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a b s t r a c t

This contribution presents an original study combining detailed mapping, petrography, whole-rock geo-
chemistry and geochronological constraints on the recently identified LREE (Light Rare Earth Elements)
occurrences associated with pegmatitic granite dykes (PGD) from the central Grenville (Lac Okaopéo
region). These PGD intrude paragneisses or meta-igneous complexes with a REE mineralization hosted
either in monazite-(Ce) or in allanite-(Ce) respectively. The investigated samples display peraluminous
signatures and are dominated by a quartz + K-feldspar + plagioclase + biotite + monazite/allanite assem-
blage. Field relationships and the magmatic textures of the dykes combined with U-Pb dating of mag-
matic monazite grains at 1005.4 ± 4.4 Ma and 996.7 ± 5.3 Ma (concordant igneous ages) imply that the
LREE-rich PGD were emplaced in a post-tectonic setting. Allanite-(Ce)- and monazite-(Ce)-bearing PGD
have RREE contents up to 9242 ppm and 7048 ppm, respectively. The allanite-rich assemblage is consis-
tent with the petrographic assemblage of LREE-enriched PGD identified in the southwestern Grenville
Province and elsewhere in the world, but this study constitutes the first evidence for a sole presence
of monazite as LREE-bearing phase in strongly peraluminous PGD from the Grenville Province.

� 2017 Elsevier B.V. All rights reserved.

1. Introduction

Granitic pegmatites host numerous metallic occurrences,
mostly rare-metals such as U-Th, Nb-Ta, Y, Rare Earth Elements
(REE), Ti, Zr, Be, Li, Cs, Mo, Rb, B, P, Pb, F. Due to their small sizes,
REE-rich granitic pegmatites are generally not considered as good
economic target when compared to their plutonic counterparts,
and have thus not received the same attention (e.g. Ercit, 2005;
Goodenough et al., 2016; London, 2016). However, the worldwide
overwhelming occurrences of REE-bearing granitic pegmatites
may potentially represent important sources of REE and are to be
included in the further global investigations of the REE metallo-
genic system. The lack of detailed field descriptions, whole-rock
and mineralogical compositions, as well as structural data for the

pegmatitic bodies and their host and country rocks prevent a good
understanding of the source, the formation and the concentration
of REE-bearing pegmatites (Dill, 2015; Ercit, 2005). Classification
schemes, such as the NYF (Nb-Y-F) classes of Černý et al. (2012)
or the ‘‘chessboard” scheme of Dill (2010), generally depict REE-
rich granitic pegmatites as being derived from an alkaline melt
fractionation (Dill, 2010, 2015). However, in some cases (e.g. in
the Grenville Province) where the lack of coeval granitic pluton is
not necessarily due to a lack of outcrops, a derivation of REE-rich
granitic pegmatites from partial melting of a crustal/sub-crustal
component is generally inferred, but not clearly demonstrated
(Ercit, 2005 and references therein).

With this in mind, the Proterozoic Grenville Province, mainly
exposed in Quebec and Ontario (Canada, Fig. 1), offers the possibil-
ity to study numerous magmatic REE occurrences, mainly late- to
post-Grenvillian in age, and associated with a large spectrum of
magmatic environments including nepheline-syenite (e.g. Saint-
Honoré, Crevier, Bergeron, 1980; Gauthier and Chartrand, 2005;
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Groulier, 2013; Sangster et al., 1992), carbonatite (e.g. Niobec, Cre-
vier, Bergeron, 1980; Groulier, 2013), as well as numerous granitic
pegmatites (e.g. Ayres and Černý, 1982; Černý, 1990; Ercit, 2005;
Ford, 1982; Lentz, 1996; Masson and Gordon, 1981; Moukhsil
et al., 2014). Other ‘‘non-magmatic” REE occurrences are described
in this province such as the metasomatic mineralization of Kipawa
or the Kwyjibo IOCG-type deposit, with a REE mineralization dated
at ca. 1030 Ma (Saucier et al., 2013; van Breemen and Currie, 2004)
and ca. 985–970 Ma (Gauthier et al., 2004; Perreault and Lafrance,
2015 and references therein), respectively.

During the past few decades, several studies investigated the
distribution, mineralogy and petrogenesis of granitic pegmatites
from the Grenville Province (Ayres and Černý, 1982; Černý, 1990;
Fowler and Doig, 1983; Lentz, 1996, 1991; Masson and Gordon,
1981). They typically comprise U-Th, Nb-Ta, Y, Ti, Zr, REE, Be, Mo,
P, Pb, F (Ayres and Černý, 1982; Černý, 1990; Fowler and Doig,
1983; Gauthier and Chartrand, 2005; Lentz, 1996; Masson and
Gordon, 1981). They are generally interpreted as representing a sil-
icate melt extracted from partially molten rocks between ca. 1.1 to
0.9 Ga during the late stages of major intrusive events coeval with
the end of Grenvillian high-grade metamorphism based on (i) the
lack of coeval granitic pluton, (ii) their magmatic and undeformed
texture, and (iii) their discordant and intrusive nature in brittle
zones within competent units (Ayres and Černý, 1982; Ercit,

2005; Lentz, 1991; Lumbers, 1964; Masson and Gordon, 1981).
Accordingly, the presence of REE-enriched pegmatitic granite
dykes (further designated as ‘PGD’) in the Grenville Province raises
the question of (i) the source of these magmas and (ii) the geody-
namic context that prevailed during their emplacement. Were
these granitic magmas produced by partial melting of the ther-
mally relaxed orogenic root composed of reworked Archean and/
or Proterozoic pre-existing continental crust, or do they corre-
spond to extremely differentiated mantle melts produced by
decompression owing to post-orogenic extension?

The previous studies mentioned above have been mainly
focused on the western parts of the Grenville Province and, to
our knowledge, no REE-rich PGD have been described in the central
part of the Grenville Province (Fig. 1). A recent campaign of
cartography in the Lac Okaopéo region conducted by Moukhsil
et al. (2014) (Figs. 2 and 3) has led to the identification of seven
REE magmatic occurrences associated with discordant PGD
intrusive either in migmatitic paragneisses or in metaplutonic
complexes (Fig. 3, Table 1, Moukhsil et al., 2014). These PGD have
RREE contents ranging from 1418 to 9242 ppm (this study,
Table 2) and represent new REE occurrences in the Grenville
Province. The present paper is dedicated (i) to describe the field
relationships between the various PGD and their host rocks to
constrain their structural framework; (ii) to characterize their
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Fig. 1. a: Position of the Grenville orogen in Laurentia. Paleozoic and younger cover omitted (modified from Hoffman, 1989; Rivers, 2008; Rivers et al., 2012). The northern
dashed line represents the boundary between Internal and External Paleoproterozoic Laurentia and the southern dashed line represents the Grenville Front (GF).
Abbreviations: 1 = exposed Grenville Province, light grey represents the inferred extension of subsurface allochthonous Grenville Province; 2 = Granite-Rhyolite Igneous
Province, ca. 1.50–1.34 Ga and reworked equivalents in the Grenville Province; 3 = Mid-Continental Rift system; 4 = Paleoproterozoic orogens, ca. 1.9–1.8 Ga, ca. 1.65 Ga and
reworked equivalents in the Grenville Province; 5 = Archean cratons; GF = Grenville Front. b: Simplified tectonic map of the Grenville Province (modified after Rivers, 2008;
Rivers et al., 2012). Letters in circle represent the localization of the main Grenvillian granitic pegmatites field as reviewed in Ayres and Černý (1982) and Černý (1990):
A = Central Gneiss Belt; B = Central Metasedimentary Belt; C = Central Granulite Terrain; D = eastern part of the Grenville Province. Abbreviations: ABT = Allochthon Boundary
Thrust; Cn = Canyon domain; G = Gagnon Terrane; HJ = Hart-Jaune terrane; L = Lelukuau terrane; Ts = Tshenukutish terrane.
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petrography and whole-rock geochemistry, allowing to discuss
potential sources and processes responsible for their emplace-
ment and concentration; and (iii) to constrain the timing of REE
mineralization by LA-ICP-MS U-Pb dating on monazite in

order to replace these PGD in the tectonic-metamorphic frame-
work of the Grenvillian Orogeny. Finally, these results will be
compared to other LREE-enriched granitic pegmatites reported
elsewhere.

Fig. 2. Geological map of the central Grenville (Quebec) showing the position of the studied Lac Okaopéo region (NTS sheets 22K/01, 22K/02, 22K/07, 22K/08, 22K/09, 22K/10,
modified after Moukhsil et al., 2014). Abbreviations: ABT = Allochthon Boundary Thrust; MIZ = Manicouagan Imbricate Zone.
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Fig. 3. Simplified geological map of the studied Lac Okaopéo region (modified after Moukhsil et al., 2014) showing the geology of the environment of the REE occurrences
identified in 2013 by Moukhsil et al. (2014). Stars and diamonds represent monazite-bearing and allanite-bearing pegmatitic granite outcrops respectively. Coordinates of the
REE occurrences are proposed in Table 1. 1: Augland et al. (2015); 2: Gobeil et al. (2002); 3: David (2006); 4: Dunning and Indares (2010); 5: David et al. (2009); 6: Moukhsil
et al. (2013a); 7: Moukhsil et al. (2012); 8: Lasalle et al. (2013). Abbreviation: PGD = pegmatitic granite dyke.
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2. Geological framework

2.1. The Grenville orogenic belt

The study area is located in the central Grenville Province
(Fig. 1b), which mainly crops out along the southeastern Canadian
Shield (Fig. 1a). It results from a long history of tectonic-magmatic
accretion through the Mesoproterozoic and subsequent continent-
continent collision designated as the Grenvillian Orogeny sensu
stricto (e.g. Carr et al., 2000; Dunning and Indares, 2010; Gower
and Krogh, 2002; Rivers et al., 2012; Tucker and Gower, 1994).

The two main tectonometamorphic domains of the Grenville
Province, namely the Allochthonous and the Parautochthonous
belts recorded the Grenvillian Orogeny as two distinct phases.
The Allochthonous Belt (Fig. 1b) is made of terranes that originated
outboard of, and were accreted to Laurentia during the Mesopro-
terozoic (Rivers et al., 2012). The underlying Parautochthonous Belt
(Fig. 1b) corresponds to rocks of the Superior Province and its cover
sequence or to previously accreted arc that were reworked during
the Grenvillian Orogeny (Rivers et al., 1989, 2012). The Allochtho-
nous and the Parautochthonous belts are separated by the
southeast-dipping and orogen-scale high-grade shear zone desig-
nated as the Allochthon Boundary Thrust (ABT, Figs. 1b, 2). The
‘‘Ottawan” crustal thickening phase is the first of the Grenvillian
Orogeny, andwas characterized by the development of a hot ductile
crust underneath an orogenic plateau (‘‘Orogenic Lid”, Fig. 1b) with
a lower limit inferred to be the ABT, between ca. 1090 and 1020 Ma
in the Allochthonous Belt (e.g. Carr et al., 2000; Dunning and
Indares, 2010; Indares et al., 2000; Rivers, 2008, 1997; Rivers
et al., 2012). This plateau is inferred to have collapsed on itself after
the Ottawan phase resulting in the formation of several normal-
sense shear zones commonly associated with the emplacement of
PGD, and assisted by the intrusion of AMCG suites that resulted in
weakening and lubricating of the shear zones (Ketchum et al.,
1998; Rivers, 2012; Rivers and Schwerdtner, 2015; Soucy La
Roche et al., 2015). Renewed convergence during the relatively
short-lived Rigolet phase (1005–960 Ma, Rivers, 2009) resulted in
foreland-ward propagation of Grenvillian thrusting and high-
grade metamorphism, the northwest limit of which is the Grenville
Front (Fig. 1), an orogen-scale, southeast-dipping shear zone that
was active during the Rigolet orogenic phase (Krogh, 1994; Rivers
et al., 1989; Rivers, 2008, 2009). Synkinematic PGD and sills were

intruded at upper and lower structural levels of the Parautochtho-
nous and Allochthonous belts, respectively, between 993 and
961 Ma during this later phase on the south shore of the Manicoua-
gan Reservoir (Fig. 2, Jannin et al., in press).

