west (Fig. 1C). The PDZ is ~200 km 165 

long and marked by mylonites and multiple faults. Several intrusions with diverse compositions, 166 
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such as granite, syenite, gabbro, and charnockite were emplaced into the shear zone (Higgins et 167 

al., 2002). The SFDZ is an up-to 50 km wide and ~400 km long anastomosing network of shear 168 

zones (Rivers 2012; Hébert and van Breemen, 2004). 169 

 The deposit is composed of interlayered oxide-apatite-(norite-)gabbronorite and 170 

anorthosite (Fig. 1D). In general, the layers are ~ 10-20 cm thick (Miloski et al., 2023a). The 171 

oxide-apatite-(norite-)gabbronorite contains various proportions of Fe-oxides, apatite, and (ortho 172 

and clino) pyroxene, and plagioclase. The anorthosite layers also contain apatite. Multiple, ~30 173 

cm thick, fine-grained oxide-apatite-norite dykes crosscut the interlayered oxide-apatite-(norite-174 

)gabbronorite and anorthosite (Miloski et al., 2023a). A drilling program conducted by Glen 175 

Eagle Resources in this deposit indicates that the phosphate- (+ Fe-Ti-) rich zone of the Lac à 176 

l’Orignal has an E-W lenticular structure that is ~10-100 m thick and ~1.5 km long (Laverdière, 177 

2013, 2016). The mineral resources estimate (MRE) of the deposit is 15.8 Mt at 5.18 wt.% of 178 

P2O5, 4.23 wt.% of TiO2, and 23.9 wt.% of Fe2O3 (Yassa, 2022; Miloski et al., 2023a). 179 

Recent in-situ U-Pb dates of magmatic zircon from the Lac à l’Orignal deposit range 180 

from 1069±12 Ma for the mineralized border to 993±13 Ma for the core of the mineralized zone 181 

(Miloski et al., 2023a). These ages suggested that the Lac à l’Orignal magmatic deposit was 182 

intruded over a period of ~75 million years during the second (1082-1045 Ma) and after the third 183 

(1020-1008 Ma) pulses of magmatic activity of the central Grenville Structural Province.  184 

 185 

3. Material and methods 186 

A total of 25 core samples were selected from drill hole LO-14-22 (four samples), LO-187 

14-23 (nine samples), LO-14-24 (five samples), and LO-14-02 (seven samples) from ore zones 188 
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of the Lac à l'Orignal deposit (Table A1). All analyses were performed at Queen's Facility for 189 

Isotope Research (QFIR) at Queen's University, Canada. 190 

A total of 35 polished thin sections were prepared from 25 core samples. Polished thin 191 

sections were studied under transmitted and reflected light using a Nikon Eclipse LV 100N 192 

microscope for identifying minerals and their textural relationships.  193 

3.1. XRD analysis 194 

The thin section billets, from which polished thin sections were prepared, were powdered 195 

in a ring mill. Powdered samples were mounted in random orientations into a back-packed 196 

mount. The samples were repeatedly scanned from angles of 5° to 120° using a Co X-ray source 197 

(λ=1.79Å) on a Malvern Panalytical Empyrean Diffractometer. The samples were analyzed with 198 

duplicates and internal standards. Basic mineral identification was conducted in Highscore Pro 199 

4.9 software using the International Center for Diffraction Data PDF-4+ 2022 database. Mineral 200 

abundances were also calculated using Rietveld refinement.  201 

3.2. SEM analysis 202 

A total of 35 polished thin sections were analyzed using the FEI Quanta 650 FEG 203 

environmental scanning electron microscope (ESEM) and utilizing mineral liberation analysis 204 

(MLA) to quantify mineral abundances in the samples. Samples were measured under a low 205 

vacuum at a chamber pressure of 0.45 torr. Energy-dispersive X-ray spectroscopy (EDS) was 206 

performed with two Bruker Nano Dual X-Flash detectors using an accelerating voltage of 25 kV 207 

and a working distance of 12 mm. Each sample was analyzed with a closely spaced grid of X-ray 208 

measurements overlaying a backscattered electron (BSE) image. 209 

 210 

 211 
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3.3. EPMA analysis 212 

Mineral compositions (SiO2, Al2O3, TiO2, Cr2O3, FeO, Fe2O3, MnO, MgO, CaO, ZnO, 213 

Na2O, K2O, P2O5, F, and Cl) were determined for 10 polished thin sections for plagioclase (n=10 214 

samples), orthopyroxene (n=9), clinopyroxene (n=5), biotite (n=10), amphibole (n=6), apatite 215 

(n=6), ilmenite (n=10), magnetite (n=10), and Al-spinel (n=8) using a JEOL JXA-8230 electron 216 

probe microanalyzer (EPMA). The analyses were performed using an accelerating voltage of 15 217 

kV, a beam current of 20 nA (except apatite), a beam diameter of 3-10 μm, and a counting time 218 

of 10 s. Natural standards from the Smithsonian Institute were used for the analysis of all phases. 219 

Tiebaghi chromite (NMNH 117075) for magnetite and a carbonate-apatite from Yates Mine 220 

(Ontario) for apatite were used as secondary or internal standards. For ilmenite analysis, only one 221 

standard (USNM 96189) was used as a primary standard. The reported data represent an average 222 

of three or more analyses of each mineral from different parts of each thin section. 223 

In the case of apatite, crystals with prismatic sections parallel to the c-crystallographic 224 

axis were identified under a petrographic microscope, and mineral compositions were analyzed 225 

from those crystals. F and Cl can migrate during beam exposure of EPMA (Stormer et al., 1993). 226 

In earlier studies, apatite crystals were measured using a 15 kV acceleration voltage, a 10 nA 227 

beam current, and a defocused beam of 15 μm diameter to limit F and Cl migration (Marks et al., 228 

2012). More recently, a defocused beam of 10 μm diameter has been used to limit F and Cl 229 

migration in apatite (Kieffer et al., 2023). In our study, we used a 15 kV acceleration voltage and 230 

a 15 nA beam current conditions to optimize detection limits, and a defocused beam of 10 μm 231 

diameter to limit F and Cl migration in apatite. In our study, precision and accuracy for F were 232 

6.2% and 3%, respectively, and for Cl were 3.7% and 2.9%, respectively (Table A2). 233 

 234 
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3.4.  LA-ICP-MS analysis 235 

A total of 7 polished thin sections were analyzed using laser ablation-inductively coupled 236 

plasma-mass spectrometry (LA-ICP-MS) for measuring (in situ) trace element compositions of 237 

plagioclase (n=6 samples), orthopyroxene (n=5), biotite (n=4), apatite (n=6), and ilmenite (n=5). 238 

Trace element compositions of clinopyroxene, amphibole, magnetite, and Al-spinel were not 239 

analyzed in this study. Isotopes (24Mg, 45Sc, 47Ti, 51V, 52Cr, 55Mn, 60Ni, 63Cu, 65Cu, 66Zn, 67Zn, 71Ga, 240 

75As, 77Se, 82Se, 85Rb, 88Sr, 89Y, 90Zr, 93Nb, 95Mo, 111Cd, 125Te, 137Ba, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 153Eu, 241 

155Gd, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm, 172Yb, 175Lu 178Hf, 206Pb, 207Pb, 208Pb, 232Th, 235U, and 238U) 242 

were analyzed using a NewWave/ESI 193-nm ArF Excimer laser system coupled to a Thermo 243 

Scientific X Series 2® quadrupole ICP-MS.  244 

The laser reference glass standards GSE-1G, NIST614, NIST612, and NIST610 were 245 

used, while Durango and Tioga apatite were used as matrix-matched reference materials. Spots 246 

on standards and reference materials were ablated before and after each set of samples and 247 

preferred values obtained from GeoReM were used for data reduction (Jochum et al., 2005, 248 

2011). Before each spot analysis, a gas blank was measured for 20 s to establish background 249 

values. A beam diameter of 35 μm with a laser repetition rate of 10 Hz and a scan speed of 15 or 250 

7 μm/s were used. Laser energy was checked daily, and fluence lay between 7.6 and 7.8 J/cm2. 251 

When choosing sites to ablate, care was taken to avoid visible inclusions in the crystals.  252 

Data were reduced using the Iolite 4 software (Woodhead et al., 2007; Paton et al., 2011). 253 

NIST-610 glass was used to calibrate plagioclase, orthopyroxene, biotite, and apatite, whereas 254 

the Fe-rich GSE-1G was used to calibrate ilmenite. NIST-612, and NIST-614, were used as 255 

monitors for plagioclase, orthopyroxene, and biotite. NIST-612, NIST-614, and Durango apatite 256 

were used as monitors for apatite. GSE-1G was used as a monitor for ilmenite. The precision and 257 

accuracy of the standards are provided in Table A3-A7. The results for NIST 610 and GSE-1G 258 
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are within an accepted range of working values (<10% accuracy; <10% precision). However, we 259 

acknowledge that other standards show low accuracy and precision. Therefore, we also provided 260 

the ranges of concentration data for selected trace and rare earth elements for minerals (in 261 

respective figures) from a recent study of the same deposit (Miloski et al., 2023a) as a part of the 262 

quality control of our data. 263 

Data for plagioclase, orthopyroxene, and biotite samples were normalized using constant 264 

Si values (obtained from microprobe analysis, i.e., close to stoichiometry). Similarly, apatite and 265 

ilmenite sample data were normalized using constant Ca and Ti values, respectively, obtained 266 

from microprobe analysis. The reported data represent an average of analyses of each mineral 267 

from different parts of each thin section. 268 

 269 

4. Results 270 

4.1. Petrography 271 

Three rock types, oxide-apatite-norite, oxide-apatite-gabbronorite, and oxide-apatite-272 

anorthosite, were identified from the mineralized part of the Lac à l'Orignal deposit (Table A1). 273 

The modal abundances of the minerals of the three rock types were determined by two 274 

techniques, XRD and MLA (mineral liberation analysis, Table A1). Oxide-apatite-anorthosite 275 

(OAA) is a minor rock type in the mineralized zone of the deposit. For simplicity, we have 276 

grouped oxide-apatite-gabbronorite and oxide-apatite-norite as a single group oxide-apatite-277 

gabbronorite (OAGN). All OAGNs are orthopyroxene-dominated (relative to clinopyroxene; 278 

Table A1).  279 
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 Most core samples exhibit alternating medium to coarse-grained phaneritic, leucocratic, 280 

and melanocratic layers. The leucocratic layers are composed almost entirely of plagioclase and 281 

the melanocratic layers are formed of mafic (pyroxene, biotite, and amphibole) and oxide 282 

(ilmenite and magnetite) minerals (Fig. 1D).  283 

Plagioclase crystals (8-72 modal %) in the OAGN are euhedral to subhedral, ranging in 284 

size from ~ 1 to 10 mm. Equant plagioclase crystals are common in the OAGN (Fig. 2A). Many 285 

plagioclase crystals in the OAGN contain inclusions of oxide minerals (ilmenite or magnetite), 286 

and apatite. In a few samples, exsolutions of K-rich phase in plagioclase, i.e., antiperthite texture, 287 

are observed. Large plagioclase crystals (~ 4 mm) associated with small plagioclase crystals 288 

(~0.5 mm) occur in the OAA (Fig. 2B). A granoblastic texture of plagioclase crystals having 289 

serrated crystal boundaries is interpreted to result from dynamic recrystallization (Fig. 2B).  290 

Orthopyroxene crystals (9-35%) in the OAGN are mostly subhedral and range in size 291 

from ~0.1 to 2 mm. Orthopyroxene occurs as an interstitial phase between plagioclase crystals 292 

(Fig. 2A) and between oxide minerals (magnetite + ilmenite, Fig. 2C). Inclusions of apatite and 293 

oxide minerals within orthopyroxene are common (Fig. 2C). Orthopyroxene crystals with rutile 294 

exsolution lamellae are also present. 295 

  The abundance of clinopyroxene (2-11%) is considerably lower than that of 296 

orthopyroxene in the OAGN (clinopyroxene/orthopyroxene ratio ~ 0.1 to 0.5; Table A1). 297 