North of Manicouagan Reservoir, the Ottawan tectonic phase
reached a metamorphic peak at ca. 1450 MPa and 860–900 �C
between ca. 1080–1040 Ma (Indares et al., 1998; Indares and
Dunning, 2001; Lasalle et al., 2013; Lasalle and Indares, 2014;
Rivers et al., 2002) in kyanite-bearing rocks from the Manicouagan
Imbricate Zone (MIZ, central Grenville, Fig. 2), a high-grade nappe
of Paleoproterozoic and Mesoproterozoic rocks of the Allochtho-
nous HP Belt (aHP, Fig. 1b). It was followed by the exhumation of
the MIZ over a crustal-scale ramp structurally above the Parau-
tochthonous Belt at ca. 1100 MPa and 870 �C between ca. 1040–
1030 Ma (Indares et al., 1998; Indares and Dunning, 2001; Lasalle
et al., 2013; Lasalle and Indares, 2014; Rivers et al., 2002), and by
the subsequent pervasive intrusion of mantle-derived magmas in
the thickened orogenic crust (e.g. Dunning and Indares, 2010;
Hynes et al., 2000; Indares et al., 2000; Indares and Dunning,
2004). South of the Manicouagan reservoir (just north of our study
area, Fig. 2), however, peak metamorphic conditions at sillimanite-
grade conditions reached ca. 950 MPa and 850 �C between ca. 1080
and 1040 Ma (Dunning and Indares, 2010; Lasalle et al., 2014;
Lasalle and Indares, 2014). In the Parautochthonous Belt south of
the reservoir, granulite-facies peak metamorphic conditions of ca.
1500 MPa and 850 �C were reached between ca. 1005 and
980 Ma (Hynes et al., 2000; Jordan et al., 2006; Rivers, 2009;
Rivers et al., 2012; van Gool et al., 2008) in metapelites from the
Knob Lake Group Paleoproterozoic sequence of the Gagnon Terrane
that unconformably overlie the Laurentian Archean basement
(Parautochthonous Belt, Fig. 2, Dunning and Indares, 2010; Hynes
et al., 2000; Rivers, 1980; Rivers et al., 1989). A recent study indi-
cated that high-grade deformation continued until at least ca.
986 Ma (but could be as young ca. 961 Ma) as rocks of the upper
and lower parts of the Parautochthonous and the Allochthonous
belts, respectively, were likely flowing as an orogenic channel
(Jannin et al., in press).

2.2. The Lac Okaopéo lithotectonic units and structures

The Lac Okaopéo region is located south of the MIZ and of the
Daniel-Johnson dam (Manic-5, Fig. 2). The various lithotectonic

Table 1
Location, present coordinates and results presented in this study of the REE occurrences from the Lac Okaopéo region, first ordered by type of occurrence then from north to south.
Abbreviations: Aln-bearing = allanite-bearing pegmatitic granite dyke; Mnz-bearing = monazite-bearing pegmatitic granite dyke; NTS = National Topographic System;
UTM = Universal Transverse Mercator.

Type of REE
occurrence

Outcrop no NTS
sheet

UTM
zone1

Easting1 Northing1 Localization
(see Fig. 3)

Results presented in this study

Detailed
map

Structural
measures2

Whole-rock
geochemistry3

Accessory
mineral

composition

Dating
(U-Pb

monazite)

Mnz-bearing 13-AM-07 22K10 U19 510199 5620952 North of the 22K/10
NTS sheet

Fig. A-1 Fig. 5a Table 2 – –

13-AM-10 22K10 U19 511236 5618292 North of the 22K/10
NTS sheet

Fig. A-3 Fig. 5a Table 2 – –

13-AM-13 22K10 U19 512052 5614036 North of the 22K/10
NTS sheet

Figs. 4, A-5 Fig. 5a Table 2 Table 3 –
Fig. 10a, b

Table 5 –
Fig. 14a, b

13-TC-5008 22K07 U19 504614 5585041 North of the 22K/07
NTS sheet

Fig. A-7 Fig. 5a Table 2 Table 3 –
Fig. 10c, d

Table 5 –
Fig. 14c

Aln-bearing 13-TC-5072 22K10 U19 510668 5603384 South of the 22K/10
NTS sheet

Fig. B-1 Fig. 5b Table 2 Table 4 –
Fig. 12a

–

13-FS-1202 22K10 U19 510162 5601234 South of the 22K/10
NTS sheet

Fig. B-3 Fig. 5b Table 2 Table 4 –
Fig. 12b

–

13-AE-2149 22K07 U19 503389 5589641 North of the 22K/07
NTS sheet

Fig. B-5 Fig. 5b Moukhsil
et al. (2014)

– –

1 Coordinates are reported as Universal Transverse Mercator (UTM).
2 All the structural measurements (foliation of the host rocks and dykes) are available in Appendix C.
3 Geochemical data are represented in Fig. 13.
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Table 2
Whole rock geochemistry of the REE-richest facies of the pegmatitic granite dykes from the Lac Okaopéo region, first ordered by type of occurrence then from north to south. Data
for the 13-AE-2149 pegmatitic granite is from (Moukhsil et al., 2014). Abbreviations: A/CNK = Al/(Na + K + Ca/2) (Shand, 1943); A/NK = Al/(Na + K) (Shand, 1943); ASI = Aluminum
Saturation Index given by the expression ASI = Al/(Ca � 1.67 � P + Na + K) (Frost et al., 2001; Shand, 1943); Allanite-bearing = allanite-bearing pegmatitic granite dyke; Monazite-
bearing = monazite-bearing pegmatitic granite dyke.

Type of REE occurrence Monazite-bearing Allanite-bearing

Sample 13-AM-07 13-AM-10 13-AM-13 13-TC-5008 13-TC-5072 13-FS-1202 13-AE-2149

SiO2 (wt.%) 71.03 70.80 60.24 70.79 70.27 70.85 55.84
TiO2 0.24 0.50 0.89 0.69 0.34 0.43 0.63
Al2O3 15.93 13.85 18.58 12.90 14.18 14.83 15.05
Fe2O3 (total) 1.23 1.80 4.60 3.67 2.38 3.48 12.42
MnO 0.01 0.01 0.03 0.02 0.02 0.05 0.22
MgO 0.36 0.48 1.16 0.71 0.30 0.52 0.85
CaO 2.29 0.87 3.10 0.88 1.38 2.99 5.54
Na2O 3.53 2.26 4.02 1.99 2.74 4.14 4.28
K2O 4.32 6.68 4.36 6.25 5.90 1.33 1.93
P2O5 0.29 0.09 0.40 0.10 0.15 0.02 0.22
Cr2O3 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
LOI 0.63 0.92 0.82 0.60 0.73 1.01 0.83

Total 99.87 98.26 98.19 98.58 98.39 99.64 97.80

ASI 1.30 1.19 1.36 1.20 1.18 1.35 1.08
A/CNK 1.28 1.30 1.27 1.29 1.24 1.30 0.87
A/NK 2.03 1.55 2.22 1.57 1.64 2.71 2.42

Sr (ppm) 448.00 342.00 550.00 213.00 164.00 275.00 147.00
Ba 1191.00 2424.00 899.00 1662.00 661.00 147.00 181.00
Nb 5.60 8.40 21.00 15.70 7.50 17.30 132.00
V 16.00 23.00 27.00 27.00 7.00 15.00 38.00
Co 2.00 2.00 6.00 5.00 2.00 3.00 6.00
Ga 39.00 22.00 60.00 26.00 29.00 53.00 79.00
Ge 4.70 2.10 6.90 2.40 2.90 7.40 9.70
In <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.20
Sn <1 <1 <1 <1 <1 2.00 4.00
Cs 0.50 0.70 1.50 0.70 0.30 1.00 0.70
Pb 35.00 29.00 34.00 22.00 31.00 17.00 41.00
Be 2.00 <1 3.00 <1 <1 4.00 9.00
Hf 23.40 4.40 41.50 9.00 7.40 50.80 171.00
Ta 0.10 0.25 0.40 0.35 0.11 0.30 3.20
W 0.90 0.80 1.10 0.80 1.40 0.80 3.00
Tl 0.97 1.08 1.40 1.10 0.97 0.75 0.34
Bi <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Th 561.00 102.00 1300.00 123.00 70.50 392.00 766.00
U 11.00 2.02 19.10 1.66 1.11 6.88 30.30
Rb 98.00 141.00 214.00 172.00 122.00 58.00 42.00
Y 29.50 5.90 52.90 10.00 15.80 83.50 544.00
Zr 860.00 195.00 1480.00 388.00 290.00 1760.00 6340.00

Nb/Ta 56 34 53 45 68 58 41
Zr/Hf 37 44 36 43 39 35 37
Th/U 51 50 68 74 64 57 25

La 1560.00 433.00 1800.00 538.00 674.00 1870.00 2150.00
Ce 2720.00 690.00 3370.00 884.00 1160.00 3580.00 4130.00
Pr 271.00 64.10 370.00 92.20 120.00 406.00 470.00
Nd 843.00 202.00 1250.00 300.00 377.00 1400.00 1710.00
Sm 84.60 17.50 159.00 30.40 37.70 179.00 297.00
Eu 3.47 2.37 4.74 2.40 2.62 4.71 9.39
Gd 28.60 5.70 65.20 11.80 13.00 73.30 180.00
Tb 2.07 0.41 5.03 0.78 1.09 6.81 24.90
Dy 8.41 1.55 16.30 2.99 4.33 25.70 123.00
Ho 1.12 0.22 1.93 0.43 0.67 3.58 21.80
Er 2.42 0.52 3.81 0.91 1.51 7.73 59.00
Tm 0.23 0.06 0.35 0.09 0.17 0.90 8.34
Yb 1.13 0.35 1.56 0.43 0.74 4.87 51.80
Lu 0.17 0.05 0.22 0.06 0.10 0.72 7.22

RLREE 5479 1407 6949 1845 2369 7435 8757
RHREE 47 11 99 19 24 128 485
RREE 5526 1418 7048 1864 2393 7563 9242
LaN/YbN

1 938 840 784 850 619 261 28
Eu/Eu*1 0.22 0.72 0.14 0.39 0.36 0.13 0.12

Cd <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Cu 5.00 3.00 20.00 2.00 2.00 6.00 16.00
Ag <0.3 <0.3 <0.3 <0.3 <0.3 3.60 –
Ni <1 <1 3.00 2.00 <1 <1 3.00
Mo 2.00 <1 4.00 1.00 5.00 <1 6.00
Zn 27.00 32.00 110.00 103.00 46.00 56.00 288.00
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units identified in this region (Gobeil et al., 2002; Moukhsil et al.,
2014, 2013a, 2013b, 2012, 2009, 2007) belong to the Allochtho-
nous MP Belt of the Grenville Province, structurally above the
Allochthon Boundary Thrust (ABT, Fig. 2).

2.2.1. PGD host rocks
The PGD investigated in this study are hosted either in parag-

neisses or in two distinct metaplutonic suites, designated as the
Bardoux and the Castoréum. The paragneisses from the Plus-
Value Complex mainly crop out in the northwestern part of the
region (Fig. 3) and are the oldest protolith in the region with a
deposition age between 1765 and 1497 Ma (Augland et al., 2015;
Lasalle et al., 2013; Moukhsil et al., 2014, 2013b).

The Bardoux plutonic suite (Fig. 3) is a greyish metagranite
dominated by a metaluminous I-type to minor peraluminous S-
type signature with millimetric garnet and biotite completed with
phenocrysts (up to 5 cm) of K-feldspar (microcline) showing
locally rapakivi texture, and containing some enclaves of diorite,
monzonite and monzodiorite, that represent continental-arc gran-
itoids emplaced into the Laurentian margin (Augland et al., 2015;
Moukhsil et al., 2014, 2012). It has been dated at 1487.6 ± 6.8 Ma
in the Lac du Milieu region (U-Pb on zircon, Moukhsil et al.,
2012), and at 1497 ± 5 Ma in the Lac Okaopéo region (U-Pb on zir-
con, Augland et al., 2015). The Castoréum Plutonic Suite, which is
intrusive in the Plus-Value Complex and in the Bardoux Plutonic
Suite (Fig. 3), is dominated by a facies of homogeneous porphyric
to porphyroclastic metagranite with a metamorphic fabric delin-
eated by the preferred orientation of biotite, hornblende and
recrystallized or fractured feldspar phenocrysts (Moukhsil et al.,
2014, 2013b). It is associated with minor charnockite, mangerite,
granitic gneisses, and metatonalite (Moukhsil et al., 2014,
2013b). It has been dated at 1393 ± 8 Ma (U-Pb on zircon) and
emplaced in an arc-setting (Augland et al., 2015).

2.2.2. Other lithotectonic units exposed in the Lac Okaopéo region
The Lac Okaopéo region displays other lithotectonic units

besides the ones intruded by the PGD (Fig. 3). All are younger than
the Plus-Value Complex paragneisses and the Bardoux Plutonic
Suite but their emplacement ages spread over the pre-Grenvillian
and Grenvillian history. Pre-Grenvillian units include granitic to
dioritic orthogneisses, metamangerite and metagranite. As they
were emplaced between 1450 Ma and 1100 Ma (Augland et al.,
2015; David et al., 2009; Gobeil et al., 2002; Moukhsil et al.,
2007, 2012, 2013a, 2013b, 2014), their emplacement, encompasses
most of the Mesoproterozoic evolution of the Province from the
late-Pinwarian (ca. 1470–1450 Ma, Ketchum et al., 1994; Tucker
and Gower, 1994) to the post-Elzevirian (ca. 1245–1225 Ma,
Rivers et al., 2012). Several Grenvillian units are coeval with the
Ottawan peak of high-grade metamorphism and include granitic
to quartz monzodioritic orthogneisses, monzonitic to granitic
slightly deformed plutons, and undeformed mafic rocks (David,
2006; Dunning and Indares, 2010; Moukhsil et al., 2007, 2009,

2013b, 2014). Late-Ottawan units include the Berté anorthosite
intrusive in the Renwick Mangerite; the weakly deformed metalu-
minous mangerite and charnockite ± leuconorite ± granite from
the Céline Plutonic Suite (undated), ascribed to the volcanic arc
granite domain; the Sabot Mangerite (ca. 1016–1017 Ma); and
the high-alkalic mangerite ± gabbro ± syenite from the Okaopéo
Plutonic Suite (1014.6 ± 2.1 Ma) (Gobeil et al., 2002; Moukhsil
et al., 2014, 2013b, 2013a, 2009, 2007).

3. Sampling and analytical methods

3.1. Sampling

The seven PGD sampled for this study are accessible by gravel
roads branching from the 389 highway, from Baie-Comeau to the
Daniel Johnson dam (Manic-5, Figs. 2 and 3). They are located in
the northwestern part of the studied region (NTS sheets 22K/07
and 22K/10, Figs. 2 and 3, Table 1), and are aligned along a north
to south trend (Fig. 3, Moukhsil et al., 2014). The studied PGD are
mainly composed of quartz + K-feldspar + plagioclase
+ biotite ± monazite/allanite (Figs. 4, 6 and 7, Appendices A and
B). Their color and mineralogy are correlated to the nature of the
intruded lithologies. Dykes hosted in paragneisses of the Plus-
Value Complex are whitish and contain monazite [(Ce,La,Nd,Th)
PO4] as the LREE-bearing phase (outcrops 13-AM-07, -10, -13 and
13-TC-5008, Figs. 6, 8–10), while those hosted in metaplutonic
complexes of the Bardoux and Castoréum Plutonic Suites are pink-
ish (fresh color) and contain allanite [(Ce,Ca)2(Al,Fe3+)3(SiO4)3(OH)]
(outcrops 13-TC-5072, 13-FS-1202 and 13-AE-2149, Figs. 7, 11 and
12).

3.2. Whole rock geochemistry

Whole-rock geochemistry of the most REE enriched facies of the
PGD identified on each outcrop was performed by Actlabs (Ancas-
ter, Ontario). Samples were chosen according to the abundance of
REE phases, i.e. monazite and allanite, and using a RS125 scintil-
lometer allowing for the identification of LREE-rich and LREE-
poor facies as they are hosted in U-Th-bearing phases. Powdered
samples were prepared by Li-metaborate or -tetraborate. Major
elements were analysed by inductively coupled plasma – atomic
emission spectroscopy (ICP–AES), and trace elements by induc-
tively coupled plasma – mass spectrometry (ICP–MS). Results are
reported in Table 2. In the present contribution, we report original
geochemical data and we include an analysis from Moukhsil et al.
(2014) for sample 13-AE-2149 (Tables 1 and 2).

3.3. Electron microprobe (EMP)

Element composition and chemical maps were obtained by the
Electron Microprobe (EMP) method using a Cameca computer-

Table 2 (continued)

Type of REE occurrence Monazite-bearing Allanite-bearing

Sample 13-AM-07 13-AM-10 13-AM-13 13-TC-5008 13-TC-5072 13-FS-1202 13-AE-2149

S 300.00 300.00 1100.00 100.00 <100 300.00 600.00
Au <2 <2 <2 <2 <2 <2 <2
As <0.5 <0.5 <0.5 <0.5 3.30 <0.5 <0.5
Br <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Cr 58.00 47.00 70.00 49.00 59.00 75.00 48.00
Ir <5 <5 <5 <5 <5 <5 <5
Sc 1.10 1.70 3.50 1.70 2.60 6.70 31.90
Sb <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Se <3 <3 <3 <3 <3 <3 <3

1 Normalization after McDonough and Sun (1995).
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controlled SX-100 (GeoRessources, Nancy) equipped with a wave-
length dispersive spectrometer (WDS).

For quantitative analyses and chemical mapping of monazite
from the 13-AM-13 and the 13-TC-5008 PGD, major and trace ele-
ments (Si, P, Ca, Y, La, Ce, Pr, Nd, Sm, Gd, Pb, Th, U) were measured
using an accelerating voltage of 20 kV and a beam current of
100 nA. Peak counting time was set to 120 s for Pb, 100 s for U
and 20 s for the others elements. Results are reported in Table 3.
Chemical mapping were realized at 15 kV and 100 nA, using a stage
scanning mode. Dwell time per pixel was adjusted to 30 ms and
pixel step range from 0.3 to 0.9 lm. The chosen X-ray lines were:
CeLa and ThMa. Maps are reported in Fig. 9.

For quantitative analyses of allanite from the 13-TC-5072 and
the 13-FS-1202 PGD, major and trace elements (F, Mg, Al, Si, P,
K, Ca, Ti, Mn, Fe, Sr, Y, La, Ce, Pr, Nd, Sm, Gd, Pb, Th, U) were
measured using an accelerating voltage of 20 kV and a beam
current of 100 nA. Peak counting time was set to 120 s for Pb,
100 s for U and 20 s for the others elements. Results are reported
in Table 4.

3.4. U-Pb dating on monazite using laser ablation-inductively coupled
plasma-mass spectrometry (LA-ICP-MS)

U-Pb geochronology of monazite grains from two PGD (13-AM-
13 and 13-TC-5008) was conducted directly on thin sections at
Géosciences Rennes (France) by in-situ laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) using an ESI
NWR193UC Excimer laser coupled to a quadripole Agilent 7700x
ICP-MS.

The signals of 204(Pb + Hg), 206Pb, 207Pb, 208Pb and 238U masses
have been acquired during the course of the analyses. The 235U
signal is calculated from 238U on the basis of the ratio
238U/235U = 137.88. Single analyses consisted of 20 s of background
integration followed by 60 s integration with the laser firing fol-
lowed by a 10 s delay to wash out the previous sample. Spot diam-
eters of 10 lm associated with repetition rates of 2 Hz and a laser
fluency of 6.5 J.cm�2 were used during the present study. For more
information on the settings of the instrument, see Ballouard et al.
(2015) and the Appendix D for details and operating conditions

Forest path

Legend
Quaternary deposits

Massive quartz aggregate

PGD (fine grained facies)
/Biotite-rich/Garnet-rich
PGD (intermediate 
facies)/Biotite-rich

PGD (pegmatitic facies)
/Biotite-rich

PGD (coarse grained facies)
/Biotite-rich/Feldspar-rich

1 m

Fig. 6d

Fig. 6f
Fig. 6e

+

-

ΣR
EE

Biotite aggregates

Fig. 6g

Sample 13-AM-13

Fig. 4. Example of detailed map for the 13-AM-13 monazite-bearing pegmatitic granite outcrop from the Lac Okaopéo region showing the relationships between the different
identified facies of the pegmatitic granite and the sampling areas. The detailed map for the six other outcrops are proposed in Appendices A and B. Abbreviation:
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of the LA-ICP-MS measurements. Data reduction was carried out
with the GLITTER� software package developed by the Macquarie
Research Ltd (Van Achterbergh et al., 2001). Raw data were cor-
rected for Pb/U laser-induced elemental fractionation and for
instrumental mass discrimination by standard bracketing with
repeated measurements of the Moacir monazite standard
(Gasquet et al., 2010). To control the reproducibility and accuracy
of the corrections, repeated analyses of the Manangoutry monazite
standard (554.8 ± 4.2 Ma; MSWD = 0.94, n = 8 for the 13-AM-13
sample; 554.4 ± 3.4 Ma; MSWD = 0.94, n = 8 for the 13-TC-5008
sample; TIMS age 555 ± 2 Ma; Paquette and Tiepolo, 2007) were
treated as unknown. No common Pb correction was applied. Con-
cordia diagrams were generated using Isoplot/Ex (Ludwig, 2001).
All errors given in Table 5 are listed at 1 sigma.

4. Outcrop description and detailed mapping

4.1. Monazite-bearing PGD (paragneisses-hosted)

Four of the REE occurrences associated with PGD identified by
Moukhsil et al. (2014) intrude migmatitic paragneisses of the
Plus-Value Complex (Fig. 3). An example of detailed mapping of a
monazite-bearing PGD (13-AM-13 outcrop) is provided in Fig. 4,
and detailed description and mapping for each of the monazite-
bearing outcrops are provided in Appendix A. Structural measure-
ments of the dykes’ walls and of the foliation of the host rocks are
indicated for each outcrop in Appendix C.

To the north of the studied area, PGD are exposed within small
(a few square meters in surface) and flat lying outcrops (Fig. 6a) or

steep-dipping outcrop along a gravel road. They are made of
decimeter- to decameter-sized single dyke bodies with steeply dip-
ping to subvertical walls trending N/S to locally NW/SE or NE/SW
that dominantly plunge towards south, and are strongly (Fig. 6b)
to slightly (Fig. 6c) discordant to the foliation of their host (Fig. 5a).
Stockscheider-like textures delineate the contact between the 13-
AM-07 PGD and the intruded paragneisses (Fig. 6b). All contacts
are slightly (over a few millimeters, Fig. 6b) to locally diffuse (out-
crop 13-TC-5008, Fig. 6c) and do not correspond to fractures cross-
cutting the host-rock minerals (Fig. 6c). These PGD display various
facies that are (i) fine grained (1 mm to over 1 cm, Fig. 6b and d)
with garnet and sub-euhedral monazite (Fig. 6e, f), (ii) intermedi-
ate, (iii) coarse-grained (sometimes over 3 cm, Fig. 6d) dominated
by quartz and feldspar with minor biotite, and (iv) pegmatitic
dominated by quartz + feldspar ± biotite (Fig. 6g) with very few
accessory phases, no garnet and only few monazite crystals. The
transition between the fine- and coarse-grained facies is diffuse
but is locally underlined by biotite aggregates (Fig. 6d). Locally,
skeletal biotite (up to 15 cm crystals) are arranged as an arbores-
cent texture (Fig. 6h). Up to ca. 20 cm centimeters wide quartz
aggregates are expressed with no identifiable link with any of
the previous facies (Fig. 4).

These PGD with monazite as the REE-hosting mineral, will fur-
ther be referred as ‘monazite-bearing’ (or ‘Mnz-bearing’) PGD.

4.2. Allanite-bearing PGD (metaplutonic complexes-hosted)

Three of the REE occurrences associated with PGD identified by
Moukhsil et al. (2014) intrude the metaplutonic complexes of the
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Fig. 6. Representative photographs of the monazite-bearing pegmatitic granite outcrops from the Lac Okaopéo region (from the outcrops 13-AM-07, -13 and 13-TC-5008). a:
general view of the 13-AM-13 outcrop composed of a pegmatitic granite intruding paragneisses from the Plus-Value Complex; b: detailed view of Stockscheider-like contact
between the 13-AM-07 pegmatitic granite dyke and the intruded paragneisses marked by the crystallization of feldspar from the dyke perpendicular to the contact; c: locally
diffuse contact between the 13-TC-5008 pegmatitic granite dyke and the intruded paragneisses delineated by garnet-biotite aggregates; d: typical transition between the fine
and coarse grained facies of the 13-AM-13 pegmatitic granite dyke underlined by biotite aggregates. Note that the abundance of biotite in the fine grained facies on this
photograph is related to the vicinity of the coarse grained facies; e: detailed view of a garnet phenocryst in the fine grained facies; f: monazite crystals from the fine grained
facies; g: typical pegmatitic facies essentially composed of a quartz + feldspar + biotite assemblage in which feldspar and biotite crystals can reach over 5 cm; h: arborescent
textures made by skeletal crystals of biotite reaching up to 15 cm long in the 13-TC-5008 pegmatitic granite dyke. Abbreviations: Bt = biotite; Grt = garnet; Fsp = feldspar;
Mnz = monazite; Mnz-bearing = monazite-bearing pegmatitic granite; PGD = pegmatitic granite dyke; Qz = quartz.
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Fig. 7. Representative photographs of the allanite-bearing pegmatitic granite outcrops from the Lac Okaopéo region (from the outcrops 13-TC-5072, 13-FS-1202 and 13-AE-
2149). a: general view of the dome-shaped 13-TC-5072 outcrop composed of a pegmatitic granite intruding as a dyke swarm a metamonzogranite from the Bardoux Plutonic
Suite; b: detailed view of the typical zoning observed in the 13-FS-1202 pegmatitic granite. Note that the allanite phenocrysts are associated with a coarse grained facies; c:
typical dyke zonation of the 13-TC-5072 pegmatitic dykes, with a southeastern boundary (1) marked by a thin zone of reaction with the host rock developed over a few
millimeters with almost no biotite, followed by a fine grained facies with increasing grain size and proportions of biotite (2, 3) up to a pegmatitic core (4). This core is followed
by a progressive fine grained facies with a decreasing grain size zone (5). The northern contact (6) is marked by the development of K-feldspar phenocrysts perpendicular to
the contact. Note that these phenocrysts are locally disconnected to the contact that contrast with a Stockscheider-like texture as represented in Fig. 6b, and that dyke is
discordant to the foliation of the intruded metamonzogranite; d: typical allanite phenocrysts in pegmatitic granite dykes intruding the metamonzogranite; e: general view of
the 13-AE-2149 outcrop composed of a pegmatitic granite dyke intruding a layered metamangerite from the Castoréum Plutonic Suite; f: detailed view of one of the
pegmatitic granite vein from the 13-AE-2149 outcrop discordant to the foliation of its host rock and its connection with the main pegmatitic granite dyke expressed on this
outcrop, here with a sub-concordant contact with the layered metamangerite; g: detailed view of the whole 13-AE-2149 shallow-dipping dyke zonation from its upper to its
lower contact, both marked by a pegmatitic facies with large allanite crystals, through a layered fine grained facies making the core of the dyke. Abbreviations: Aln = allanite;
Aln-bearing = allanite-bearing pegmatitic granite; Bt = biotite; K-Fsp = K-feldspar; PGD = pegmatitic granite dyke.
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Bardoux or the Castoréum Plutonic Suite (Fig. 3). Detailed mapping
and description for each of the allanite-bearing outcrops are pro-
vided in Appendix B and structural measurements of the dykes’
walls and of the foliation of the host rocks are indicated for each
outcrop in Appendix C.