Clinopyroxene, like orthopyroxene, is mostly subhedral. The crystals range in size from ~0.1 to 2 298 

mm and are generally associated with orthopyroxene and plagioclase cumulates. Clinopyroxene 299 

crystal enveloping plagioclase crystals is also observed locally (Fig. 2D).  300 
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Biotite is present in low abundances (≤ 5%) in the OAGN. High abundances (~18%) 301 

were only observed in one OAA sample (LO 5-6; Tables 1 and A1). Biotite crystals are tabular, 302 

range in size from ~0.2 to 2 mm, and are associated with plagioclase and oxide minerals (Fig. 303 

2E).  304 

Amphibole crystals are rare (≤ 5%), subhedral to anhedral, and associated with 305 

clinopyroxene and orthopyroxene (Fig. 2C and F). Only one sample contains slightly high 306 

abundances (~8%) of amphibole (LO 1B, Table A1). The amphibole crystals range in size from 307 

~0.5 to 1 mm. Some orthopyroxene has been transformed to amphibole (Fig. 2F). 308 

Apatite (1-20%) is the phosphate-bearing mineral in the deposit. Apatite crystals are 309 

euhedral to subhedral, ranging in size from ~ 0.1 to 1 mm. Apatite occurs mostly as individual 310 

crystals in melanocratic, magnetite- and ilmenite-rich layers of the OAGN (Fig. 2E) but is also 311 

present in plagioclase-rich leucocratic layers (i.e., anorthositic or OAA layer) in a few samples. 312 

Individual crystals are associated with plagioclase and orthopyroxene (Fig. 2C), and inclusions 313 

within orthopyroxene (Fig. 2C). The highest modal abundances of apatite (> 5%) are associated 314 

with the oxide minerals in melanocratic layers.  315 

Ilmenite (1-10%) and magnetite (1-21%) are the two major oxide minerals (Fig. 2G and 316 

H) in the melanocratic, oxide-rich layers of the OAGN and OAA (Tables 1 and A1). Both 317 

crystals are euhedral to subhedral, ranging in size from ~0.2 to 3 mm. Abundances of total oxide 318 

minerals (magnetite + ilmenite) in the OAGN and OAA are 2-31% and 1-11%, respectively 319 

(Table A1). The ilmenite/magnetite ratios in the OAGN and OAA range from 0.2 to 1.6 (Table 320 

A1). A recent study from the same deposit reported that ilmenite/magnetite ratios increase from 321 

the core (~0.4-2.4) to the border (~6.0) of the deposit (Miloski et al., 2023a). Small hematite 322 

exsolution lamellae ranging in width from < 1 to 10 μm are common in individual ilmenite 323 



15 
 

crystals (Fig. 2G). Ilmenite without exsolution lamellae also occurs in contact with magnetite 324 

(Fig. 2H). Miloski et al. (2023a) also reported that large hematite exsolution lamellae within 325 

ilmenite are common at the border of the deposit whereas (hematite) exsolution-free ilmenite is 326 

common in the deposit’s core. Fine-scale trellis oxy-ilmenite exsolutions are also observed in 327 

magnetite (Fig. 2H). The presence of low ilmenite/magnetite ratios (~0.2-1.6) and small 328 

(hematite) exsolution lamellae in the ilmenite suggests that the samples in the present study are 329 

from the core of the deposit. 330 

Al-spinel (<3%) is present as an accessory oxide phase, commonly occurring along the 331 

crystal boundaries of ilmenite and magnetite as external granule exsolutions (Fig. 2H). Fine-332 

grained, Al-spinel exsolution lamellae are also observed along preferential directions in 333 

magnetite crystals. Zircon was also identified as an accessory mineral. Sulfides (<3%) are also 334 

present as accessory minerals in oxide-rich layers (Fig. 2G) and as inclusions within plagioclase 335 

and orthopyroxene. Pyrrhotite is the most common sulfide mineral but chalcopyrite and 336 

pentlandite are also observed.  337 

4.2. Mineral chemistry  338 

The major (+ minor), and trace element mineral geochemistry of the samples were 339 

analyzed by EPMA (Table 1) and LA-ICP-MS (Table 2), respectively (Tables A8, A11-A18). As 340 

only one OAA sample was analyzed, those results provide only a general indication of its 341 

geochemical characteristics. The smaller beam diameter (3 μm) used for EPMA than for LA-342 

ICP-MS analysis (35 μm) was effective in avoiding major hematite exsolutions during ilmenite 343 

analysis by EPMA. 344 
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Plagioclase in the OAGN (An42.9-47.4 Ab50.4-56.1 Or1.0-2.5) and OAA (An39.8 Ab59.1Or1.13) is 345 

of the andesine variety (Table 1). Anorthite contents (An) of plagioclase from the OAGN are 346 

typically higher toward crystal edges, thus indicating reverse compositional zoning (Fig. 3A). 347 

The differences in average An content between crystal cores and edges are significant; these 348 

differences vary from 2.2 to 4.7 mol%, which is outside of analytical error (Fig 3A, and Table 349 

A9). A single plagioclase crystal can show as much as a 6 mol% increase in An content from its 350 

core to edge (Fig. 3B). The An contents of plagioclase from the one OAA sample, however, are 351 

lower toward crystal edges, indicating normal compositional zoning (Fig. 3A, and Table A9). Of 352 

the trace elements analyzed for plagioclase, Sr has the highest concentrations (1648-2807 ppm; 353 

Table 2).  354 

Orthopyroxene in the OAGN is enstatite-rich (En61.2-68.1 Fs30.7-37.6 Wo0.8-1.4; Table 1). 355 

Orthopyroxene typically does not show significant variations in enstatite (En) contents from its 356 

edge to core, indicating a homogeneous composition (Fig. 3C). The Al2O3 contents (2.02-2.68 357 

wt%; Table 1) of orthopyroxene are low and do not show correlation with Mg# (61.9-68.9) [Mg# 358 

= Mg/(Mg + Fe2+); Fig. 4A], which is typical of orthopyroxene crystallized in mid- to low-359 

pressure intrusions (DeBari and Coleman, 1989; Helmy et al., 2014; Kharbish et al., 2022). In 360 

the case of polybaric crystallization, the Al2O3 content of orthopyroxene decreases with 361 

decreasing pressure of crystallization (Fig. 4A). Of the trace elements analyzed for 362 

orthopyroxene, Ti (528-2218 ppm) and Zn (514-934 ppm) have the highest concentrations 363 

(Table 2).  364 

Clinopyroxene in the OAGN is of the diopside variety (Wo45.6-46.7En38.2-40.7 Fs13.3-15.5, 365 

Table 1). As for orthopyroxene, Al2O3 contents (3.92-4.23 wt.%) of clinopyroxene do not show a 366 
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correlation with Mg# (71.1-75.3; Fig. 4B), which is typical of clinopyroxene crystallized in mid- 367 

to low-pressure intrusions (DeBari and Coleman, 1989; Kharbish et al., 2022).  368 

Biotite in the OAGN and OAA plots within the ‘re-equilibrated biotite field’ of the 369 

10×TiO2 – (FeO+MnO) – MgO ternary discrimination diagram (Fig. 5; Nachit et al., 2005). 370 

Biotite from the OAGN clusters within a narrow compositional range, just slightly away from 371 

the ‘primary biotite field’; results for the one biotite sample from the OAA plot away from those 372 

of the OAGN. Respective concentrations in biotite of Mn (2325 vs 283-447 ppm), Zn (1316 vs 373 

63-563 ppm), and Rb (768 vs 52-119 ppm) are much higher in the OAA than the OAGN (Table 374 

2). Amphiboles in the OAGN are of the pargasite and magnesiohastingsite varieties with a very 375 

narrow range of Mg# (65.9-68.5; Table 1). 376 

Apatite or more precisely fluorapatite in the OAGN has a narrow range of CaO (54.7–377 

55.3 wt%) and P2O5 (41.3–42.0 wt%) contents (Table 1). Mole fractions of fluorapatite (XAp
FAp) 378 

comprising apatite (0.72–0.85; Table 1) were calculated following the procedure of Piccoli and 379 

Candela (2002). Of the trace elements analyzed for apatite, Mg (194-1214 ppm) and Sr (659-380 

1333 ppm) have the highest concentrations (Table 2). 381 

Ilmenite in the OAGN and OAA possesses a narrow range of TiO2 (46.2-50.0 wt%) and 382 

FeO (38.4-40.8 wt%) contents. The mole fraction of hematite in ilmenite (Xhem) was calculated 383 

following the relation described in Morisset (2008) and Lindsley and Frost (1992). The Xhem in 384 

the OAGN (0.07-0.12) and OAA (0.1) exhibit a narrow range (Table 1 and A16). The study by 385 

Miloski et al. (2023a) reported that Xhem of the Lac à l'Orignal deposit varies from 0.07 to 0.6; 386 

the lower values are from the core of the deposit, where hematite exsolutions in ilmenite are 387 

nearly absent. Therefore, the low Xhem values in the present study suggest that the samples are 388 

from the core of the deposit, as also inferred from the petrography study of oxide minerals. Of 389 
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the trace elements analyzed for ilmenite, V (481-1250 ppm) has the highest concentration (Table 390 

2). Magnetite in the OAGN exhibits a narrow range of Fe2O3 (67.6-68.1 wt%) and FeO (31.0-391 

31.3 wt%) contents and very low TiO2 content (Table 1; ≤0.25 wt.%). Al-spinel in the OAGN 392 

exhibits a solid solution of spinel (MgAl2O4)-hercynite (FeAl2O4)-gahnite (ZnAl2O4). Al-spinel 393 

in the OAA contains a significantly higher amount of ZnO (23.9 wt%) than that of the OAGN 394 

(3.0-5.2 wt%), suggesting a high gahnite component in the former (Table 1).  395 

 396 

4.2.2. Comparison of chemistry among different minerals 397 

Comparison of chemistry among different minerals can provide insight into: 1) the 398 

relative distributions of elements among different phases in a deposit, and 2) changes of 399 

elemental concentrations in magma (or minerals) during the magmatic differentiation. The 400 

knowledge of the distributions of different elements in different minerals helps to formulate 401 

mineral processing techniques. The knowledge of the change of elemental composition in 402 

magma during magmatic differentiation helps in understanding the ore-forming processes and 403 

can be beneficial for developing exploration strategies. 404 

4.2.2.1. Major and minor elements  405 

The MnO contents of mafic silicate minerals in the OAGN progressively decrease from 406 

orthopyroxene (0.48-0.79 wt%) to ilmenite (0.42-0.84 wt%), clinopyroxene (0.23-0.32 wt%), Al-407 

spinel (0.13-0.16 wt%), amphibole (0.11-0.17 wt%), biotite (0.02-0.03 wt%), and magnetite (≤ 408 

0.01 wt%; Table 1). The TiO2 and Al2O3 contents of mafic silicate minerals and magnetite, by 409 

comparison, progressively increase from magnetite to orthopyroxene clinopyroxene, amphibole, 410 

and biotite (Fig. 6, Table 1). The TiO2 contents of Al-spinel (0.14-0.46 wt%) lie between that of 411 



19 
 

orthopyroxene (0.09-0.12 wt%) and clinopyroxene (0.51-0.61 wt%; Table 1). The Al2O3 content 412 

of ilmenite (0.01-0.04 wt%) is lower than that of magnetite (0.32-0.45 wt%; Table 1). The Mg# 413 

of biotite (67.5-81.9) exhibits a wider range than that of orthopyroxene (61.9-68.9), 414 

clinopyroxene (71.1-75.3), and amphibole (65.9-68.5; Table 1). 415 

The fluorine (F) and chlorine (Cl) contents of minerals were only analyzed by EPMA. 416 

The F contents in the OAGN progressively decrease from (fluor)apatite (2.72-3.2 wt%) to biotite 417 

(0.83-1.32 wt%) and amphibole (0.55-0.74 wt%; Table 1), whereas Cl contents of biotite (150-418 