Outcrops 13-TC-5072, 13-FS-1202 and 13-AE-2149 are either
dome shaped (Fig. 7a), flat lying or large steep-dipping (Fig. 7e).
Two of these outcrops (13-TC-5072 and 13-FS-1202) are made of
decimeter- to meter-sized dyke swarms with steeply dipping to
subvertical walls trending NW/SE to locally N/S or NE/SW that

Fig. 8. Typical petrography of monazite-bearing pegmatitic granite dykes from the Lac Okaopéo region. a: major phases composing the monazite-bearing granite (polarized
and analysed light); b: syn- to late-zircon growth monazite crystal (SEM); c: late-magmatic crystallization of Th-U ± REE silicates filling fractures of monazite crystals (SEM);
d: late-sericite affecting plagioclase (polarized and analysed light). Abbreviations: Bt = biotite; Mc = microcline; Mnz = monazite; Mnz-PGD = monazite-bearing pegmatitic
granite dyke; Pl = plagioclase; Qz = quartz; Ser = sericite; Silic. = silicates; Zrc = zircon.

Fig. 9. Chemical mapping of monazite grains from the 13-AM-13 and 13-TC-5008 monazite-bearing pegmatitic granite dykes from the Lac Okaopéo region. Numbers in
figures a and d refer to the U-Pb dating analyses conducted using LA-ICP-MS, and reported in Table 5. a to c: BSE image with spot positions of LA-ICP-MS U-Pb dating and Ce
and Th X-ray maps of a representative oscillatory zoned monazite grain from the 13-AM-13 monazite-bearing pegmatitic granite; d to f: BSE image with spot positions of LA-
ICP-MS U-Pb dating and Ce and Th X-ray maps of a representative rather homogeneous and weakly zoned monazite grain from the 13-TC-5008 monazite-bearing pegmatitic
granite. Abbreviations: Mnz = monazite Mnz-PGD = monazite-bearing pegmatitic granite dyke.
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plunge variably towards north and south, and are slightly to
strongly discordant to the foliation of their host metamonzogranite
and quartz metamonzodiorite (Fig. 5b), respectively. The contacts
of these two dykes with their host is slightly diffuse (over a few
millimeters, Fig. 7c). One outcrop (13-AE-2149), is made of a main
shallow dipping dyke oriented NE/SW that plunges towards the
north, in textural continuity to granitic veins concordant/discor-
dant to the foliation of the host metamangerite (Figs. 5b, 7e and
f). This dyke is slightly discordant to locally sub-concordant to
the foliation of its host rock (Fig. 5b) and locally show a very diffuse
contact with its host rock at its lower contact (Fig. 7g). None of the
contacts of the allanite-bearing PGD correspond to fractures cross-
cutting the host-rock minerals (Fig. 7c and g).

The metamonzogranite-hosted PGD (13-TC-5072) typically dis-
play a fine-grained quartz + feldspar ± biotite facies at the contact,
with northern boundaries usually marked by K-feldspar phe-
nocrysts (Fig. 7c), and an increasing grain size towards the
allanite-rich pegmatitic core that are delineated by biotite aggre-
gates (southern boundary for the dyke represented in Fig. 7c).
Allanite from this outcrop may reach several centimeters
(Fig. 7c–d). When zoned, the quartz metamonzodiorite-hosted
PGD (13-FS-1202) display an internal layering marked by coarse

(over 3 cm) allanite-rich and barren facies alternating with
fine-grained (0.1–3 cm) allanite-rich facies (Fig. 7b). The
metamangerite-hosted PGD (13-AE-2149) is a ca. 1 m wide dyke
(Fig. 7e), which displays diffuse contacts with its host rock, the
lower being more diffuse than the upper (Fig. 7g). Upper and lower
contacts are marked by ca. 20 cm and ca. 45 cm wide pegmatitic
facies (some grains being over 10 cm in size), respectively, com-
posed of quartz + feldspar ± disseminated allanite phenocrysts.
The latter are oriented with their long axis perpendicular to the
contact (Fig. 7g). The core of the dyke is a layered fine-grained
facies with ca. 30 cm long quartz + K-feldspar-rich lenses that
alternate with quartz + plagioclase-rich lenses (Fig. 7g).

These PGD with allanite as the REE-hosting mineral, will further
be referred as ‘allanite-bearing’ (or ‘Aln-bearing’) PGD.

5. Detailed petrography of the monazite- and allanite-bearing
PGD

5.1. Petrography of the monazite-bearing PGD (paragneisses-hosted)

All monazite-bearing PGD are dominated by a quartz +
K-feldspar + plagioclase ± biotite assemblage (Fig. 8a), with a grain
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size spreading from millimeter to several centimeters (up to 5 cm
in some facies). It is completed with minor garnet, zircon and mon-
azite that are more abundant in the finest grained facies, and
accessory rare pyrite and Ti-oxides. All facies show a magmatic
texture and lack evidence for solid-state deformation (Fig. 8a).

The monazite crystals from paragneisses-hosted PGD have been
investigated in two PGD (the 13-AM-13 and the 13-TC-5008,
Figs. 8a–c, 9). In both cases, monazite is expressed as pristine
sub-millimetric to several millimeters wide crystals that do not
show any signs of corrosion/dissolution. A main difference
between monazite crystals from these two samples lies in their
inner textures and composition (Figs. 9 and 10, Table 3).

Monazite grains from the 13-AM-13 PGD show oscillatory zon-
ing with a LREE(Ce)-rich core surrounded by several overgrowths
with a composition grading toward a Th-Si-rich pole (Fig. 9a–c).
These zones display monazite-(Ce) compositions that shift towards
monazite-(La) compositions with increasing proportion of Th and
Si (Fig. 10a) that is consistent with the concurrent increase in hut-
tonite end-member (from 3.78% to 12.27%, Fig. 10b, Table 3),
where Th or U + Si = REE + P (Spear and Pyle, 2002). The proportion
of brabantite (from 8.66% to 9.62%) remains quite stable (Fig. 10b,
Table 3).

Monazite grains from the 13-TC-5008 PGD are rather homoge-
neous or weakly zoned as expressed in SEM and X-ray maps.

Fig. 11. Typical petrography of allanite-bearing pegmatitic granite dykes from the Lac Okaopéo region. a: major phases composing the allanite-bearing granite dykes
(polarized and analysed light); b: allanite crystal displaying an Aln1 oscillatory zoned core corroded by an Aln2 overgrowth of similar composition (Table 4) and altered by a
rim associated with fluids circulation probably related to the magmatic-hydrothermal transition (polarized and analysed light); c: allanite grains display rims probably
associated with the late-sericitization of feldspar. Note the syn- to late-zircon growth crystallization of the allanite phenocrysts (polarized and analysed light); d: typical
millimetric allanite phenocryst from the 13-FS-1202 pegmatitic granite showing LREE-rich and Fe-Ca-LREE(Ce)-rich zones (Table 4) surrounded by an alteration rim probably
associated with fluids circulation probably related to the magmatic-hydrothermal transition; e: veinlets of Ca + REE carbonates on the boundary or filling fractures of allanite
crystals most probably associated with fluids circulation at the magmatic-hydrothermal transition (SEM); f: veinlets of Ca + REE silicates on the boundary or filling fractures
of allanite crystals most probably associated with fluids circulation at the magmatic-hydrothermal transition (SEM). Abbreviations: Aln = allanite; Aln-PGD = allanite-bearing
pegmatitic granite dyke; Bt = biotite; Carb. = carbonates; Mc = microcline; Pl = plagioclase; Qz = quartz; Ser = sericite; Silic. = silicates; Zrc = zircon.
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Chemical zoning consists of three zones that grade from a LREE
(Ce)-rich to a Th-Si-rich composition toward the grain boundaries
as identified in X-ray maps (Fig. 9d–f, Table 3). The compositions
of all the grains are clustered into the monazite-(Ce) field (Fig. 10c)
as marked by the quite stable P2O5, and REE oxides contents
(Table 3) from LREE(Ce)-rich zones to Th-Si-rich overgrowths. A
slight increase in SiO2 and ThO2 is consistent with the increase in
huttonite end-member (from 4.02% to 5.39%, Fig. 10d). The propor-
tion of brabantite (from 2.77% to 3.37%) remains quite stable
(Fig. 10d, Table 3). Plotted in a Th + U + Si vs REE + Y + P diagram,
the three investigated zones cluster and spread along a narrow
range of the huttonite substitution curve (Fig. 10d).

Monazite-bearing PGD also comprise sub-euhedral zircon
grains (up to 1–1.5 mm, Fig. 8b) that may represent up to ca. 1%
of the whole assemblage, mainly in fine grained to intermediate
facies. Late-magmatic Th-U(±REE) silicates (Fig. 8c) are present as
interstitial few micrometers wide bands in the vicinity of or as fill-
ing fractures of monazite crystals. Finally, sericite is expressed as
an alteration product of feldspar (K-feldspar and plagioclase,
Fig. 8d).

5.2. Petrography of the allanite-bearing PGD (metaplutonic
complexes-hosted)

All allanite-bearing PGD are dominated by a quartz + K-
feldspar + plagioclase ± biotite (Fig. 11a–c) assemblage with a
grain size ranging from millimeter to several centimeters (over
10 cm in some pegmatitic facies, outcrop 13-AE-2149). This assem-
blage is completed with zircon and allanite, and rare apatite (some
grains are present in the pegmatitic facies of the 13-AE-2149 out-
crop). The abundance of accessory minerals is not correlated with
the grain size. All facies display a magmatic texture and lack evi-
dence for solid-state deformation (Fig. 11a–c).

The textural characteristics of allanite from metaplutonic
complexes-hosted PGD depend on the host pegmatitic granite.
Allanite crystals were investigated in the 13-TC-5072 and the 13-
FS-1202 samples and in both cases are sub-euhedral and sub-
millimetric to several millimeters wide (Figs. 6b–d, g, 11b and c).

Allanite grains from the 13-TC-5072 PGD show an oscillatory
zoned core, further designated as ‘Aln1’, corroded and crosscut by
an overgrowth of a second generation of intermediate composition
allanite, further designated as ‘Aln2’ (Fig. 11b), that forms the sub-
euhedral shape of allanite phenocrysts. It is surrounded by an
alteration rim (Fig. 11b). These three zones cluster as typical allan-

ite compositions plotted in the REE vs Al diagram (Fig. 12a) of
Petrík et al. (1995) and display quite similar compositions, except
for the decrease in FeO (from 11.11 to 9.76 wt%) content from the
Aln1 cores to the alteration rims (Table 4).

Allanite grains from the 13-FS-1202 PGD display internal pat-
chy zoning between ‘LREE(Ce)-rich’ and ‘Fe-Ca-LREE(Ce)-rich’ zones
(Fig. 11d). They are surrounded by an alteration rim (Fig. 11c–f).
The three zones plot between the epidote and allanite composition
in the REE vs Al diagram (Fig. 12b) of Petrík et al. (1995). The Fe-Ca-
LREE(Ce)-rich zone displays the most allanite-like composition,
whereas the alteration rim is marked by a shift towards the epidote
composition (Fig. 12b) associated with an increase in SiO2 and a
decrease in LREE (Table 4).

Allanite-bearing PGD also contain sub-euhedral zircon grains
(up to 1–1.5 mm, Fig. 11c and d) that may represent up to ca. 1%
of the whole assemblage, mainly in fine to coarse grained facies.
Late-magmatic Ca ± REE carbonates or silicates are present as
interstitial thin bands (a few micrometers wide) in the vicinity of
or in fracture of allanite crystals (Fig. 11e–f). Finally, sericite is
expressed as an alteration product of feldspar (K-feldspar and pla-
gioclase, Fig. 11a and c).

6. Whole-rock geochemistry of the monazite- and allanite-
bearing PGD

6.1. Geochemistry of the monazite-bearing PGD (paragneisses-hosted)

Three of the four monazite-bearing PGD (samples 13-AM-07,
13-AM-10 and 13-TC-5008) display typical granitic composition
with a SiO2 content of 71.03 wt%, 70.80 wt% and 70.79 wt% respec-
tively (Table 2), and a strong peraluminous character (Fig. 13a) as
marked by their (i) ASI (Aluminum Saturation Index, ASI = Al/
(Ca � 1.67 � P + Na + K) Frost et al., 2001; Shand, 1943), (ii) A/
CNK (A/CNK = Al/(Na + K + Ca/2), Shand, 1943), and (iii) A/NK (A/
NK = Al/(Na + K), Shand, 1943) above 1.19, 1.27 and 1.55 respec-
tively (Table 2). In contrast, one monazite-bearing PGD (13-AM-
13) does not display a typical granitic composition as its SiO2 con-
tent is down to 60.24 wt% (Table 2). This low content is associated
with the highest Al2O3, CaO and Na2O contents of 18.58 wt%,
3.10 wt% and 4.02 wt% respectively, and a low K2O content of
4.36 wt% leading to the highest ASI ratio of the monazite-bearing
serie at 1.36 (Table 2) that corresponds to a strongly peraluminous
signature (Fig. 13a).
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Fig. 12. Chemical compositions of the different zones identified in allanite grains from the 13-TC-5072 and 13-FS-1202 pegmatitic granite samples from the Lac Okaopéo
region. a: REE vs Al composition of allanite grains from the 13-TC-5072 allanite-bearing pegmatitic granite obtained using EMP (Petrík et al., 1995). Note the clustering of
compositions of the different zones close to the allanite pole; b: REE vs Al composition of allanite grains from the 13-FS-1202 allanite-bearing pegmatitic granite obtained
using EMP (Petrík et al., 1995). Note the alteration trend that lead to more ‘epidote like’ compositions. Abbreviations: Aln = allanite; PGD = pegmatitic granite dyke.
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All the monazite-bearing samples display high RREE content
ranging from 1418 to 7048 ppm (Table 2). Their REE patterns are
strongly fractionated in LREE over HREE (Fig. 13b), as evidenced

by the LaN/YbN ratios ranging from 784 to 938 (Table 2), and more
or less developed Eu negative anomaly (Fig. 13b), which intensity
increases with the RREE content, as marked by decreasing Eu/Eu⁄

Table 3
Analyses of monazite grains from the 13-AM-13 and the 13-TC-5008 pegmatitic granite dykes from the Lac Okaopéo region. Data were obtained using EMP and were performed
on LREE-rich, intermediate and Th-Si-rich zones of monazite grains. They are reported with confidence interval of 95% in brackets (n = number of analyses). Abbreviations: Brab.
= brabantite; Hutt. = huttonite; Mnz. = monazite; Xen. = xenotime.

Sample 13-AM-13 13-TC-5008

Zonation type LREE(Ce)-rich Intermediate Th-Si-rich LREE(Ce)-rich Intermediate Th-Si-rich

Oxides/wt.% P2O5 29.07 27.59 25.63 28.99 28.87 28.43
(0.22) (0.33) (0.40) (0.17) (0.10) (0.20)

SiO2 0.99 1.92 3.14 1.03 1.09 1.38
(0.12) (0.19) (0.24) (0.11) (0.05) (0.14)

CaO 0.89 0.93 0.89 0.31 0.31 0.37
(0.15) (0.11) (0.12) (0.03) (0.02) (0.03)

Y2O3 0.26 0.17 0.10 0.09 0.07 0.08
(0.06) (0.03) (0.02) (0.04) (0.02) (0.05)

La2O3 15.59 14.48 14.04 17.98 18.07 17.91
(0.38) (0.16) (0.17) (0.18) (0.12) (0.25)

Ce2O3 30.44 28.57 26.69 31.88 31.77 31.07
(0.50) (0.32) (0.34) (0.25) (0.15) (0.29)

Pr2O3 3.47 3.30 3.04 3.39 3.37 3.30
(0.04) (0.04) (0.05) (0.05) (0.04) (0.05)

Nd2O3 10.83 10.52 9.43 10.62 10.53 10.28
(0.09) (0.16) (0.17) (0.16) (0.11) (0.22)

Sm2O3 1.40 1.34 1.07 1.10 1.09 1.05
(0.08) (0.06) (0.05) (0.05) (0.03) (0.06)

Gd2O3 0.67 0.63 0.47 0.44 0.45 0.43
(0.06) (0.03) (0.03) (0.04) (0.02) (0.05)

PbO 0.57 0.44 0.95 0.02 0.01 0.07
(0.22) (0.18) (0.20) (0.03) (0.02) (0.13)

ThO2 7.06 11.07 15.93 4.57 4.85 6.19
(0.46) (0.68) (0.80) (0.48) (0.24) (0.52)

UO2 0.10 0.11 0.10 0.05 0.05 0.07
(0.01) (0.01) (0.01) (0.01) (0.01) (0.02)

Total 101.34 101.07 101.49 100.48 100.52 100.63
(0.24) (0.24) (0.20) (0.17) (0.12) (0.15)

Oxygens 4 4 4 4 4 4
Cations P 0.963 0.927 0.876 0.965 0.962 0.950

(0.005) (0.008) (0.010) (0.004) (0.002) (0.005)
Si 0.039 0.076 0.127 0.041 0.043 0.055

(0.005) (0.008) (0.010) (0.004) (0.002) (0.005)
RT-site 1.002 1.004 1.003 1.006 1.005 1.005

(0.001) (0.001) (0.001) (0.001) (0.001) (0.001)
Ca 0.037 0.039 0.039 0.013 0.013 0.016

(0.006) (0.005) (0.005) (0.001) (0.001) (0.001)
Y 0.005 0.004 0.002 0.002 0.001 0.002

(0.001) (0.001) (0.000) (0.001) (0.000) (0.001)
La 0.225 0.212 0.209 0.261 0.262 0.261

(0.006) (0.002) (0.002) (0.003) (0.002) (0.004)
Ce 0.436 0.415 0.395 0.459 0.458 0.449

(0.008) (0.004) (0.004) (0.003) (0.002) (0.004)
Pr 0.049 0.048 0.045 0.049 0.048 0.047

(0.001) (0.001) (0.001) (0.001) (0.001) (0.001)
Nd 0.151 0.149 0.136 0.149 0.148 0.145

(0.001) (0.002) (0.002) (0.002) (0.002) (0.003)
Sm 0.019 0.018 0.015 0.015 0.015 0.014

(0.001) (0.001) (0.001) (0.001) (0.000) (0.001)
Gd 0.009 0.008 0.006 0.006 0.006 0.006

(0.001) (0.000) (0.000) (0.001) (0.000) (0.001)
Pb 0.006 0.005 0.010 0.000 0.000 0.001

(0.002) (0.002) (0.002) (0.000) (0.000) (0.001)
Th 0.063 0.100 0.147 0.041 0.043 0.056

(0.004) (0.006) (0.008) (0.004) (0.002) (0.005)
U 0.001 0.001 0.001 0.000 0.000 0.001

(0.000) (0.000) (0.000) (0.000) (0.000) (0.000)
Ra-site 1.003 1.000 1.004 0.995 0.996 0.997

(0.002) (0.002) (0.003) (0.002) (0.002) (0.002)
% Hutt. 3.78 7.47 12.27 4.02 4.27 5.39

(0.46) (0.76) (0.98) (0.45) (0.22) (0.54)
% Brab. 8.66 8.85 9.62 2.77 2.68 3.37

(1.20) (0.81) (0.95) (0.27) (0.20) (0.27)
% Mnz. + Xen. 87.56

(0.92)
83.68
(0.85)

78.11
(0.96)

93.21
(0.48)

93.05
(0.27)

91.24
(0.53)

n 20 23 29 17 27 22
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Table 4
Analyses of allanite grains from the 13-TC-5072 and 13-FS-1202 pegmatitic granite dykes from the Lac Okaopéo region. Data were obtained using EMP and were performed on
LREE(Ce)-rich zones, intermediate zones and alteration rims of allanite grains from the 13-TC-5072 pegmatitic granite, and on LREE(Ce)-rich zones, Fe-Ca-LREE(Ce)-rich zones and
alteration rims of allanite grains from the 13-FS-1202 pegmatitic granite. They are reported with confidence interval of 95% in brackets (n = number of analyses). Abbreviation:
Aln = allanite.

Sample 13-TC-5072 13-FS-1202

Zonation type Intermediate
(Aln1)

LREE(Ce)-rich
(Aln2)

Alteration rims LREE(Ce)-rich Fe-Ca-LREE(Ce)-rich Alteration rims

Oxides/wt.% SiO2 31.97 31.82 32.30 33.52 32.81 35.77
(0.25) (0.54) (0.44) (0.28) (0.37) (0.81)

P2O5 0.22 0.21 0.25 0.23 0.24 0.22
(0.01) (0.01) (0.02) (0.02) (0.00) (0.02)

CaO 9.88 10.02 9.75 10.73 11.27 9.55
(0.12) (0.23) (0.20) (0.25) (0.19) (0.47)

Y2O3 0.00 0.00 0.00 0.00 0.00 0.00
(0.00) (0.00) (0.00) (0.00) (0.00) (0.00)

La2O3 6.20 6.41 6.17 5.35 5.34 4.79
(0.25) (0.31) (0.15) (0.05) (0.09) (0.13)

Ce2O3 11.69 11.83 11.55 10.49 10.53 9.97
(0.32) (0.48) (0.25) (0.19) (0.17) (0.31)

Pr2O3 1.35 1.32 1.30 1.29 1.29 1.25
(0.05) (0.05) (0.03) (0.01) (0.02) (0.03)

Nd2O3 3.73 3.79 3.71 3.95 3.90 3.85
(0.13) (0.17) (0.10) (0.03) (0.06) (0.11)

Sm2O3 0.33 0.35 0.34 0.48 0.48 0.50
(0.02) (0.02) (0.01) (0.01) (0.01) (0.02)

Gd2O3 0.00 0.00 0.00 0.00 0.00 0.00
(0.00) (0.00) (0.00) (0.00) (0.00) (0.00)

RREE2O3 23.30 23.70 23.07 21.57 21.54 20.36
(0.73) (1.01) (0.52) (0.24) (0.34) (0.55)

FeO 11.11 10.54 9.76 8.41 9.73 7.97
(0.94) (0.36) (0.31) (0.21) (0.28) (0.47)

K2O 0.01 0.02 0.03 0.01 0.02 0.03
(0.01) (0.00) (0.01) (0.00) (0.01) (0.01)

MgO 0.43 0.34 0.33 0.31 0.41 0.35
(0.12) (0.03) (0.03) (0.04) (0.05) (0.07)

Al2O3 18.94 18.63 18.92 18.88 18.44 18.93
(0.53) (0.22) (0.25) (0.17) (0.19) (0.36)

TiO2 0.95 0.92 1.05 0.85 0.81 0.95
(0.06) (0.04) (0.07) (0.03) (0.04) (0.07)

MnO 0.27 0.29 0.30 0.34 0.30 0.33
(0.07) (0.03) (0.02) (0.02) (0.01) (0.02)

SrO 0.09 0.13 0.14 0.26 0.23 0.25
(0.04) (0.02) (0.02) (0.01) (0.01) (0.03)

PbO 0.04 0.04 0.04 0.03 0.04 0.04
(0.00) (0.00) (0.01) (0.00) (0.00) (0.00)

ThO2 0.69 0.62 0.73 1.12 1.00 1.19
(0.06) (0.04) (0.04) (0.04) (0.07) (0.08)

UO2 0.01 0.01 0.01 0.01 0.01 0.01
(0.01) (0.00) (0.00) (0.00) (0.00) (0.00)

F 0.46 0.70 0.63 0.52 0.55 0.44
(0.11) (0.21) (0.09) (0.02) (0.02) (0.03)

Total 98.37 97.98 97.31 96.79 97.38 96.39
(0.88) (0.35) (0.45) (0.28) (0.27) (0.85)

Oxygens 12.5 12.5 12.5 12.5 12.5 12.5
Cations Si 2.968 2.961 2.999 3.090 3.033 3.240

(0.021) (0.038) (0.024) (0.020) (0.022) (0.051)
P 0.017 0.017 0.019 0.018 0.019 0.017

(0.001) (0.000) (0.002) (0.001) (0.000) (0.001)
Ca 0.983 0.999 0.971 1.061 1.119 0.929

(0.016) (0.020) (0.022) (0.025) (0.022) (0.047)
Y 0.000 0.000 0.000 0.000 0.000 0.000

(0.000) (0.000) (0.000) (0.000) (0.000) (0.000)
La 0.212 0.220 0.212 0.182 0.182 0.161

(0.009) (0.012) (0.006) (0.002) (0.003) (0.005)
Ce 0.397 0.404 0.393 0.354 0.357 0.332

(0.011) (0.019) (0.010) (0.007) (0.006) (0.012)
Pr 0.046 0.045 0.044 0.043 0.044 0.041

(0.002) (0.002) (0.001) (0.001) (0.001) (0.001)
Nd 0.124 0.126 0.123 0.130 0.129 0.125

(0.004) (0.006) (0.004) (0.001) (0.002) (0.004)
Sm 0.010 0.011 0.011 0.015 0.015 0.015

(0.001) (0.001) (0.000) (0.000) (0.000) (0.001)
Gd 0.000 0.000 0.000 0.000 0.000 0.000

(0.000) (0.000) (0.000) (0.000) (0.000) (0.000)

(continued on next page)
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from 0.72 down to 0.14 (Table 2). The RREE content is also associ-
ated with (i) increasing U and Th contents (up to 19.10 and
1300 ppm respectively, Fig. 13c, Table 2) and Nb/Ta ratio (up to
56 with Nb ranging from 5.60 to 21 ppm and Ta ranging from
0.10 to 0.40 ppm, Fig. 13e, Table 2), (ii) increasing Na2O, CaO and
P2O5 contents (up to 4.02, 3.10, 0.40 wt% respectively,
Fig. 13d and f, Table 2), and (iii) decreasing K2O content (down to
4.36 wt%, Fig. 13d, Table 2). The RREE content of monazite-
bearing PGD is not linked to the Fe2O3 (total) nor MgO contents
(Fig. 13g, Table 2). The Zr/Hf ratios are quite stable (ranging from
36 to 44, Fig. 13e, Table 2) with Zr ranging from 195 to
1480 ppm and Hf ranging from 4.40 to 41.50 ppm (Table 2).