437 ppm) and amphibole (164-317 ppm) in the OAGN are comparable and lower than that of 419 

apatite (700-1044 ppm; Table 1). The Cl content of the OAA biotite (3270 ppm) is significantly 420 

higher than that of the OAGN (Table 1). The Cl content of the OAGN (fluor)apatite and Mg# of 421 

the coexisting orthopyroxene exhibit a strong negative correlation (Fig. 7, Table 3), where the Cl 422 

contents of the OAGN (fluor)apatite increase from 0.07 to 0.1 wt% and the Mg# of coexisting 423 

orthopyroxene decreases from 68.9 to 61.9.  424 

4.2.2.2. Trace elements (excluding REE + Y) 425 

Comparisons of trace element distributions in plagioclase (Fig. 8A), orthopyroxene (Fig. 426 

8B), biotite (Fig. 8C), apatite (Fig. 8D), and ilmenite (Fig. 8E) were performed by normalizing 427 

their concentrations to those of the primitive mantle (Lyubetskaya and Korenaga, 2007). The 428 

trace element concentrations of minerals from similar rock types from the same deposit reported 429 

by Miloski et al. (2023a) exhibit similar ranges as those reported in this study (Fig. 8A, D, and 430 

E). Collectively, the prominent features of these trace element patterns are as follows:  431 

(i) The OAGN and OAA minerals display similar trace element patterns (8A-E); 432 

(ii) The Sr (104-178x), Ba (19-87x), and Pb (25-51x) concentrations in plagioclase are 433 

significantly higher than those in the primitive mantle (Fig. 8A);  434 
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(iii) The Mn concentrations in orthopyroxene are higher (4-7x) than that in the 435 

primitive mantle (Fig. 8B). The Pb, Th, and U concentrations in orthopyroxene 436 

are close to their lower limit of detection (LOD) in LA-ICP-MS; 437 

(iv)  The Rb (114-1680x) and Ba (794-2584x) concentrations in biotite are >100 times 438 

higher than those in the primitive mantle (Fig. 8C).  Rb enrichment in the OAA 439 

biotite (1680x relative to the primitive mantle) is significantly higher than in the 440 

OAGN biotite (114-260x relative to the primitive mantle), whereas Ba enrichment 441 

of the OAGN biotite (1451-2584x relative to the primitive mantle) is significantly 442 

higher than that of the OAA biotite (794x relative to the primitive mantle). Ta 443 

(17-23x) and Pb (9-20x) concentrations in biotite are also higher than that in the 444 

primitive mantle (Fig. 8C); 445 

(v) The Sr (42-84x), Pb (7-24x), Th (16-452x), and U (28-376x) concentrations in 446 

apatite are higher than those in the primitive mantle. Sample LO 4 exhibits one 447 

order higher magnitude of enrichments for Th (452x) and U (376x) relative to the 448 

primitive mantle than apatite from the other five OAGN samples (Fig. 8D, Table 449 

A15). The Sr concentration of sample LO 4 (42x) exhibits the lowest enrichment 450 

relative to the primitive mantle than all other OAGN apatite samples (61- 84x; 451 

Fig. 8D); and 452 

(vi) The Nb (57-169x) and Ta (53-145x) concentrations in ilmenite are significantly 453 

higher than those in the primitive mantle (Fig. 8E). 454 

4.2.2.3. REEs + Y  455 

Total concentrations of  REE (1492-3819 ppm) and Y (148-602 ppm; Table 2) in apatite 456 

are significantly higher than in plagioclase (∑REE=15-33 ppm and Y=0.2-0.7 ppm), 457 
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orthopyroxene (∑REE=3.0-7.0 ppm, Y=1.0-5.0 ppm), biotite (∑REE=2.0-8.0 ppm, Y=0.1-0.8 458 

ppm, and ilmenite (∑REE=0.3-9.0 ppm, Y=<0.04-0.6 ppm; Table 2), as is typical of magmatic 459 

rocks. Comparisons of REE+Y distributions in plagioclase (Fig. 9A), orthopyroxene (Fig. 9B), 460 

biotite (Fig. 9C), apatite (Fig. 9D), and ilmenite (Fig. 9E) were performed using chondrite-461 

normalized data (Pourmand et al., 2012); Chondrite-normalized ratios are noted below by the 462 

subscript ‘N’. The REE+Y concentrations and patterns for plagioclase, apatite, and ilmenite from 463 

similar rock types from the same deposit reported by Miloski et al. (2023a) are similar to those 464 

reported in the present study (Fig. 9A, D, and E). The prominent features of the REE+Y patterns 465 

are as follows: 466 

(i) Plagioclase from both the OAGN and OAA (Fig. 9A) is enriched in LREE (∑La 467 

+ Ce + Pr + Nd + Sm + Eu) relative to HREE (∑Gd + Tb + Dy + Ho + Er + Tm + 468 

Yb + Lu; Song et al., 2016). The ∑LREE/∑HREE, (La/Yb)N, and (La/Sm)N ratios 469 

are 8.0-15.8, 10.9-20.5, and 2.1-5.9, respectively (Table 3). 470 

(ii) The OAGN orthopyroxene (Fig. 9B) is enriched in HREE relative to LREE, with 471 

∑LREE/∑HREE, (La/Yb)N, and (La/Sm)N ratios of 0.4-0.9, 0.1-0.3, and 0.2-0.4, 472 

respectively (Table 3). Similar to orthopyroxene, REE+Y concentrations of biotite 473 

(Fig.9C) and ilmenite (Fig. 9E) are very close to the average analytical LOD. 474 

(iii) The OAGN apatite (Fig. 9D) is enriched in LREE relative to HREE with 475 

∑LREE/∑HREE, and (La/Yb)N ratios of 7.0-10.3, 8.6-17.8, respectively. The 476 

(La/Sm)N ratios of OAGN apatite show a narrow range (1.1-1.6; Table 3). The 477 

REE+Y concentrations and patterns for apatite from the Lac à l'Orignal deposit 478 

(Fig. 9D; this study and Miloski et al., 2023a) are similar to those of the Grader 479 
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layered intrusion from the Havre-Saint-Pierre Anorthosite, Quebec (close to the 480 

Tio Mine, a world-class ilmenite deposit; Charlier et al., 2008). 481 

(iv) Plagioclase from the OAGN and OAA has a positive Eu anomaly (Eu/Eu*= 4.4-482 

11.3; Table 3, Fig. 9A), where Eu/Eu* = EuN⋅(SmN⋅GdN)–0.5 (Lodders, 2010). The 483 

OAGN apatite has negative or no Eu anomalies (Eu/Eu*= 0.3-1.0; Table 3, Fig. 484 

9D). Apatite from sample LO 4 has the most pronounced Eu anomaly (0.3; Fig. 485 

9D and Table 3) and the highest concentrations of ∑REE, Pb, Th and U (Tables 3 486 

and A15). The OAGN orthopyroxene exhibits both positive and negative Eu 487 

anomalies (0.4-1.4; Table 3, Fig. 9B). Plagioclase from the OAGN and OAA has 488 

apparent prominent negative Y anomalies but those features may be an analytical 489 

artifact, given their proximity to the instrumental LOD. 490 

(v) The total REE+Y in the OAGN apatite increases with decreasing apatite content 491 

of this rock type (Fig.10A). The total REE+Y concentrations in the OAGN apatite 492 

from samples with high apatite contents (≥ 15 modal%) are fairly constant. A 493 

similar trend, however, was not observed by Miloski et al (2023a) in their visual 494 

estimation of mineral modal abundances using a petrographic microscope. In the 495 

present study, modal abundances were determined using XRD and MLA, which 496 

may explain the difference. We acknowledge our number of samples is low, but it 497 

covers a wide range of apatite abundance (1-18 modal%; Fig. 10A). The range of 498 

plagioclase content (ca. 60-75 modal%) is more or less constant for samples 499 

containing ~1-11 modal% apatite but then significantly varies (to ca. 75 to <5 500 

modal%) as apatite content increases beyond 11 modal% (Fig 10B). 501 

 502 
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5. Discussion 503 

5.1. Mineral paragenesis and timing of apatite crystallization 504 

Understanding mineral paragenesis is critical when characterizing an ore deposit and 505 

helps to determine exploration strategies. The presence of oxide minerals (ilmenite + magnetite) 506 

in the OAGN and OAA of the Lac à l'Orignal deposit (Fig. 2A-H) indicates that those phases 507 

precipitated as cumulates in variable proportions throughout the crystallization of the rocks. 508 

Similarly, the presence of plagioclase and orthopyroxene in the OAGN and the presence of 509 

mostly plagioclase in the OAA indicate that crystallization of the OAGN was followed by the 510 

OAA. The lower An content of plagioclase from the OAA (39.8 mol%) than those from the 511 

OAGN (42.9-47.4 mol%; Table 1) also indicates a similar trend of crystallization for the OAGN 512 

and the OAA. The association of clinopyroxene with orthopyroxene suggests their simultaneous 513 

crystallization from the magma.  514 

The high contents of apatite with magnetite and ilmenite in melanocratic layers (Fig. 2C, 515 

E, and F) imply that the major phase of apatite crystallization occurred simultaneously with the 516 

crystallization of magnetite and ilmenite. The presence of individual apatite crystals associated 517 

with orthopyroxene (Fig. 2C, and F) and plagioclase (not shown here) and apatite inclusions in 518 

orthopyroxene (Fig. 2C), however, suggest that apatite started to crystallize from the initial 519 

stages of magma crystallization. The low abundances of amphibole and biotite (Table 1) and the 520 

conversion of orthopyroxene to amphibole (Fig 2F) indicate their appearance during the later 521 

stages of crystallization (Fig. 11). 522 

The presence of Al-spinel along the crystal boundaries of magnetite and ilmenite (Fig. 523 

2H) suggests that Al-spinel formed after magnetite and ilmenite due to subsolidus re-524 

equilibration (Miloski et al., 2023a). The subsolidus re-equilibration of magnetite to produce 525 
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external granule exsolutions of Al-spinel and the formation of new ilmenite crystals at the 526 

expanse of the ulvöspinel component of magnetite under subsolidus conditions decreased the 527 

TiO2 of magnetite. Therefore, TiO2 contents of magnetite are lower than clinopyroxene (Fig. 6). 528 

The association of sulfide minerals (Fig. 2G) (pyrrhotite, chalcopyrite, pentlandite) with oxide 529 

minerals, plagioclase, and orthopyroxene suggests exsolution of pyrrhotite and pentlandite from 530 

monosulfide solid-solution (mss) and exsolution of chalcopyrite and pyrrhotite from intermediate 531 

solid solutions (iss) under subsolidus conditions (< 600 °C; Barnes and Lightfoot 2005; Dare et 532 

al., 2010) (Fig. 11). 533 

In general, Al2O3 and TiO2 contents of a mafic magma increase as magmatic 534 

differentiation progresses (e.g., Tornare et al., 2016; Spandler et al., 2003). In the case of the Lac 535 

à l'Orignal deposit, however, whole-rock TiO2 decreases and whole-rock Al2O3 increases with 536 

progressive crystallization (i.e., during magmatic differentiation; Miloski et al., 2023a). 537 

Progressively increasing concentrations of TiO2 from orthopyroxene to clinopyroxene, 538 

amphibole, and biotite (Fig. 6) possibly suggest increasing mineral-melt partition coefficients for 539 

Ti (𝐷𝑇𝑖
𝑀𝑖𝑛𝑒𝑟𝑎𝑙−𝑏𝑎𝑠𝑎𝑙𝑡𝑖𝑐 𝑚𝑒𝑙𝑡) from orthopyroxene (0.1) to clinopyroxene (0.4) to phlogopite (0.9; 540 

see compiled 𝐷𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠
𝑀𝑖𝑛𝑒𝑟𝑎𝑙𝑠−𝑚𝑒𝑙𝑡  in Rollinson,1993); the partition coefficient for phlogopite was 541 

used here as the closest available analogue for biotite within the phlogopite-annite solid solutions 542 

series. Amphibole, however, does not fit this pattern. Generally, 𝐷𝑇𝑖
𝐻𝑜𝑟𝑛𝑏𝑙𝑒𝑛𝑑𝑒−𝑏𝑎𝑠𝑎𝑙𝑡𝑖𝑐 𝑚𝑒𝑙𝑡 (1.5; 543 