6.2. Geochemistry of the allanite-bearing PGD (metaplutonic
complexes-hosted)

Two of the three allanite-bearing PGD (samples 13-TC-5072 and
13-FS-1202) have typical granitic composition with a SiO2 content
of 70.27 wt% and 70.85 wt% respectively (Table 2), and a strong
peraluminous character (Fig. 13a) as marked by their ASI, A/CNK,
and A/NK over 1.18, 1.24 and 1.64 respectively (Table 2). In con-
trast, one of the PGD (sample 13-AE-2149) does not display a typ-
ical granitic composition as its SiO2 content is down to 55.84 wt%
(Table 2). This low content is associated with the highest Al2O3,
CaO, Na2O contents of 15.05 wt%, 5.54 wt%, 4.28 wt% respectively,
and a low K2O content of 1.93 wt%, leading to the lowest ASI and
A/CNK ratio of the allanite-bearing serie at 1.08 and 0.87 (Table 2)
that corresponds to a weakly peraluminous signature (Fig. 13a).

All the allanite-bearing samples display high RREE content
ranging from 2393 to 9242 ppm (Table 2). The REE patterns of
the 13-TC-5072 and 13-FS-1202 samples are strongly fractionated
in LREE over HREE (Fig. 13b), as evidenced by the LaN/YbN ratios
ranging from 261 to 619 (Table 2). The REE pattern of the low-
SiO2 PGD (13-AE-2149 sample) is more enriched in HREE and dis-
plays a less fractionated pattern, as marked by its lower LaN/YbN
ratio of 28 (Table 2). The intensity of the negative Eu anomaly

increases with the RREE content as shown by decreasing Eu/Eu⁄

from 0.36 down to 0.12 (Table 2). The RREE content is also associ-
ated with (i) increasing U and Th contents (up to 30.30 and
766 ppm respectively, Fig. 13c, Table 2), (ii) increasing Na2O, CaO,
Fe2O3 (total) and MgO contents (up to 4.28, 5.54, 12.42 and
0.85 wt% respectively, Fig. 13d and g, Table 2), and (iii) decreasing
K2O content (down to 1.33 wt%, Fig. 13d, Table 2) and Nb/Ta ratio
(down to 41 with Nb ranging from 7.50 to 132 ppm and Ta ranging
0.11 to 3.20 ppm, Fig. 13e, Table 2). The RREE content of allanite-
bearing granite dykes is not linked to the P2O5 content (Fig. 13f,
Table 2), nor to the Zr/Hf ratios that remain quite stable (ranging
from 35 to 39, Fig. 13e, Table 2) with Zr ranging from 290 to
6340 ppm and Hf ranging from 7.40 to 171 ppm (Fig. 13e, Table 2).

7. U-Pb dating of magmatic monazite

Monazite grains from the paragneiss-hosted 13-AM-13 PGD
have been investigated through 25 analyses performed directly
on thin sections on 7 different grains. Plotted on a concordia dia-
gram, data define a discordia yielding an upper intercept of
1003.9 ± 4.7 Ma (MSWD = 0.43) if the lower intercept is anchored
to 0 ± 0 Ma (Fig. 14a, Table 5). Eleven of these 25 analyses are con-
cordant and define a concordia age (as of Ludwig, 1998) of
996.7 ± 5.3 Ma (MSWD = 0.98, Fig. 14b). Even though the monazite
grains from this sample are zoned (Figs. 9a–c, 10a and b), these
data do not show any signs of inherited cores with distinctly older
ages nor isotopic heterogeneity within a grain as all the data
spread on the same discordia and point to a single upper intercept
date (Fig. 14a).

The monazite grains from the paragneisses-hosted 13-TC-5008
PGD have been investigated through 22 analyses performed on 9
different grains. Plotted on a concordia diagram, data plot on the
concordia curve, and yield a concordia age of 1005.4 ± 4.4 Ma
(MSWD = 1.01; Fig. 14c, Table 5). As for the 13-AM-13 PGD, these
data do not point to the presence of inherited cores with an older
age nor heterogeneity within a grain as all the data plot on the

Table 4 (continued)

Sample 13-TC-5072 13-FS-1202

Zonation type Intermediate
(Aln1)

LREE(Ce)-rich
(Aln2)

Alteration rims LREE(Ce)-rich Fe-Ca-LREE(Ce)-rich Alteration rims

RREE 0.789 0.806 0.783 0.725 0.727 0.675
(0.025) (0.039) (0.020) (0.009) (0.012) (0.021)

Fe 0.862 0.820 0.759 0.649 0.754 0.605
(0.073) (0.026) (0.025) (0.017) (0.023) (0.036)

K 0.002 0.002 0.004 0.002 0.002 0.004
(0.001) (0.001) (0.001) (0.000) (0.001) (0.001)

Mg 0.059 0.048 0.046 0.042 0.056 0.047
(0.017) (0.005) (0.004) (0.006) (0.007) (0.009)

Al 2.072 2.044 2.071 2.050 2.010 2.024
(0.053) (0.018) (0.018) (0.015) (0.018) (0.035)

Ti 0.066 0.065 0.073 0.059 0.056 0.065
(0.004) (0.003) (0.005) (0.002) (0.003) (0.005)

Mn 0.021 0.023 0.024 0.027 0.023 0.025
(0.005) (0.003) (0.002) (0.002) (0.001) (0.002)

Sr 0.005 0.007 0.008 0.014 0.012 0.013
(0.002) (0.001) (0.001) (0.001) (0.001) (0.002)

Pb 0.001 0.001 0.001 0.001 0.001 0.001
(0.000) (0.000) (0.000) (0.000) (0.000) (0.000)

Th 0.015 0.013 0.015 0.024 0.021 0.025
(0.001) (0.001) (0.001) (0.001) (0.002) (0.002)

U 0.000 0.000 0.000 0.000 0.000 0.000
(0.000) (0.000) (0.000) (0.000) (0.000) (0.000)

F 0.135 0.207 0.185 0.153 0.160 0.127
(0.032) (0.063) (0.028) (0.006) (0.006) (0.009)

Total 7.996 8.012 7.958 7.913 7.994 7.994
(0.027) (0.022) (0.023) (0.019) (0.018) (0.018)

n 14 26 47 91 122 52
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concordia curve (Fig. 14c). This is consistent with the lack of chem-
ical zoning on the studied monazite grains (Figs. 9d-f, 10c and d).

8. Discussion

8.1. LREE-rich PGD from the Lac Okapéo region in the frame of the
Grenvillian Orogeny

The Grenville Province hosts numerous granitic pegmatites (e.g.
Ayres and Černý, 1982; Černý, 1990; Ercit, 2005; Ford, 1982;
Fowler and Doig, 1983; Lentz, 1996, 1991; Lumbers, 1979;
Masson and Gordon, 1981), mainly in the Central Gneiss Belt, in
the Central Metasedimentary Belt, in the Central Granulite Terrain
and in the Eastern Grenville (Fig. 1b). They are discordant and
intrusive in brittle zones within competent units, show magmatic
and undeformed texture, and geochronological constraints evi-
dence for their late-Grenvillian Orogeny timing of emplacement
(Ford, 1982; Fowler and Doig, 1983; Lentz, 1996, 1991; Lumbers,
1979, 1964). These granitic pegmatites are assumed to be either

derived (i) from partial melting of paragneiss and/or orthogneiss,
consistent with the presence of migmatites and the lack of coeval
intrusive granitic plutons (e.g. Ayres and Černý, 1982; Lentz,
1996, 1991; Lumbers, 1964; Masson and Gordon, 1981), or (ii)
from the differentiation of a melt segregated from a granite at
the end of fractional crystallization (Ayres and Černý, 1982;
Masson and Gordon, 1981).

The main features of the LREE-rich PGD from the Lac Okaopéo
region obtained in this study have been summarized in Table 6.
They are discordant to the foliation of their host rocks and present
magmatic textures with no macroscopic nor microscopic evidence
for solid-state deformation (Figs. 5–7, 8a, d, 11a–c). All of these
PGD, to the noticeable exception of one (13-AE-2149 PGD), are
steep-dipping dykes with limited diffuse contacts and no intercon-
nection with leucosome (Figs. 5–7) suggesting they are intrusive
into the Paleoproterozoic to Mesoproterozoic Plus-Value parag-
neisses and Bardoux and Castoréum metaplutonic suites, in a
late- to post-tectonic regime, as other REE-rich Grenvillian granitic
pegmatites (Ercit, 2005; Lentz, 1996, 1991).

Table 5
U-Pb monazite dating using LA-ICP-MS from the 13-AM-13 and 13-TC-5008 monazite-bearing pegmatitic granite dykes from the Lac Okaopéo region. Abbreviation: Conc. (%)
= degree of concordance.

Sample Analysis no. Isotopic ratios Ages/Ma

206Pb/238U 1r 207Pb/235U 1r 207Pb/206Pb 1r 206Pb/238U 1r 207Pb/235U 1r Conc. (%)

13-AM-13 1-1 0.1641 0.0020 1.645 0.022 1006.2 24.62 979.3 10.9 987.6 8.6 98.2
1-2 0.1589 0.0019 1.593 0.021 1005.2 23.84 950.9 10.6 967.4 8.3 96.2
1-3 0.1646 0.0020 1.650 0.022 1005.5 24.12 982.3 11.0 989.5 8.5 98.4
1-4 0.1620 0.0020 1.628 0.024 1010.8 27.58 967.8 10.9 981.1 9.4 97.1
1-5 0.1560 0.0019 1.564 0.020 1006.6 22.97 934.4 10.4 956.1 8.0 95.0
2-1 0.1640 0.0020 1.641 0.021 1001.1 22.54 979.1 10.9 985.9 8.1 98.5
2-2 0.1573 0.0019 1.571 0.020 997.4 22.48 941.9 10.5 958.7 7.9 96.1
2-3 0.1626 0.0020 1.630 0.022 1004.8 23.59 971.5 10.8 981.7 8.3 97.7
2-4 0.1666 0.0020 1.671 0.024 1007.5 26.05 993.1 11.2 997.6 9.1 99.0
2-5 0.1595 0.0019 1.597 0.022 1003.7 24.57 953.7 10.7 968.9 8.5 96.5
3-1 0.1687 0.0020 1.703 0.024 1019.6 25.59 1005.2 11.3 1009.7 9.0 99.0
3-2 0.1601 0.0019 1.605 0.021 1005.2 22.89 957.5 10.7 972.1 8.1 96.7
4-1 0.1587 0.0019 1.590 0.021 1005.0 23.19 949.4 10.6 966.3 8.1 96.1
4-2 0.1606 0.0019 1.608 0.021 1004.1 23.31 959.9 10.7 973.4 8.2 96.9
5-1 0.1629 0.0020 1.636 0.022 1009.7 23.46 972.8 10.9 984.2 8.3 97.5
5-2 0.1628 0.0020 1.631 0.022 1005.0 23.50 972.3 10.9 982.4 8.3 97.8
5-4 0.1613 0.0019 1.622 0.022 1012.2 23.69 964.0 10.8 978.8 8.3 96.7
6-1 0.1680 0.0021 1.681 0.025 1001.9 27.45 1001.0 11.3 1001.3 9.5 99.9
6-2 0.1641 0.0020 1.650 0.023 1013.1 24.51 979.2 11.0 989.7 8.6 97.7
6-3 0.1688 0.0020 1.684 0.023 996.8 24.40 1005.3 11.2 1002.6 8.6 100.6
6-4 0.1687 0.0020 1.669 0.023 978.4 25.58 1005.2 11.3 996.8 8.9 101.9
6-5 0.1687 0.0020 1.669 0.023 979.7 25.20 1004.9 11.3 997.0 8.8 101.8
7-1 0.1613 0.0020 1.620 0.022 1009.7 24.92 964.1 10.8 978.1 8.7 96.9
7-2 0.1663 0.0020 1.666 0.026 1004.2 29.03 991.7 11.3 995.6 9.9 99.1
7-3 0.1675 0.0020 1.677 0.024 1004.3 25.66 998.1 11.2 1000.0 9.0 99.6