Rollinson,1993) is higher than 𝐷𝑇𝑖
𝑃ℎ𝑙𝑜𝑔𝑜𝑝𝑖𝑡𝑒−𝑏𝑎𝑠𝑎𝑙𝑡𝑖𝑐 𝑚𝑒𝑙𝑡

. Different compositions within the 544 

amphibole and phlogopite-annite mineral groups, however, could have different values of 545 

𝐷𝑇𝑖
𝑀𝑖𝑛𝑒𝑟𝑎𝑙−𝑏𝑎𝑠𝑎𝑙𝑡𝑖𝑐 𝑚𝑒𝑙𝑡. The mineral-melt partition coefficients for Al (𝐷𝐴𝑙

𝑀𝑖𝑛𝑒𝑟𝑎𝑙−𝑏𝑎𝑠𝑎𝑙𝑡𝑖𝑐 𝑚𝑒𝑙𝑡) also 546 

increase from orthopyroxene (0.028-0.330; Colson et al., 1988) to clinopyroxene (0.48 ± 0.13) to 547 

hornblende (0.75) to biotite (0.92; Villemant et al., 1981). Furthermore, Al content in 548 
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orthopyroxene also depends on the pressure of their crystallization (Emslie et al., 1994; Bybee et 549 

al., 2014; Charlier et al., 2010; Heinonen et al., 2020). We conclude that the prominent trend of 550 

Al2O3 and TiO2 contents through different mafic minerals does not represent a differentiation 551 

trend. 552 

Crystallization sequences of minerals have been established for other layered oxide-553 

apatite-bearing intrusions in the Grenville Province. In the Grader Layered Intrusion, for 554 

example, plagioclase and ilmenite crystallized initially followed by apatite, then orthopyroxene 555 

and magnetite together, and finally clinopyroxene (Charlier et al., 2008). In the Sept Iles Layered 556 

Intrusion, plagioclase and olivine crystallized initially, followed by magnetite and ilmenite 557 

together, then clinopyroxene, and finally apatite (Namur et al., 2010). Apatite-rich gabbronorites 558 

of anorthosite massifs generally form from more evolved magmas (Dymek and Owens, 2001; 559 

Charlier et al., 2008; Miloski et al., 2023a). As such, we suggest that the major constituting 560 

minerals of the OAGN, plagioclase, orthopyroxene, apatite, magnetite, and ilmenite, 561 

coprecipitated at variable proportions throughout the crystallization of the magma (Fig. 11). 562 

5.2. Magma emplacement conditions during apatite crystallization 563 

5.2.1. Evidence for polybaric crystallization 564 

The chemistry of other minerals associated with apatite can be used to help characterize 565 

conditions of magma emplacement during apatite crystallization. The nearly homogeneous 566 

composition of the OAGN orthopyroxene (Fig. 3C), i.e., similar En contents of cores and edges, 567 

suggests that magma mixing was not a dominant process. We acknowledge, however, that mafic 568 

minerals, such as olivine, and orthopyroxene, can undergo substantial subsolidus re-equilibration 569 
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with oxide minerals (e.g., Frost, 1991), which could eliminate En content variations in 570 

orthopyroxene.  571 

Reverse compositional zoning of the OAGN plagioclase (Fig. 3A) suggests that the 572 

magma’s CaO content did not decrease progressively, but rather increased during magma 573 

crystallization. The CaO content of magma can increase either due to a decrease in total pressure 574 

or an increase in water pressure (Yoder and Tilley, 1962; Ustunisik et al., 2014). The OAA 575 

plagioclase (LO 5-6), however, exhibits normal zoning and has a lower An content (39.8 mol%) 576 

than the OAGN plagioclase (42.9-47.7 mol%; Table 1). The lower An content of the OAA 577 

plagioclase indicates its crystallization after the OAGN plagioclase. Therefore, if high water 578 

pressure was the principal reason for the reverse zoning of the OAGN plagioclase, this process 579 

should also have produced the reverse zoning in the OAA plagioclase.  Therefore, we infer that 580 

the reverse compositional zoning resulted from polybaric crystallization of the magma driven by 581 

decompression during its emplacement (Ustunisik et al., 2014). 582 

 Woussen et al. (1981) did observe biotite crystals developed between orthopyroxene and 583 

amphibole rims under subsolidus conditions in leucotroctolitic anorthosite near Saguenay (or 584 

Chicoutimi), Quebec. This texture was also reported for the Lac St. Jean Anorthositic Suite, 585 

Quebec (Hocq, 1977). As is the case for these examples, however, such a texture developed on a 586 

very local scale does not imply a very high-water content for these types of magmas. In addition, 587 

we did not observe this type of texture in our study, though its absence may simply reflect our 588 

limited number of anorthosite samples.  589 

Reverse zoning in plagioclase was also reported for the Saint-Henri-De-Taillon area of 590 

the Lac St. Jean Anorthositic Suite, Quebec by Woussen et al. (1988). They interpreted that the 591 

reverse zoning in the intercumulus plagioclase crystals was produced from an increase in the 592 
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partition coefficient of the An component between plagioclase and melt (𝐷𝐴𝑛 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡
𝑃𝑙𝑎𝑔𝑖𝑜𝑐𝑙𝑎𝑠𝑒−𝑚𝑒𝑙𝑡

) in 593 

presence of clinopyroxene (augite). The average differences between the An contents of the 594 

cores and edges of the OAGN plagioclase in the present study, however, lie within a narrow 595 

range (2.2-4.7 mol%; Table A9), unlike the plagioclase crystals of the Saint-Henri-De-Taillon 596 

area (e.g. ~6-25 mol%; Woussen et al., 1988, their Fig. 6). Furthermore, clinopyroxene is not 597 

abundant in the rocks of the present study. Decomposition of orthopyroxene has also been 598 

proposed to explain reverse zoning in intercumulus plagioclase crystals (Dymek and Gromet, 599 

1984), but there it is restricted only to a thin rim adjacent to orthopyroxene, unlike the case in the 600 

present study (Fig. 3B). 601 

We emphasize, however, that the magma examined in our study did not experience 602 

substantial decompression. If the magma had registered a pressure change of ~10 kbar (i.e., 603 

pressure change from crustal-mantle boundary to near-surface; Petrini and Podladchikov, 2000), 604 

the plagioclase crystals would register ~20 mol% higher An contents at their edges than their 605 

cores (Ustunisik et al., 2014), unlike the much smaller differences observed for the OAGN 606 

plagioclase crystals (2.2 to 4.7 mol%; Table A9). If we consider a simple linear relationship 607 

between the change in total pressure and the change in An content, the ≤4.7 mol% differences 608 

between the edges and cores of the OAGN plagioclase suggest 1.1-2.4 kbar of total pressure 609 

change during magma crystallization. Considering a crustal density of 2700 kg/m3, <2.5 kbar of 610 

total pressure change suggests that the magma ascended ca.<5 km during crystallization. 611 

5.2.2. Depth of magma emplacement 612 

The Al2O3 and Mg# of the OAGN orthopyroxene (Fig. 4A) and clinopyroxene (Fig. 4B) 613 

approximate a mid-low-pressure differentiation trend, which is typical of the Skaergaard 614 
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Intrusion (DeBari and Coleman, 1989). If we consider the crystallization pressures for the roof 615 

pendant of the Skaergaard Intrusion (~0.5 to 2.5 kbar; Larsen and Tegner, 2006 and references 616 

therein), the crystallization pressures of the Lac à l’Orignal OAGN can be inferred to be ca. ≤ 2.5 617 

kbar or slightly higher if the deeper part of the intrusion is considered. Similarly, if the 618 

relationship among Al2O3 and Mg# of orthopyroxene from the Ahvenisto Complex, Finland, and 619 

its depth of crystallization (Heinonen et al., 2020) is considered, the Al2O3 (2.02-2.68 wt%) and 620 

Mg# (61.9-68.9) of the OAGN orthopyroxene from the Lac à l’Orignal suggests a crystallization 621 

depth of ~ 8 to 13 km (i.e., ~2.1 to 3.4 kbar for a crustal density of ~2700 kg/m3). If the empirical 622 

geobarometer relationship between IVAl+VIAl of orthopyroxene and pressure [P (kbar) = −8.2 + 623 

34.4 x ( IVAl+VIAl)0.5; Emslie et al., 1994] is considered, calculated pressures for crystallization 624 

of the OAGN orthopyroxene from the Lac à l’Orignal would be ~2.0-3.6 kbar (Table A11), i.e., 625 

~7.5-13.5 km. Lin and Sawyer (2019) note that partial melting of country rocks around an 1150 626 

Ma-old mafic dyke in the Saguenay region occurred at ~4.8-5.8 kbar, which is a slightly higher 627 

than the calculated pressures for crystallization of the Lac à l'Orignal deposit (~2.0-3.6 kbar), 628 

which is located ~80 km to the north. In summary, the Al2O3 and Mg# of the Lac à l’Orignal 629 

OAGN orthopyroxene (Fig. 4A) and clinopyroxene (Fig. 4B) do not indicate their crystallization 630 

at lower crustal depths (e.g., ~30 km). These data instead support crystallization at low to mid-631 

crustal levels (~ 7.5- 13.5 km). 632 

The ~1.6 kbar variation in pressure (~2.0-3.6 kbar) for crystallization of the OAGN 633 

orthopyroxene suggests a similar type of polybaric crystallization (<2.5 kbar) as inferred from 634 

the An-content variations of the OAGN plagioclase. Furthermore, orthopyroxene for an 635 

anorthosite sample from the deposit (1.59 wt%; Grant 2020) has a lower Al2O3 content than the 636 

OAGN orthopyroxene in the present study (2.02-2.68 wt%; Table 1). This result suggests the 637 
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former’s crystallization at shallower levels than the OAGN orthopyroxene. This difference also 638 

suggests higher variability in crystallization pressure than that calculated using the Al contents of 639 

the OAGN orthopyroxene (2.0-3.6 kbar; Table A11).  640 

5.2.3. Oxidation state of the magma 641 

The positive Eu anomaly in plagioclase (Fig. 9A and Table 3) and negative Eu anomaly 642 

in apatite (Fig. 9D and Table 3) indicate that Eu was present in both Eu2+ and Eu3+ forms in the 643 

magma. Eu2+ was preferentially incorporated into plagioclase, which produced a positive Eu 644 

anomaly. As a result, total Eu incorporation was lower in apatite relative to Sm and Gd, which 645 

produced a negative Eu anomaly in apatite. Eu3+ dominates under most conditions in terrestrial 646 

magmas along with small amounts of Eu2+ (Bromiley, 2021), and both Eu2+ and Eu3+ can be 647 

present over a wide range of oxygen fugacity, fO2 (Burnham et al., 2015; Cicconi et al., 2021). 648 

Therefore, the magmatic fO2 during the OAGN crystallization cannot be well constrained using 649 

the Eu anomalies of plagioclase and apatite. However, the large variations in the size of Eu 650 

anomalies in the OAGN plagioclase (Eu/Eu*= 4.4-11.3; Table 3) and apatite (Eu/Eu*= 0.3-1.0; 651 

Table 3) suggest variable magmatic fO2 during the crystallization of the Lac à l’Orignal deposit. 652 

A wide range of negative Eu anomalies for apatite (0.46-0.83) is also reported from the previous 653 

study of the Lac à l’Orignal deposit (Miloski et al., 2023a). The Grader Lake Intrusion has a 654 

similar mineral composition to Lac à l’Orignal but exhibits a constricted range of small negative 655 

Eu anomaly (0.75-0.78) characteristic of apatite crystallization under high fO2 conditions 656 

(Miloski et al., 2023a; Charlier et al., 2008). 657 

Miloski et al. (2023a) calculated Δlog fO2 values (relative to FMQ) for the Lac à 658 

l’Orignal magma of +0.9 to +1.7 using mineral compositions of magnetite-hemo-ilmenite pairs 659 

from one of the deposit’s fine-grained oxide-apatite-norite dykes. The geochemical compositions 660 
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of the oxide-apatite norite dykes are considered to represent the melt compositions of the OAGN 661 

and the mineral cumulates of the OAGN precipitated from that melt.  The calculated fO2 of the 662 

magma from the dyke’s mineral composition suggests relatively oxidizing conditions during its 663 

crystallization. The Xhem values of ilmenite in the oxide-apatite-norite dyke are 0.45-0.56, which 664 

is higher than measured in the present study (0.07-0.12). The samples analyzed in the present 665 

study, however, are from the deposit’s core, where the lower Xhem values are a consequence of 666 

subsolidus re-equilibration of ilmenite during slow cooling (Miloski et al., 2023a).  667 

We conclude that the magma of the Lac à l’Orignal deposit was emplaced at mid-low 668 

crustal levels, (~2.0-3.6 kbar; i.e., ~7.5-13.5 km) under relatively oxidizing conditions. In 669 

addition, the magma underwent <2.5 kbar of total pressure change (i.e., < 5 km) during its 670 

crystallization.  671 

5.3. Large volume of apatite crystallization associated with the OAGN  672 

In general, P2O5 concentrations of enriched mid-ocean ridge basalts (E-MORB) are ~0.14 673 

wt% (McDonough and Sun, 1995), whereas P2O5 concentrations of ocean island basalts (OIB; 674 

Bédard et al., 2021) and shoshonites (i.e., K2O-rich basalts; Schaarschmidt et al., 2021) can be 675 

higher and variable (~0.3 to 1.2 wt%). However, oxide-apatite-rich mafic rocks are interpreted to 676 

crystallize from more evolved residual ferrodiorite/jotunite melts (Ashwal 2010; Charlier et al., 677 

2008; Vander Auwera et al., 1998), which contain an average P2O5 concentration of ~1.8 wt% 678 

(~0.2 to 7 wt%; Miloski et al., 2023b). Recently, phosphate-rich subducted sediments have been 679 

proposed as the source of the Proterozoic gabbroic intrusions with high P2O5 contents (0.1-0.92 680 

wt%) in eastern Canada (Rogers et al., 2019). The P2O5 concentrations of the ferrodiorite melt 681 

(2.3-4.8 wt.%), from which the OAGN of the Lac à l'Orignal deposit crystallized, are considered 682 
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similar to that of the fine-grained oxide-apatite ferrodiorite dykes of the deposit (Miloski et al., 683 

2023a).  684 

 Due to the incompatible nature of P in silicate melt (e.g., Tollari et al., 2006), P2O5 685 

concentrations become higher in more evolved residual melt than its parental magma, which can 686 

explain the increase of P2O5 content from ~0.1-1.2 wt% in the parental magma to 2.3-4.8 wt.% in 687 

the more evolved magma from which the Lac à l'Orignal OAGN crystallized. Considering ~ 42 688 

wt% of P2O5 in apatite, a melt with 4.8 wt.% (the highest possible P2O5 concentration of the Lac 689 

à l'Orignal OAGN melt) can produce ~ 11 wt% of apatite. The modal% or vol% of apatite will 690 

be similar to its wt% because of the nearly similar density of apatite and the rest of the combined 691 

mineral assemblage (plagioclase + orthopyroxene+ magnetite + ilmenite).  692 

In the case of oxide and apatite-bearing mafic intrusions, liquid immiscibility is a 693 

common process, which produces Fe-rich and Si-rich melt fractions within the magma (e.g., 694 

Namur et al., 2012; Namur et al., 2010; Charlier et al., 2011; Charlier and Grove, 2012). The Fe-695 

rich melt concentrates more P2O5 than the Si-rich melt fraction (Tollari et al., 2006, Schmidt et 696 

al., 2006; Hou et al., 2018). Apatite precipitates at different cotectic proportions (i.e., 697 

instantaneously or at one time) with other minerals, such as magnetite, ilmenite, plagioclase, 698 

olivine, and clinopyroxene from Fe-rich and Si-rich melts. Cotectic proportions of apatite 699 

precipitate from a Si-rich melt will be low (e.g., <1 vol%; Keiffer et al., 2023). A recent model 700 

calculation, based on the mineral and melt composition of the Sept Iles Layered Intrusion, 701 

Quebec, however, suggests that Fe-rich melt fraction can only precipitate <8 vol% of apatite in 702 

cotectic proportions (Keiffer et al., 2023). If apatite crystallizes in amounts >8 vol% in cotectic 703 

proportions, the REE of the system would start to behave as compatible elements (Keifer et al., 704 

2023). Therefore, if apatite precipitated during the final stages of crystallization (which is the 705 
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case for the Sept Iles Layered Intrusion), the melt can only yield <8 vol% of apatite 706 

instantaneously. Finally, whatever the sequence of apatite crystallization, a melt cannot 707 

crystallize more apatite cumulatively than the amount equivalent to the melt’s P2O5 content.  708 

The ∑REE+Y concentrations in the OAGN apatite show an overall decrease with 709 

increasing apatite contents (Fig. 10A). However, ∑REE+Y concentrations in the apatite are 710 

similar for samples whose apatite contents are ≥ 15 modal%. Sample LO 4 contains the lowest 711 

amount of apatite (~1%; Table A1 and Fig. 10A) and its apatite has the highest concentrations of 712 

∑REE+Y (and ∑REE; Table 3), U (6.5 ppm), Th (28.3 ppm) and Pb (3.4 ppm; Table A15). 713 

Furthermore, the sample has a pronounced negative Eu anomaly (Fig. 9D), i.e., the lowest 714 

Eu/Eu* value (0.3; Table 3), and contains the lowest Sr concentration (659 ppm; Table A15), 715 

which indicates its late-stage crystallization following extensive crystallization of plagioclase, 716 

which preferentially incorporates Eu2+ and Sr (Belousova et al., 2002; Xing et al., 2014; She et 717 

al., 2016; Kieffer et al., 2023). Hence, this sample’s low apatite content is consistent with 718 

fractional crystallization (Kieffer et al., 2023).  719 

As noted earlier, a fractionation crystallization trend cannot support > 8 vol% of apatite 720 

crystallization instantaneously from a melt. The relationship between the modal abundance of 721 

apatite and plagioclase (Fig. 10 B) shows that samples with high abundances of apatite (>11 722 

modal%) show significant variations of plagioclase content (< 5 to 75 modal%). This variation is 723 

only possible from crystal settling after crystallization (Fig. 12A and B). Liquid immiscibility 724 

(Tollari et al., 2008), crystal settling due to mineral density differences (Charlier et al., 2011; 725 

Namur et al., 2012; Keifer et al., 2023), and plagioclase flotation (Ashwal and Bybee, 2017; 726 

Mitchell et al, 1996) can be initial mechanisms for crystal sorting and layering. As the oxide-727 

apatite-rich layers have a higher density than the plagioclase-dominant, felsic mineral-rich 728 
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layers, unconsolidated crystals could undergo slumping (Forien et al., 2015) or more specifically 729 

avalanching in a dynamic magma system where a flow component of late-stage liquid still 730 

existed in the system. Avalanching can produce a wide variation in plagioclase content 731 

associated with a high amount of apatite crystals (Figs. 10B and 12). 732 

5.4. Cl contents of (fluor)apatite and its significance for phosphate ore exploration  733 

Phosphate ore (i.e., apatite) needs to be converted to phosphoric acid to provide the 734 

intermediate feedstock used in agriculture, food, and medical industries (Liu et al., 2022; 735 

Jasinski, 2022), and to produce LFP material (Jugović and Uskoković, 2009). As Cl is corrosive 736 

to equipment and cannot be extracted prior to the production of phosphoric acid (Salas et al., 737 

2017), phosphate ores with low Cl contents are preferred for producing phosphoric acid (average 738 

of ≤ 500 ppm; Schorr et al., 2010). Fluorapatite can contain a low amount of Cl (<1000 ppm; 739 

Andersson et al., 2019), as reported for the OAGN in this study. However, the Cl concentrations 740 

of (fluor)apatite from the OAGN systematically increase with decreasing Mg# of coexisting 741 

orthopyroxene (Fig. 7). The Mg# of mafic silicate minerals, such as olivine and pyroxene, is 742 

generally used as a tracer of magmatic differentiation; high versus low Mg#s for a mafic mineral 743 

indicate its early versus late stage of crystallization, respectively (e.g., Barnes et al., 2004; 744 

Namur et al., 2010; Zieg and Wallrich, 2018). The present study shows that the Cl content of 745 

apatite increases with differentiation and behaves incompatibly, as expected.  746 

The exchange coefficient (𝐾𝐷 𝐶𝑙−𝐹
𝐴𝑝−𝑚𝑒𝑙𝑡) for Cl and F between apatite and melt is defined as  747 

𝐾𝐷 𝐶𝑙−𝐹
𝐴𝑝−𝑚𝑒𝑙𝑡 = (

𝑋𝐶𝑙
𝐴𝑝

𝑋𝐶𝑙
𝑚𝑒𝑙𝑡) / (

𝑋𝐹
𝐴𝑝

𝑋𝐹
𝑚𝑒𝑙𝑡), where 𝑋𝐶𝑙

𝐴𝑝
and 𝑋𝐹

𝐴𝑝
 define concentrations of Cl and F in apatite, 748 

respectively, and 𝑋𝐶𝑙
𝑚𝑒𝑙𝑡 and 𝑋𝐹

𝑚𝑒𝑙𝑡 define concentrations of Cl and F in melt, respectively. Values 749 
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of (
𝑋𝐶𝑙

𝐴𝑝

𝑋𝐶𝑙
𝑚𝑒𝑙𝑡) and (

𝑋𝐹
𝐴𝑝

𝑋𝐹
𝑚𝑒𝑙𝑡) are the apatite-melt partition coefficient for Cl (𝐷𝐶𝑙

𝐴𝑝−𝑚𝑒𝑙𝑡
) and F 750 

(𝐷𝐹
𝐴𝑝−𝑚𝑒𝑙𝑡), respectively (McCubbin and Ustunisik, 2018). Experimental data for 𝐾𝐷 𝐶𝑙−𝐹

𝐴𝑝−𝑚𝑒𝑙𝑡 751 

(0.07-0.5; McCubbin and Ustunisik, 2018; Li and Costa, 2020 and references therein) and 752 

𝐷𝐹
𝐴𝑝−𝑚𝑒𝑙𝑡

 (2.2-5.5; Mathez and Webster, 2005) for basaltic melt under magmatic conditions 753 

indicate that F is more compatible than Cl in apatite. The increase of Cl content in apatite during 754 

progressive crystallization suggests an increase of either 𝐷𝐶𝑙
𝐴𝑝−𝑚𝑒𝑙𝑡

 or Cl concentration in the 755 

melt or late-stage fluid.  756 

The Cl content of biotite is also useful to infer the evolution of Cl contents in magma and 757 

associated fluids. Biotite from the OAA sample (LO 5-6) has a significantly higher Cl content 758 

(3270 ppm) than biotite from the OAGN (150-437 ppm; Table 1). Furthermore, the OAA (LO 5-759 

6), which was taken from a relatively shallow depth in the core (Table 3), contains a significantly 760 

higher abundance of biotite (~18%) than that of the OAGN (1-5%). Similar trace and minor 761 

element (Fig. 8C), and REE+Y patterns (Fig. 9C) of biotite from the OAGN and the OAA (LO 762 