13-TC-5008 1-1 0.1700 0.0021 1.678 0.023 974.6 24.67 1012.3 11.6 1000.4 8.8 102.6
1-2 0.1689 0.0021 1.703 0.027 1018.8 29.19 1005.8 11.7 1009.8 10.1 99.1
2-1 0.1689 0.0021 1.745 0.027 1067.5 28.28 1005.9 11.7 1025.4 10.0 96.1
2-2 0.1692 0.0021 1.692 0.027 1001.0 29.66 1007.6 11.8 1005.5 10.2 100.4
3-1 0.1689 0.0022 1.724 0.032 1041.7 35.58 1006.1 12.0 1017.3 12.0 97.7
3-2 0.1692 0.0021 1.700 0.024 1010.8 25.29 1007.7 11.6 1008.6 9.0 99.8
4-2 0.1683 0.0021 1.700 0.026 1020.8 27.87 1003.0 11.6 1008.5 9.7 98.8
5-1 0.1694 0.0021 1.688 0.025 993.4 27.02 1008.8 11.7 1003.9 9.4 101.1
5-2 0.1688 0.0021 1.690 0.027 1003.3 29.16 1005.3 11.7 1004.6 10.0 100.1
5-3 0.1686 0.0021 1.659 0.027 967.2 31.21 1004.6 11.8 992.8 10.5 102.6
5-4 0.1686 0.0021 1.699 0.025 1015.5 27.48 1004.6 11.6 1008.0 9.6 99.3
6-1 0.1686 0.0021 1.684 0.026 998.4 28.46 1004.4 11.7 1002.4 9.8 100.4
7-1 0.1686 0.0021 1.706 0.028 1024.6 30.77 1004.4 11.8 1010.7 10.6 98.6
7-2 0.1695 0.0022 1.694 0.029 1000.0 32.19 1009.4 11.9 1006.4 10.9 100.6
8-1 0.1684 0.0021 1.630 0.027 933.9 31.79 1003.3 11.8 981.7 10.5 105.1
8-2 0.1688 0.0022 1.669 0.030 978.2 34.66 1005.5 12.0 996.9 11.5 101.9
8-3 0.1696 0.0022 1.691 0.030 994.7 33.54 1009.9 12.0 1005.0 11.3 101.0
9-1 0.1678 0.0022 1.714 0.031 1043.3 34.01 1000.2 11.9 1013.7 11.5 97.2
9-2 0.1690 0.0021 1.715 0.029 1031.4 31.05 1006.4 11.8 1014.2 10.7 98.3
9-3 0.1689 0.0022 1.685 0.029 995.9 32.92 1006.1 11.9 1002.8 11.1 100.7
9-4 0.1698 0.0023 1.694 0.036 996.9 41.42 1010.8 12.4 1006.3 13.6 100.9
9-5 0.1684 0.0022 1.701 0.033 1021.3 36.99 1003.4 12.1 1008.9 12.4 98.8
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increasing Fe2O3 and MgO contents. Note that the Mnz-bearing pegmatitic granite samples do not display a similar trend. Abbreviations: Aln = allanite; Mnz = monazite;
PGD = pegmatitic granite dyke.
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The 13-AE-2149 PGD is a shallow-dipping dyke connected to a
network of concordant/discordant veins to the foliation of its host
layered mangerite (Figs. 5b, 7e–f) suggesting a distinct and shal-
lower source, and/or a different stress regime. The diffuse contact
at its lower contact (Fig. 7g) emphasizes a different petrogenetic
process which might have involved syn-crystallization fluid
expulsion.

Formation of an orogenic plateau between ca. 1080 and
1050 Ma has been proposed to be related to ductile lateral flow
of the orogenic root beneath the ABT at the base of the Orogenic
Lid (Fig. 1b, Rivers, 2008). Late-Ottawan gravitational collapse is
inferred to have started in the central Grenville Province by ca.
1065 Ma (Rivers and Schwerdtner, 2015; Soucy La Roche et al.,
2015) and to have been completed by ca. 1020 Ma in the western
part of the Grenville Province, as evidenced by the reworking of
the ABT as an extensional shear zone (Ketchum et al., 1998;
Rivers, 2008; Rivers et al., 2012). In the central Grenville, normal
shear-sense indicators in a 1015 Ma granite (Indares et al., 2000)
in the MIZ and the intrusion of mafic to intermediate magmatic
rocks, such as the ca. 1015 Ma Okaopéo Plutonic Suite (Fig. 3) that
crosscuts the Ottawan metamorphic fabrics, have been attributed
to a phase of crustal extension compatible with this model (e.g.
Augland et al., 2015; Indares et al., 2000). Following the poor tec-
tonic record from ca. 1020 to 1005–1000 Ma, the Rigolet orogenic
phase at ca. 1005–980 Ma, marked by the deformation and meta-
morphism of the Parautochthonous Belt structurally below the
ABT, is interpreted to represent a short-lived crustal thickening
event (e.g. Dunning and Indares, 2010; Jordan et al., 2006; Lasalle
et al., 2013). U-Pb dating on magmatic monazite grains from two
PGD of the Lac Okaopéo region yield dates of 996.7 ± 5.3 Ma (13-
AM-13 PGD, Fig. 14a and b, Table 5) and 1005.4 ± 4.4 Ma (13-TC-
5008 PGD, Fig. 14c, Table 5) (see section 7 for details) that are com-
parable within uncertainty. According to the lack of corrosion of
the monazite grains, their oscillatory zoning with no recrystallized
domains or their unzoned character, these ca. 1005–1000 Ma con-
cordant dates are interpreted as reflecting their igneous crystalliza-
tion ages (Crowley et al., 2008) and are therefore attributed to
post-Ottawan peak of metamorphism corresponding to the initia-
tion of the Rigolet orogenic phase. These emplacement ages are
consistent (i) with the discordant contacts of the dykes to the foli-
ation of their hosts (Figs. 5, 6b, 7c, e–f) and (ii) with the magmatic
textures with no evidence for a solid-state deformation nor inter-
connection with leucosomes (Figs. 6–7, 8a, d, 11a–c). These fea-
tures suggest a post-tectonic and metamorphic intrusion of the
PGD relative to the paragneisses and the metaplutonic complexes
of the Allochthonous Belt they intrude and which were affected
by the Ottawan orogenic phase (Augland et al., 2015; Moukhsil
et al., 2014). This timing of emplacement is similar to the late- to
post-Grenvillian Orogeny age of pegmatitic bodies in the western
Grenville Province (Fowler and Doig, 1983; Lentz, 1996, 1991;
Lumbers, 1979, 1964).

8.2. Potential sources of the LREE-rich PGD from the Lac Okaopéo
region

In granitic pegmatite fields reported in the literature, e.g. in Cap
de Creus (northeastern Spain, Alfonso and Melgarejo, 2008;
Druguet et al., 2014; Van Lichtervelde et al., 2016) or in Gatumba
(central Rwanda, Hulsbosch et al., 2014; Melcher et al., 2015),
the closest bodies from the sources (usually a granite) (i) are the
least evolved, and (ii) contain biotite but no muscovite nor rare-
element minerals (i.e. Li, B, Be, Rb, Sn, Nb-Ta. . . e.g. Hulsbosch
et al., 2014; London, 2016, 2008) or REE mineralization (e.g. Ercit,
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Table 6
Summary of the main characteristics of the REE-rich pegmatitic granite dykes from the Lac Okaopéo region, first ordered by type of occurrence then from north to south. Abbreviations: Aln-bearing = allanite-bearing pegmatitic granite
dyke; ASI = Aluminum Saturation Index given by the expression ASI = Al/(Ca � 1.67 � P + Na + K) (Frost et al., 2001; Shand, 1943); Mnz-bearing = monazite-bearing pegmatitic granite dyke.

Type of REE
occurrence

Outcrop no Field expression Dip Contact Texture (from contact
towards core)

Accessory minerals1
Geochemical features Geochronology

(U-Pb on
monazite)

Type REE-bearing phase
composition

Mnz-bearing 13-AM-07 Single dyke Steep-
dipping

Slightly diffuse –
Discordant

Stockscheider contact –
fine-grained –
pegmatitic

Zircon-monazite – High:
ASI, RLREE, LaN/YbN, Th,
Zr/Hf, Zr and Hf, Nb/Ta

Low:
RHREE, Eu/Eu*, Nb and

Ta

Positive correlation: P2O5

and CaO with RREE

–

13-AM-10 Single dyke Steep-
dipping

Slightly diffuse –
Discordant

Homogeneous Zircon-monazite – –

13-AM-13 Single dyke Steep-
dipping

Slightly diffuse –
Discordant

Patchy zoning (fined
grained to pegmatitic)

Zircon-monazite-(Ce)
(-minor garnet and Ti-

oxides)

LREE-rich cores/Th-Si-
rich overgrowths

996.7 ± 5.3 Ma

13-TC-5008 Single dyke Steep-
dipping

Locally diffuse –
Discordant

Patchy zoning (coarse-
grained to skeletal Bt-

rich)

Zircon-monazite-(Ce)
(-minor garnet)

Rather homogeneous 1005.4 ± 4.4 Ma

Aln-bearing 13-TC-5072 Dyke swarm Steep-
dipping

Slightly diffuse –
Discordant to sub-

concordant

Fine-grained –
pegmatitic

Zircon-allanite-(Ce) Homogeneous cores –
Fe-rich rims

High:
ASI, RLREE, LaN/YbN, Th,
Zr/Hf, Zr and Hf, Nb/Ta

Low:
RHREE, Eu/Eu*, Nb and

Ta

Positive correlation:
Fe2O3 (total) and MgO

with RREE

-

13-FS-1202 Dyke swarm Steep-
dipping

Slightly diffuse –
Discordant

Patchy to layered
zoning (fined grained to

pegmatitic)

Zircon-allanite-(Ce) LREE-rich/Fe-Ca-LREE-
rich cores – Si-rich/LREE-

poor rims

–

13-AE-2149 Single dyke connected to
concordant/discordant

veins

Shallow-
dipping

Very diffuse –
Discordant to sub-

concordant

Pegmatitic contacts –
fine-grained core

Zircon-allanite(-rare
apatite)

- Lower2:
ASI, LaN/YbN, Nb/Ta, Eu/

Eu*

Higher2:
RLREE, RHREE, Zr and

Hf, Nb and Ta

Intermediate2:
Th, Zr/Hf

–

1 All samples are dominated by a quartz + K-feldspar + plagioclase ± biotite assemblage.
2 In comparison with the other dykes investigated in this study.
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2005). In the case of the PGD from the Lac Okaopéo region, the
ubiquitous presence of biotite in all the investigated dykes with
no muscovite nor other rare elements minerals than monazite or
allanite and zircon suggests that they do not represent the last
melts that differentiated from the source.

The intrusive contacts of the PGD (Figs. 5, 6b, 7c) and the
lack of textural continuity between the PGD and the leuco-
somes of the host rocks (except for the 13-AE-2149 dyke),
are pointing to an origin from a deeper-seated source. This
interpretation is corroborated by their emplacement age during
the early Rigolet orogenic phase (ca. 1.0 Ga) in host rocks that
have recorded deformation and metamorphism during the
Ottawan orogenic phase. Furthermore, their pronounced peralu-
minous signatures (Fig. 13a) are not compatible with a magma
derived from the fractionation of the late-Ottawan mafic to
intermediate Plutonic Suites of the Lac Okaopéo region, nor
of the undated metaluminous volcanic arc granite Céline Plu-
tonic Suite (Augland et al., 2015; Moukhsil et al., 2014,
2013a, 2009).