5-6) suggest that the biotite in the two rock types crystallized from similar melts. The OAA 763 

sample’s unusually high biotite content could be related to preferential accumulation in a 764 

localized area after crystallization.  765 

We infer that initial biotite crystallization (along with apatite) led to an increase in Cl 766 

concentration within the late-stage fluids because of high 𝐷𝐶𝑙
𝐹𝑙𝑢𝑖𝑑−𝑏𝑖𝑜𝑡𝑖𝑡𝑒 (

𝑋𝐶𝑙
𝑓𝑙𝑢𝑖𝑑

𝑋𝐶𝑙
𝑏𝑖𝑜𝑡𝑖𝑡𝑒) values (30-160; 767 

Chevychelov et al., 2008). Biotite from the OAA sample LO 5-6 likely re-equilibrated with such 768 

late-stage fluid exsolved from the Lac à l’Orignal magmatic event on a very local scale. If the Cl-769 

rich fluid evolved at a significantly later stage from a different event following Lac à l’Orignal 770 
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emplacement, such fluid-rock interaction should also have increased the Cl contents of biotite of 771 

the OAGN.   772 

 The Cl concentrations in apatite from the Lac à l’Orignal deposit indicate that Cl 773 

abundances in the melt (or magma) progressively increased during progressive crystallization of 774 

the OAGN. Also, given its range of Cl concentrations, apatite must have crystallized before the 775 

Cl-rich fluid exsolved from the magma. Furthermore, unlike biotite, apatite is a resistate mineral 776 

(e.g., Bouzari et al., 2016); any contact with late-stage Cl-rich fluid should not have altered the 777 

original Cl concentrations of earlier crystallized (fluor)apatite. Therefore, exploration for 778 

fluorapatite-rich, oxide mineral layers that formed early in the history of the OAGN should yield 779 

high-grade ore with low Cl concentrations. 780 

5.5. Comparisons between OAGN apatite from the Lac à l’Orignal and apatite from carbonatite 781 

worldwide 782 

Igneous phosphate is typically mined from carbonatites. Here we compare the chemical 783 

composition of apatite from the Lac `a l’Orignal OAGN with that of carbonatites and associated 784 

rocks from around the globe (Table 4; Tshiningayamwe et al., 2022; O’Sullivan et al., 2020; 785 

Giebel et al., 2019; Chakhmouradian et al., 2017; Decr´ee et al., 2020; Broom-Fendley et al., 786 

2017; Prokopyev et al., 2017; Chen and Simonetti, 2013; Belousova et al., 2002; Brassinnes et 787 

al., 2005; Dawson and Hinton, 2003; Zaitsev and Bell, 1995). We also compare the melt 788 

composition from which the Lac `a l’Orignal OAGN likely precipitated (Table 4; Miloski et al., 789 

2023a) with carbonatite melt compositions, as inferred from melt inclusions in perovskite from 790 

silica-undersaturated volcanic rocks from Kerimasi, Tanzania (Guzmics et al., 2012; Table 4). 791 

Carbonatite melt compositions cannot be estimated from fine-grained carbonatite rocks because 792 

of their extensive alteration (Yaxley et al., 2022). Walter et al. (2008), however, have calculated 793 
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primary and evolved carbonatite melt compositions from Ca-Ti-Si perovskite and majorite garnet 794 

inclusions in diamonds, respectively. Carbonatite and associated ultramafic-mafic rocks from the 795 

Kovdor Intrusion, Kola province, Russia (Verhulst et al., 2000) and other carbonatite complexes 796 

from Africa (Homa Mountain, Kalkfeld, Ondurakorume, Otjisazu, North Ruri, Okorusu; Bühn et 797 

al., 2001) generally contain <5 to ~15 vol% of apatite, similar to the apatite content of the 798 

OAGN (≤ 20 modal%). Some lithologies (e.g., phoscorite, nelsonite, and camaforite) associated 799 

with carbonatite complexes, however, can contain >70 vol% of apatite (Chakhmouradian et al., 800 

2017). The average P2O5 content of carbonatite magma or melt is ~2.4 wt% (Chakhmouradian 801 

et al., 2017), which is not significantly different from that of the melt from which the Lac `a 802 

l’Orignal OAGN crystallized (2.7- 5.3 wt%), or the example of the carbonatite melt (4.8 ± 1 803 

wt%) provided in Table 4. Overall, apatite contents in carbonatite rocks and the P2O5 804 

concentrations of carbonatite melt are not much different from those of the Lac `a l’Orignal 805 

OAGN.  806 

Differences in composition between the OAGN and average carbonatite worldwide are 807 

quite small for some apatite chemical components, for example, CaO, P2O5, F and Cl contents, 808 

and CaO/P2O5 ratios (Table 4). The average SiO2, Na2O, Sr, Pb, Th, U, and REE contents, and 809 

ΣLREE/ΣHREE ratio of the OAGN apatite, however, are notably lower than those of the 810 

carbonatite worldwide (Table 4). We acknowledge, however, that the chemical data for apatite 811 

from carbonatites were compiled using a much larger number of samples (n = 300) from 812 

different tectonic settings (e.g., Srivastava et al., 2022) than the OAGN (n = 6). Therefore, the 813 

variability in chemical composition of apatite from the carbonatites is understandably higher than 814 

for the OAGN.  815 
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The apatite-melt partition coefficients for Sr (𝐷𝑆𝑟
𝐴𝑝−𝑚𝑒𝑙𝑡

) and REE (𝐷𝑅𝐸𝐸
𝐴𝑝−𝑚𝑒𝑙𝑡

) are higher 816 

in silicate melt (Prowatke and Klemme, 2006; Li et al., 2023) than in carbonatite melt (Klemme 817 

and Dalpe, 2003; Hammouda et al., 2010, Chakhmouradian et al., 2017). The lower average Sr 818 

(1007 ± 216 vs 7290 ± 3789 ppm; Table 4) and REE (2219 ± 888 vs 8224 ± 7983 ppm; Table 4) 819 

concentrations in the OAGN apatite than worldwide carbonatite apatite, therefore, suggest lower 820 

concentrations in the OAGN melt than the average evolved carbonatite melt. Indeed, the Sr 821 

contents of the OAGN melt (906–1025 ppm; Table 4) are lower (1927–4835 ppm) than 822 

calculated by Walter et al. (2008) for evolved carbonatite melts (not in Table 4), though they 823 

calculated lower Sr contents (281 ppm) for primary carbonatite melts. The ΣREE content of the 824 

OAGN melt (368–425 ppm; Table 4) is also lower than Walter et al.’s (2008) calculated 825 

compositions for both primary (3908 ppm) and evolved carbonatite melts (2598–45,925 ppm).  826 

The apatite-melt partition coefficients for Pb (𝐷𝑃𝑏
𝐴𝑝−𝑚𝑒𝑙𝑡

)  in carbonatite and silicate melt 827 

are <1 (Klemme and Dalp´e, 2003; Hammouda et al., 2010), suggesting its incompatible nature 828 

in apatite. The higher average concentration of Pb in apatite from carbonatite worldwide (14.3 ± 829 

19 vs 1.6 ± 0.9 ppm; Table 4) than the OAGN apatite, therefore, suggests higher Pb 830 

concentrations in the average evolved carbonatite melt than the OAGN melt. The higher Pb 831 

concentrations of the presently erupting Oldoinyo Lengai natrocarbonatites (89–154 ppm; Bell 832 

and Tilton, 2001), Tanzania than the OAGN melt (5.0–10.8 ppm; Table 4) are consistent with 833 

our inference. 834 

Both compatible (𝐷𝑈 𝑜𝑟 𝑇ℎ
𝐴𝑝−𝑚𝑒𝑙𝑡 > 1) and incompatible (𝐷𝑈 𝑜𝑟 𝑇ℎ

𝐴𝑝−𝑚𝑒𝑙𝑡 < 1) partitioning of U 835 

and Th in apatite relative to carbonatite (Klemme and Dalp´e, 2003; Hammouda et al., 2010) and 836 

silicate melt (Prowatke and Klemme, 2006; Li et al., 2023) have been reported. Hence, the lower 837 

average concentrations of U (1.6 ± 2.4 vs 12.3 ± 24.6 ppm; Table 4) and Th (5.9 ± 11 vs 191 ± 838 
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416 ppm; Table 4) in apatite from the OAGN than carbonatite possibly indicate lower 839 

concentrations of U and Th in the OAGN melt than the average evolved carbonatite melt. Walter 840 

et al.’s (2008) calculated U (164–769 ppm) and Th (57–832 ppm) contents for evolved 841 

carbonatite melts, are significantly higher than those of the OAGN melt (U = 0.2–0.6 ppm; Th = 842 

0.6–1.1 ppm; Table 4). Walter et al.’s (2008) calculated U (12.7 ppm) and Th (12.1 ppm) 843 

contents for primary carbonatite melt are, however, slightly higher than those of the OAGN melt 844 

(Table 4). The lower concentrations of these toxic metals (Pb, Th, and U) in apatite and other 845 

minerals (Table 2) of the Lac `a l’Orignal OAGN point to the more environmentally friendly 846 

nature of this phosphate deposit. 847 

 848 

6. Conclusions 849 

1. The Lac à l’Orignal oxide-apatite-gabbronorite (OAGN), which is hosted in a 850 

Proterozoic, massif-type anorthosite, contains a large amount of phosphate ore in the 851 

form of fluorapatite. 852 

2. The fluorapatite in the OAGN precipitated throughout the crystallization history of the 853 

magma. The close association of fluorapatite with ilmenite and magnetite suggests that 854 

fluorapatite is mostly coprecipitated with oxide minerals. 855 

3. Both orthopyroxene and plagioclase from the Lac à l’Orignal OAGN suggests polybaric 856 

crystallization. Reverse compositional zoning in the OAGN plagioclase suggests < 2.5 857 

kbar of pressure change during its polybaric crystallization. The Al content of 858 

orthopyroxene suggests that the Lac à l’Orignal deposit was emplaced at mid-low crustal 859 

levels (~2.0-3.6 kbar; i.e., ~7.5-13.5 km).   860 
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4. The low hematite content of ilmenite (i.e., Xhem of 0.07-0.12) of the Lac à l’Orignal 861 

deposit indicates its slow cooling in the core of the deposit, rather than crystallization 862 

under reducing conditions. 863 

5. The overall increase of REE+Y concentrations of the OAGN fluorapatite with decreasing 864 

fluorapatite contents indicates its formation during fractional crystallization of the OAGN 865 

melt. 866 

6. The wide variations in OAGN plagioclase content (< 5 to 75 modal%) associated with the 867 

high fluorapatite abundances (e.g., > 11 modal%) suggests that avalanching of minerals 868 

sometimes occurred after their precipitation and initial crystal settling.   869 

7. Fluorapatite with a low Cl content is a high-quality ore for producing phosphoric acid. 870 

Our study indicates that Cl contents of fluorapatite in the OAGN progressively increased 871 

from early to late stages of crystallization. Fluorapatite with low Cl contents is associated 872 

with orthopyroxene having a high Mg#, which indicates formation at the early stages of 873 

magma crystallization. The Mg# signature eliminates the need for challenging 874 

measurements of apatite halogen contents (F, Cl). The Mg# of orthopyroxene, which is a 875 

dominant mineral in the deposit, can therefore be used during exploitation to trace the 876 

location of high-quality phosphate ore in the Lac à l’Orignal deposit.  877 

8. The Lac à l’Orignal OAGN’s low abundances of sulfide minerals (<3%) and toxic metals 878 

such as Pb, Th, and U in the apatite and other minerals indicate that the deposit is an 879 

environmentally-friendly, high-quality source of igneous phosphate. This observation 880 

likely extends more generally to massif-type anorthosites in the Grenville. 881 

 882 

 883 
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 1317 

Figure 1. (A, B) Location map showing massif-type anorthosite bodies and the Lac à l’Orignal 1318 

deposit, Quebec within the Grenville Province in Canada (modified after Bédard, 2009; Higgins et 1319 

al., 2002); (C) Simplified location map of the Lac à l’Orignal deposit showing distributions of the 1320 

Vanel and the Mattawa Anorthosite (modified after Miloski et al., 2023a); (D) Representative core 1321 

samples of two major rock types, oxide-apatite-gabbronorite (OAGN; core Co-1) and oxide-1322 

apatite-anorthosite (OAA; core Co-2), from the Lac à l’Orignal deposit. For colour or 1323 
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interpretation of references to colour in this or subsequent figures, the reader is referred to the web 1324 

version of this article.  1325 

 1326 

Figure 2. Photomicrographs showing textural relationships of various minerals in oxide-apatite-1327 

gabbronorite (OAGN) and oxide-apatite-anorthosite (OAA) from the Lac à l’Orignal deposit, 1328 

Quebec. (A) Orthopyroxene surrounded by plagioclase crystals in OAGN (cross-polarized 1329 

transmitted light); (B) Granoblastic texture and plagioclase with serrated crystal boundaries in 1330 

OAA (cross-polarized transmitted light); (C) Apatite inclusions within orthopyroxene (plane-1331 

polarized transmitted light); Amphibole crystals surrounding orthopyroxene crystal in the right-1332 

hand corner of the photomicrograph; (D) Large clinopyroxene crystal encloses plagioclase (cross-1333 

polarized transmitted light); (E) Apatite crystals of different sizes within a melanocratic oxide 1334 

(ilmenite and magnetite) -rich layer and tabular biotite associated with oxide-rich layer (plane-1335 

polarized transmitted light); (F) Subhedral to anhedral amphibole associated with orthopyroxene 1336 

(plane-polarized transmitted light); conversion of orthopyroxene to amphibole in the left-hand 1337 

corner of the photomicrograph; (G) Hematite exsolution lamellae within ilmenite producing a 1338 

zebra-striped pattern (plane-polarized reflected light); (H) Magnetite associated with external 1339 

granule exsolution of Al-spinel (plane-polarized reflected light); presence of trellis oxy-ilmenite 1340 

exsolutions in magnetite; individual ilmenite crystal in the left-hand corner of the 1341 

photomicrograph.  1342 

 1343 

Figure 3. (A) Average anorthite (An) content variations at the cores and edges of plagioclase 1344 

crystals (data in Table A9). All plagioclase crystals are from the OAGN except sample LO5-6 1345 
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(OAA); (B) Backscattered electron (BSE) image of a representative plagioclase crystal of the 1346 

OAGN showing an overall increase of An content from the core to the edge of the crystal; (C) 1347 

Average enstatite (En) content variations at the cores and edges of orthopyroxene crystals in the 1348 

OAGN (data in Table A10). 1349 

 1350 

Figure 4. (A) Relationships between Al2O3 content and Mg# of orthopyroxene in the OAGN. 1351 

Additional data for orthopyroxene from the Lac à l’Orignal deposit (Miloski et al., 2023a; Grant, 1352 

2020) and other Proterozoic anorthosites (Mealy Mountains Intrusive Suite, Nain Plutonic Suite, 1353 

Canada; Bybee et al., 2014; Rogaland Anorthosite Province, Norway, Bybee et al., 2014; Charlier 1354 

et al., 2010) are also shown. The Mg# of orthopyroxene from Miloski et al. (2023a) and Grant 1355 

(2020) are calculated from their FeOtotal and MgO data. The pressures of orthopyroxene 1356 

crystallization were calculated using the Al content in orthopyroxene from the Ahvenisto 1357 

Anorthosite, Finland (Heinonen et al., 2020) according to the geobarometeric relationship of 1358 

Emslie et al. (1994); (B) Relationships between Al2O3 content and Mg# of clinopyroxene for the 1359 

OAGN. 1360 

 1361 

Figure 5. 10×TiO2–(FeO + MnO)–MgO ternary discrimination diagram for biotite from the 1362 

OAGN and OAA. The distributions of biotite data of the oxide-apatite-norite and oxide-apatite-1363 

anorthosite (Miloski et al., 2023a; Grant, 2020) from the Lac à l’Orignal deposit (gray field) are 1364 

also shown for comparison. 1365 

 1366 
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Figure 6. Relationships between TiO2 and Al2O3 contents of magnetite, orthopyroxene, 1367 

clinopyroxene, amphibole, and biotite of the OAGN. Data for biotite from one OAA sample 1368 

(unfilled triangle) from the deposit is also shown. Magnetite, orthopyroxene, and biotite data from 1369 

similar rock types of the Lac à l’Orignal deposit (gray field) from previous studies (Miloski et al., 1370 

2023a; Grant, 2020) are also included for comparison. 1371 

 1372 

Figure 7. Relationships between Cl contents of apatite (fluorapatite) and Mg# of coexisting 1373 

orthopyroxene from the OAGN. The average standard deviation of data (bar and whiskers) are 1374 

also shown, as calculated using avg. SD = √ (S1
2 + S2

2+….+ Sk
2)/k; where Sk = standard deviation 1375 

for the ‘k’th sample and k= total number of samples (Cohen, 1988). 1376 

 1377 

Figure 8. Primitive mantle-normalized (Lyubetskaya and Korenaga, 2007) patterns of selected 1378 

trace (and minor) elements of (A) plagioclase, (B) orthopyroxene, (C) biotite, (D) apatite, and (E) 1379 

ilmenite from the OAGN (solid lines) and the OAA (dashed line in A, C, and E). Selected mantle-1380 

normalized data for plagioclase, apatite, and ilmenite of oxide-apatite-norite, nelsonite, and 1381 

apatite-bearing anorthosite samples (Miloski et al., 2023a) from the Lac à l’Orignal deposit (gray 1382 

field) are also included for comparison. The elements are arranged by increasing their atomic 1383 

numbers. Abbreviations: LOD, lower limit of detection. 1384 

 1385 

Figure 9. Chondrite-normalized (Pourmand et al., 2012) REE+Y plots for (A) plagioclase, (B) 1386 

orthopyroxene, (C) biotite, (D) apatite, and (E) ilmenite from the OAGN (solid lines) and OAA 1387 

(dashed line in A, C, and E). Chondrite-normalized REE+Y data of plagioclase, apatite, and 1388 
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ilmenite for oxide-apatite-norite, nelsonite, and apatite-bearing anorthosite from the Lac à 1389 

l’Orignal deposit, as reported by Miloski et al. (2023a; gray field), are also included for 1390 

comparison, along with chondrite normalized REE+Y data of apatite for oxide-apatite-norite and 1391 

nelsonite from the Grader Layered Intrusion, Quebec (Charlier et al., 2008; green field). 1392 

Abbreviations: LOD, lower limit of detection. 1393 

 1394 

Figure 10. (A) Relationship between apatite ∑REE+Y concentrations and apatite contents of the 1395 

OAGN; (B) Relationships between plagioclase and apatite contents of the OAGN and OAA from 1396 

the Lac à l'Orignal deposit (this study: light blue field) compared with data (gray field) for oxide-1397 

apatite norite and apatite-bearing anorthosite from the Lac à l'Orignal deposit reported by Miloski 1398 

et al. (2023a). Two samples (filled hexagons) with very high apatite content (40% for nelsonite 1399 

and 85% for massive apatite) from Miloski et al. (2023a) are also included.  1400 

 1401 

Figure 11. Paragenesis of minerals comprising the OAGN and OAA of the Lac à l'Orignal 1402 

deposit, Quebec, Canada. The thickness of a line corresponds to the relative abundance of a 1403 

mineral.  1404 

 1405 

Figure 12. Schematic diagrams showing the formation of Si-rich and Fe-rich layers with variable 1406 

proportions of apatite in the Lac à l'Orignal deposit. (A) Initial Si- and Fe-rich liquids formed due 1407 

to liquid immiscibility. Si-rich and Fe-rich liquids crystallized low (~1 %) and high (5-8 %) 1408 

amounts of apatite, respectively. After precipitation, the crystals were sorted due to density 1409 

differences followed by crystal settling; (B) Layers produced in the first stage underwent slumping 1410 
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or avalanching due to the density differences between Si-rich (plagioclase-dominated) and Fe-rich 1411 

layers while residual liquid still existed in the system. Avalanching facilitated the accumulation of 1412 

high amounts of apatite (e.g., > 11%) in Fe-rich layers. 1413 

 1414 
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Table 1. Abundances and chemical composition ranges of minerals in oxide-apatite-gabbronorite and oxide-apatite-anorthosite from 

the Lac à l'Orignal deposit. 

  plagioclase orthopyroxene clinopyroxene biotite amphibole apatite ilmenite magnetite Al-spinel 

  OAGN* OAA** OAGN OAGN OAGN OAA OAGN OAGN OAGN OAA OAGN OAGN OAA 

  modal abundance (%) 

  8.0-72.0 69.0-95.0  9.0-35.0 2.0-11.0 1.0-5.0 3.0-18.0 0-8.0 1.0-20.0 1.0-10.0 0-4.0 1.0-21.0 <3.0 <3.0 

    

(<5% opx 

and cpx) 
    

                  

  (wt%) 

SiO2 56.1-57.0 58.1 51.1-52.5 50.5-51.2 36.6-37.9 37.4 41.2-41.6 0.07-0.22 ≤0.01 <0.01 0.01-0.02 0.01-0.13 0.01 

Al2O3 27.0-27.9 26.8 2.02-2.68 3.92-4.23 14.7-15.7 15.5 13.2-13.8   0.01-0.04 0.01 0.32-0.45 60.6-63.7 58.0 

TiO2     0.09-0.12 0.51-0.61 4.0-5.5 3.29 1.93-2.98   46.2-50.0 47.80 0.07-0.25 0.14-0.46 0.44 

Cr2O3     ≤0.01 ≤0.01 ≤0.01 <0.01 ≤0.01   ≤0.01 <0.01 0.02-0.12 0.01-0.14 0.02 

FeO 0.08-0.22 0.08 19.9-23.4 8.1-9.25 7.66-13.1 12.6 10.9-11.7   38.4-40.6 40.8 31.0-31.3 16.2-23.0 12.5 

Fe2O3                 6.96-12.2 9.84 67.6-68.1 1.01-2.03 0.33 

MnO     0.48-0.79 0.23-0.32 0.02-0.03 0.19 0.11-0.17 0.02-0.05 0.42-0.84 1.17 ≤0.01 0.13-0.16 0.15 

MgO     21.3-24.0 12.8-13.9 15.3-19.5 16.2 12.7-13.5   0.75-1.98 0.55 0.03-0.11 9.01-14.6 4.53 

ZnO                       3.0-5.2 23.9 

CaO 8.9-9.74 8.25 0.38-0.66 21.2-22.0 0.01-0.02 0.01 11.2-11.7 54.7-55.3 0.01-0.03 0.01 ≤0.01 0.01-0.03 <0.01 

Na2O 5.72-6.41 6.77 0.01-0.03 0.63-0.74 0.04-0.23 0.09 1.83-2.3 0.03-0.07           

K2O 0.17-0.43 0.20   ≤0.01 9.19-9.73 9.57 1.02-2.02             

P2O5               41.3-42           

F 

  

  

    

0.83-1.32 

(8300-13200 
ppm) 

0.90 0.55-0.74 
(5500-7400 

ppm) 

2.72-3.2  

(27200-

32000 
ppm) 

        
  

  
(8950 
ppm) 

        
  

Cl 

  

  

    

0.02-0.04  
(150-437 

ppm) 

0.33 
0.02-0.03 

(164-317 

ppm) 

0.07-0.10  
(700-1044 

ppm) 

          

  

(3270 

ppm) 
        

  

H2O         3.44-3.69 3.54 1.66-1.76 0.02-0.11           
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(Table 1 continued) 

 

 

 

 

 

 

 

 

 

 

  plagioclase orthopyroxene clinopyroxene biotite amphibole apatite ilmenite magnetite Al-spinel 

  OAGN* OAA** OAGN OAGN OAGN OAA OAGN OAGN OAGN OAA OAGN OAGN OAA 

XAp
FAp 

(mole 
fraction of 

fluorapatite)               

0.72-0.85         

  

Xhem (mole 
fraction of 

hematite in 

ilmenite               

  0.07-0.12. 0.1     

  

mg#     61.9-68.9 71.1-75.3 67.5-81.9 69.7 65.9-68.5             

End 
members 

An42.9-47.4 An39.8 En61.2-68.1 Wo45.6-46.7     

  

            

Ab50.4-56.1 Ab59.1 Fs30.7-37.6 En38.2-40.7                 

Or1.0-2.5 Or1.13 Wo0.8-1.4 Fs13.3-15.5                 

                            

*OAGN, oxide-apatite-gabbronorite; **OAA, oxide-apatite-

anorthosite                 
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Table 2. Ranges of trace (and minor) elements compositions of minerals from oxide-apatite-gabbronorite and oxide-apatite-

anorthosite from the Lac à l'Orignal deposit analyzed by LA-ICP-MS. 

 

  plagioclase orthopyroxene biotite apatite ilmenite 

  OAGN* OAA** OAGN OAGN OAA OAGN OAGN OAA 

  (ppm) 

Mg 73-237 268       194-1214     

K     20.4-140           

Sc 10.0-25.0 10.8 29.2-49 20.3-32.7 35.0 <0.6-3.71 52.8-78.7 70.3 

Ti 57-278 29.2 528-2218     87.6-2718     

V 0.1-2.1 0.1 40-80 224-442 171 3.37-9.26 481-1250 510 

Cr <3.5-10 <4.2 5.3-15.2 <5.1-58 5.3 <3.54-4.37 <7.7-80 <9.8 

Mn 10.5-13.9 49.7 4174-6858 283-447 2325 320-515 2825-6826 7054 

Ni 1.7-9.3 2.4 5.8-165 17-406 57.4 1.25-15.2 4.4-27.9 18.5 

Cu 1.3-2.9 1.3 <0.6-2.9 3.1-6.6 3.1 0.37-13.9 7.2-9.9 6.8 

Zn 3.2-9.9 8.0 514-934 63.4-563 1316 2.2-26.6 20.9-58.4 68.3 

Ga 18.9-23.2 23.1 9.4-14.2 14.3-36.9 34.2 9.4-33.5 2.5-6.7 12.3 

As <2.7 <4.1 1.6-4.2 <4.4 <3.4 2.3-17 <5.0 <3.6 

Se <8.9-19.9 <9.9 <8.9-15.5 <10.3 <10.3 7.9-17.8 <15.8 <4.9 

Rb 0.2-0.5 0.4 0.1-0.3 52.2-119 768 0.07-0.2 <0.1-0.6 <0.1 

Sr 1648-2807 1767 0.8-2.0 14.2-72.1 10.9 659-1333 0.6-7.3 1.2 

Zr 0.3-9.2 0.2 1.7-5.5 0.8-3.9 1.1 0.7-1.9 18.6-19.4 9.0 

Nb 0.1-0.4 0.1 0.1-0.9 2.5-7.5 9.1 0.07-1.41 26.1-73.5 77.6 

Mo 0.5-1.4 0.6 0.3-0.8 <0.2-0.8 1.3 0.22-0.9 <0.2-3.8 17.3 

Cd 0.8-2.7 1.2 0.8-2.0 <0.3-1.0 0.8 0.59-1.88 <0.9-2.2 <3.3 

Te 1.6-5.1 1.3 1.1-3.6 1.2-2.9 1.9 <1-3.7     

Ba 274-441 98 <0.3-3.0 7373-13125 4031 1.29-2.56 <0.2-1.8 1.3 

Hf <0.3-1.3 0.3 0.2-0.4 0.5-0.6 0.3 <0.13-0.37 1.3-4.4 2.4 

Pb 3.6-5.3 7.3 0.1-1.1 1.4-2.8 2.4 0.94-3.44 0.2-1.1 0.4 

Th 0.1-0.3 0.1 0.1-0.3 0.06-0.14 0.1 1-28.3 <0.1-0.5 0.1 

U <0.1-0.2 0.03 0.02-0.2 <0.02-0.1 0.03 0.49-6.5 <0.02-0.7 0.1 
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(Table 2 continued) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  plagioclase orthopyroxene biotite apatite ilmenite 

  OAGN OAA OAGN OAGN OAA OAGN OAGN OAA 

  (ppm) 

REE+Y                 

La 3-7.8 3.6 0.1-0.3 0.1-1.0 0.1 186-400 <0.03-1.0 <0.3 

Ce 5.2-13.9 5.5 0.1-1.5 <0.1-2.2 0.2 599-1429 0.05-0.7 0.2 

Pr 0.5-1.5 0.5 0.1-0.2 0.04-0.4 0.05 87-224 0.10-0.6 0.2 

Nd 2.4-5.1 1.9 0.8-0.3 0.4-2.0 0.1 369-1043 <0.40-4.8 0.4 

Sm 0.7-0.9 0.6 0.2-0.8 <0.2-0.8 0.2 74-222 <0.2-1.4 <0.2 

Eu 1-2.2 1.1 0.1-0.2 0.5-0.9 0.3 22.1-37.1 <0.04-0.4 <0.05 

Gd 0.4-0.8 0.3 0.4-0.7 0.4-1.3 0.7 65-198 <0.2-1.0 <0.2 

Tb 0.1-0.2 0.1 0.06-0.1 0.1-0.2 0.04 6.9-25.1 <0.02-0.2 0.1 

Dy 0.4-0.7 0.3 0.3-1.0 <0.1-0.4 0.2 32.8-132 <0.10-0.7 <0.1 

Ho 0.1-0.2 0.1 0.1-0.2 0.07-0.1 0.1 5.5-23.6 0.1-0.30 <0.03 

Er 0.2-0.5 0.2 0.2-0.9 0.2-0.8 0.1 12.8-57.1 <0.1-1.0 <0.1 

Tm 0.1-0.2 0.1 0.04-0.20 <0.02-0.1 0.03 1.27-6.2 <0.03-0.3 <0.03 

Yb 0.2-0.4 0.2 0.3-1.4 <0.1-1.4 0.2 7.3-32 <0.1-1.1 <0.1 

Lu 0.1-0.1 0.03 0.1-0.3 <0.2 0.05 0.89-4.2 <0.3 <0.4 

Y 0.2-0.7 0.3 1.0-5.0 0.2-0.8 0.1 148-602 <0.04-0.6 0.1 

∑REE 15.0-33.0 15.0 3.0-7.0 4.0-8.0 2.0 1492-3819 0.3-9.0 1.0 

                  
*OAGN, oxide-apatite-gabbronorite             

**OAA, oxide-apatite-anorthosite             
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Table 3. REE characteristics of major minerals in OAGN and OAA, Lac à l'Orignal deposit. Cl contents of apatite and Mg# of OAGN 

orthopyroxene are also listed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Drill 

hole sample depth (m) mineral #Mg Cl REE ∑LREE ∑HREE ∑LREE/∑HREE (La/Yb)N (La/Sm)N Eu/Eu* 

          (ppm) (ppm) (ppm) (ppm)         

LO-

14-24 

LO 1B 

(OAGN) 
39-40.5 

plagioclase     14.7 13.7 1.2 11.6 12.8 3.6   

orthopyroxene 68.2   2.60 1.1 1.47 0.8 0.3 0.3 0.8 

apatite   700 1558 1404 154 9.1 16.6 1.4 0.9 

  

LO 2C 

(OAGN) 
70.5-72 

plagioclase     19.0 17.0 2.12 8.0 10.9 2.3 4.4 

orthopyroxene 66.5   2.91 0.95 2.0 0.5 0.2 0.3 1.4 

apatite   820 1953 1754 199 8.8 15.9 1.4 0.9 

  

LO 4 

(OAGN) 
105.4-105.6 

plagioclase     33.1 30.5 2.8 10.9 14.8 5.9 5.5 

orthopyroxene 61.9   6.51 1.9 4.6 0.4 0.1 0.2 0.7 

apatite   1044 3819 3341 479 7.0 8.6 1.1 0.3 

  

LO 5-6 

(OAA) 
31.4-31.6 

plagioclase     14.5 13.3 1.24 10.7 12.9 3.8 7.2 

orthopyroxene                   

apatite                   

    

LO-

14-23 

LO 9-10 

(OAGN) 
33-34.5 

plagioclase     26.7 25.2 1.59 15.8 20.5 5.5 11.3 

orthopyroxene 62.8   6.9 3.2 3.7 0.9 0.2 0.4 1.1 

apatite   1039 2660 2407 253 9.5 17.8 1.6 0.9 

  

LO 13B 

(OAGN) 
96-97.5 

plagioclase     15.1 13.6 1.5 9.1   2.1   

orthopyroxene 66.6                 

apatite     1492 1360 132 10.3 15.9 1.4 1.0 

    

LO-

14-02 

LO 22C 

(OAGN) 
64.5-66 

plagioclase                   

orthopyroxene 66.9   3.3 1.4 1.86 0.8     0.4 

apatite   860 1831 1638 194 8.5 14.7 1.3 0.9 

    

LO-

14-22 

LO 35 

(OAGN) 
75-76.5 

plagioclase                   

orthopyroxene 68.9                 

apatite   779               
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Table 4. Comparison of apatite chemical parameters from the Lac à l'Orignal OAGN with those of carbonatite worldwide. Average 

values (±1σ) and ranges (in parentheses) are provided. The melt composition of Lac à l’Orignal OAGN and an example of carbonatite 

melt are also included. 

 
 

      
 

  OAGN (Lac à l’Orignal) carbonatite worldwide*   OAGN (Lac à l’Orignal) melt**  carbonatite melt***  

CaO (wt%) 55.0±0.2 (54.7-55.3) 53.2±2.2 (44.1-56.4)   9.5 (8.8-10.2) 38.0±2.5 (33.1-42.2) 
 

P2O5 (wt%) 41.7±0.3 (41.3-42.0) 40.4±2 (33.3-43.8)   4.0 (2.7-5.3) 4.8±1 (3.2-7.7) 
 

CaO/P2O5 1.32±0.01 (1.31-1.33) 1.32±0.06 (1.15-1.51)   2.6 (1.9-3.3) 8.2±1.6 (5.3-13) 
 

SiO2 (wt%) 0.1±0.05 (0.07-0.22) 0.7±1.1 (≤0.01 to 4.47)   38.2 (34.6-41.8) 1.5±0.4 (0.6-2.2) 
 

TiiO2 (wt%) − −   5.1 (5.1-5.2) 0.5±0.2 (0.2-1.0) 
 

FeO (wt%) − 0.1±0.2 (0.01 to 1.4)   19.3 (17.3-21.3) 1.2±0.4 (0.7-2.0) 
 

Na2O (wt%) 0.06±0.01 (0.03-0.07) 0.3±0.3 (≤0.02 to 1.36 )   2.7 (2.2-3.2) 10.2±2.5(6.4-15.8) 
 

F (wt%) 2.92±0.2 (2.72-3.2) 2.9±1.1 (≤0.26 to 6.17)   − 0.6±0.3 (0.1-1.5) 
 

Cl (wt%) 0.09±0.1 (0.07-0.104) 0.07±0.2 ( ≤0.01 to 1.26)   − 0.01±0.006 (0-0.03) 
 

Sr (ppm) 1007±216 (659-1333) 7290±3789 (827- 20119)   966 (906-1025) − 
 

As (ppm) 6.6±5.4 (2.3-17.0) 10.9±4.9 (≤14.3-19.0)   − − 
 

Pb (ppm) 1.6±0.9 (0.9-3.4) 14.3±19 (≤0.8 to 76.9)   7.9 (5.0-10.8) − 
 

Th (ppm) 5.9±11 (1.01-28.3) 191 ±416 (≤0.3 to 3000)   0.9 (0.6-1.1) − 
 

U (ppm) 1.6±2.4 (0.5-6.5) 12.3 ±24.6 (≤0.02 to 105 )   0.41 (0.2-0.6) − 
 

Y (ppm) 274±168 (148-602) 1306±2479 (≤12.8 to 12000)   49 (46-53) − 
 

∑REE (ppm) 2219 ±888 (1558-3819) 8224 ±7983 (273-45859)   397 (368-425) − 
 

∑LREE/∑HREE 8.9±1.1 (7-10.3) 22±14.4 (0.6-70.9)   9.1 (8.9-9.3) − 
 

           
 

*Geochemical data for individual carbonatites are provided in Tables A19 and A20.      
 

**Melt composition of OAGN (Lac à l’Orignal) is from Miloski et al. (2023b).     
 

 ***A melt composition of carbonatite is from carbonate melt inclusions in perovskite of Kerimasi afrikandite (clinopyroxene and nepheline-rich rock), Trig Point Hill, 

Tanzania (Guzmics et al., 2012). 
 

         
 

 