Jannin et al. (in press) documented that partial melting at a
lower structural level than our study area was initiated at least
from ca. 1002 Ma at high-pressure in the presence of garnet with
pegmatite emplacement taking place between 993 down to pos-
sibly 961 Ma. These results confirm that the Parautochthonous
Belt experienced the Rigolet crustal thickening phase under gran-
ulite facies metamorphism (up to ca. 15 kbar and 850 �C between
ca. 1005 and 980 Ma, Jordan et al., 2006), i.e. conditions that are
favorable for the partial melting of the Parautochthonous Belt and
coeval with the emplacement of the PGD. Nb/Ta ratios of the PGD
from the Lac Okaopéo region are very high (ranging from 34 to
68, Fig. 13e, Table 2) and are associated with low (except for
the 13-AE-2149 dyke) Nb and Ta contents (up to 21 and 0.40
respectively, Table 2). Such low values are consistent with the
lack of Nb-Ta-bearing minerals in the PGD, and associated with
high Nb/Ta are consistent with high-temperature partial melting
resulting in a total consumption of biotite from the protolith
and the formation of Ti-oxides in the residue that are preferential
hosts for Nb and Ta and preferentially fractionate the latter
(Stepanov et al., 2014). Phase equilibria modeling of metapelite
such as those of the Knob Lake Group indicates that a common
partial-melting reaction in high-pressure granulite is Bt
+ Pl ± Ky = Liq + Grt + Kfs + Qtz + Rt (Gervais and Crowley, 2017).
In addition to producing leucosome with zircon depleted in HREE
because of their sequestration in garnet, such as those in leuco-
some of the Parautochthonous Belt (Jannin et al., in press), the
growth of peritectic rutile associated with this reaction should
produce melt with the Nb-Ta features observed in the investi-
gated PGD.

The strongly peraluminous character of these PGD (Fig. 13a,
Table 2) contrasts with the metaluminous signature of the west-
ern Grenvillian REE-rich granitic pegmatites reported by Lentz
(1996) (Fig. 13a, Table 2) and is compatible with their derivation
by partial melting of a metasedimentary unit (e.g. Chappell and
White, 2001; Cuney, 2014; White and Chappell, 1977). The high
LaN/YbN ranging from 784 to 938 (monazite-bearing PGD) and
from 261 to 619 (13-TC-5072 and 13-FS-1202 allanite-bearing
PGD) suggest that these dykes represent melts segregated from
a molten crustal component enriched in a HREE-bearing phase,
most probably garnet as it is very common in paragneisses espe-
cially in those from the Knob Lake Group of the Gagnon Terrane
(Bea, 1996; Hönig et al., 2014; Jordan et al., 2006). These features
are consistent with the lack of evidence for coeval kilometric
scale granitic intrusive body at this stage of the Grenvillian Oro-
geny and with the results of the great majority of studies dealing
with Grenvillian REE-rich granitic pegmatites (e.g. Ercit, 2005;
Lentz, 1996, 1991). In addition, it brings evidence that REE-rich

granitic pegmatites do not necessarily derive from the fractiona-
tion of a granitic intrusive body and that they may be metamor-
phic in origin as it is proposed by default, especially in the
Grenville Province, because of the lack of an exposed coeval
granitic intrusive body (Ercit, 2005). Even though the timing of
emplacement and field relationships of the dykes are in favor of
a source belonging to the Parautochthonous Belt, whether the
molten paragneisses that led to the formation of these dykes
belong to the deep Allochthonous (Plus-Value Complex, Figs. 2
and 3, Moukhsil et al., 2014, 2012) or to the Parautochthonous
Belt (Knob Lake Group of the Gagnon Terrane, Fig. 2, e.g. Rivers,
2008) remains an open question.

The 13-AE-2149 allanite-bearing PGD displays quite different
features when compared to other PGD such as (i) a shallow-
dipping and diffuse contact (Figs. 5b, 7g), (ii) higher Nb and Ta
contents of 132 and 3.20 ppm respectively (Table 2), (iii) a
weakly peraluminous character (ASI of 1.08, Fig. 13a, Table 2),
and (iv) a much lower LaN/YbN of 28 (Fig. 13b, Table 2). These
features suggest its possible derivation by differentiation of a
late-Ottawan garnet/rutile-poor source (Bea, 1996; Hönig et al.,
2014; Stepanov et al., 2014) such as the ca. 1015 Ma Okaopéo
Plutonic Suite (high-alkalic mangerite ± gabbro ± syenite) and
Sabot Mangerite (Augland et al., 2015; Moukhsil et al., 2014),
combined with late-crystallization fluid release and/or an inter-
action with its pre-Grenvillian host metamangerite during its
intrusion.

8.3. Unusual petrogeochemical characteristics of the LREE-rich PGD
from the Lac Okapéo region

Previous studies have shown that Grenvillian granitic peg-
matites are dominated by quartz + K-feldspar + plagioclase ± a fer-
romagnesian phase, completed with a variety of other major and
minor phases (e.g. pyroxene, amphibole, biotite, titanite, mag-
netite, sulfides, allanite, zircon, garnet, monazite, pyrochlore-
group minerals and U-Th phases, Ercit, 2005; Fowler and Doig,
1983). Grenvillian granitic pegmatites commonly host REE
together with other metals such as U-Th, Nb-Ta, Y, Ti, Zr, Be, Mo,
P, Pb, F, with no REE-only mineralization described in these occur-
rences. The mineralogical assemblage of the PGD from the Lac
Okaopéo region is dominated by quartz + K-feldspar + plagioclase
+ biotite, as proposed by Ercit (2005), Ford (1982) and Lentz
(1996, 1991), and is completed with zircon and monazite or allan-
ite (Figs. 8–12, Tables 3 and 4). No complementary rare-element
minerals have been recognized in the PGD of the Lac Okaopéo
region, except for the late but micrometric Th-U(±REE) silicates
(Fig. 8c) and the Ca ± REE silicates or carbonates (Fig. 11e–f) identi-
fied in the monazite- and allanite-bearing PGD, respectively, and
that represent a negligible part of the whole rock. The accessory
phases assemblages, even if not uncommon in worldwide abyssal
class pegmatitic bodies (Ercit, 2005), is less diverse than for the
rest of the LREE-enriched Grenvillian PGD (Ford, 1982; Lentz,
1996, 1991). Accordingly, the PGD from the Lac Okaopéo region
represent the first evidence of magmatic REE-only mineralization
in this region.

Monazite and allanite crystals from the PGD investigated in
this study are monazite-(Ce) and allanite-(Ce) and generally dis-
play a core to rim zoning (Figs. 9, 10a, c, 11b, d, Tables 3–4).
Monazite crystals from the two investigated PGD present a dom-
inant substitution expressed by the huttonite end-member that
is consistent with the concurrent evolution of Th and RREE con-
tents (13-AM-13 and 13-TC-5008, Figs. 10b and d, 13c, e.g. Spear
and Pyle, 2002). Monazite from the 13-TC-5008 PGD are rather
homogeneous (Figs. 9d–f, 10c and d) whereas oscillatory zoned
monazite from the 13-AM-13 PGD are characterized by a gradi-
ent trending towards monazite-(La) from LREE(Ce)-rich cores to
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Th-Si-rich rims (Figs. 9a–c, 10a and b, Table 3). This suggests an
evolution of the melt composition during crystallization from
LREE-rich towards Th-Si-rich most probably related to the
crystallization of zircon, the only LREE-poor/Th-Si-bearing phase
present in the dykes (e.g. Bea, 1996; Hanchar et al., 2001). Its
crystallization would generate a LREE-rich/Th-Si-poor residual
melt, allowing the preferential incorporation of LREE into the
monazite lattice and a relatively LREE-impoverished/Th-Si-
enriched residual melt after zircon growth is completed. In con-
trast, allanite crystals from the 13-TC-5072 and the 13-FS-1202
PGD display distinct textures. Those from the former show oscil-
latory zoned cores (Aln1) corroded by overgrowths (Aln2,
Fig. 11b) with stable compositions (Fig. 12a, Table 4). This is
most probably related to a new magmatic pulse and not to a sig-
nificant change in the melt composition. Allanite phenocrysts
from the latter however show inner patchy and not oscillatory
zoning suggesting a random organization between LREE(Ce)-
rich and Fe-Ca-LREE(Ce)-rich zones (Fig. 11d, Table 4). This
points to more complex petrogenetic processes than successive
growths associated with distinct magmatic pulses. However, a
compositional change is recorded in the Fe-poor and in the
Si-rich/LREE-poor alteration rims that are expressed on every
allanite phenocrysts from the 13-TC-5072 (Fig. 11b) and the
13-FS-1202 (Fig. 11d–e) PGD, respectively (Table 4). According
to the lack of corrosion of previous zones associated with no
changes in the euhedral shape of the grains, its association with
the late-sericitization of feldspar (Fig. 11a, c) and formation of
late-Ca ± REE carbonates or silicates veinlets (Fig. 11e–f), this
alteration is most likely related to magmatic-hydrothermal tran-
sition processes. In summary, monazite crystals would record
the fractionation of zircon during the course of melt crystalliza-
tion of paragneisses-hosted PGD marked by syn-zircon growth
LREE-rich/Th-Si-poor monazite cores and post-zircon growth
LREE-poor/Th-Si-rich zones. In contrast, allanite phenocrysts do
not allow to discuss magmatic fractionation but offer insights
on the magmatic-hydrothermal transition associated with the
formation of allanite alteration rims coeval with late veinlets
of carbonates or silicates and most probably with feldspar
sericitization.

The empirical relation of monazite in paragneisses-hosted
PGD and allanite in metaplutonic-hosted PGD might reflect
either (i) an initial geochemical difference between the two
granitic series, and/or (ii) interactions of the melt with different
rocks during ascent and/or at emplacement level. On the one
hand, the former hypothesis is strengthened by (i) the positive
correlation between the P2O5, CaO and the RREE contents
(Fig. 13f) in monazite-bearing PGD, unlike in allanite-bearing,
and (ii) the positive correlation between the Fe2O3 (total), MgO
and the RREE contents in allanite-bearing PGD (Fig. 13g). On
the other hand, the hypothesis of an interaction between melts
and surrounding rocks is supported by the empirical relationship
(i) between monazite-bearing PGD and wide outcropping areas
of metasediments (3 over 4 PGD hosted in the Plus-Value Com-
plex), and (ii) between allanite-bearing PGD and metaplutonic
complexes (2 over 3 PGD hosted in the Bardoux and Castoréum
Plutonic Suites) (Figs. 3, 6–7). These suggest that the crystalliza-
tion of monazite and allanite could be related to interactions of
the granitic melt (i) with the more sodic metasedimentary host
of the Plus-Value complex for the former, and conversely (ii)
with the more calcic igneous rocks of the Bardoux and Cas-
toréum suites for the latter. This hypothesis is consistent with
the locally diffuse contact of the 13-TC-5008 monazite-bearing
PGD (Fig. 6c) and the very diffuse contact at the lower contact
of the 13-AE-2149 allanite-bearing PGD (Fig. 7g). Such a model
has been proposed for granitic pegmatites from the southwest-
ern Grenville Province and is designated as ‘‘hybridization” by

Lentz (1996, 1991), who evidenced bi-metasomatic exchange
processes leading to Ca, Fe, Mg ± Ti enrichment in the melts
and to the crystallization of titanite and allanite. However, (i)
the lack of macroscopic mineralogical reaction zone at the con-
tact of most of the dykes with their host rocks, and (ii) the close
geographical association of the 13-TC-5008 monazite-bearing
and the 13-AE-2149 allanite-bearing PGD (Fig. 3), make the
hypotheses of a control of the mineralization by deep interaction
between the magma and rocks of distinct chemical composition
unlikely. In addition, both monazite- and allanite-bearing sam-
ples display a similar positive correlation between the Na2O,
the CaO and the RREE contents (Fig. 13d) suggesting that the
hypothesis of an initial geochemical difference between the
two granitic series is most likely. Therefore we propose that
the control of the mineralization either as monazite or allanite
observed in the PGD from the Lac Okaopéo may not only be cor-
related with the activities of Na and Ca as proposed in the mod-
els of Berger et al. (2009) and Budzyń et al. (2011) but by the
initial CaO and P2O5 contents, and the Fe2O3 (total) and MgO,
respectively. Exception is the 13-AE-2149 dyke emplaced in an
intermediate host metamangerite with a diffuse lower contact,
and that displays a weakly peraluminous character (ASI of
1.08, Fig. 13a, Table 2) that is intermediate between the other
PGD investigated in this study and those reported by Lentz
(1996). This lower peraluminous signature may reflect an inter-
action of the dyke with its host during its emplacement, as pro-
posed by Lentz (1996) for western Grenvillian granitic
pegmatites.

The weak to strong peraluminous character associated with
P2O5 contents of 0.02–0.40 wt% (Fig. 13f, Table 2) of the PGD
from the Lac Okaopéo region correspond to the peraluminous
intermediate phosphorous serie defined by Linnen and Cuney
(2005). It contrasts with the metaluminous Grenvillian LREE-
enriched granitic pegmatites of Lentz (1996) (Fig. 13a) and with
REE-enriched granitic pegmatites reported elsewhere that are
ascribed to alkaline intrusive (Dill, 2015, 2010; Ercit, 2005;
London, 2016). Allanite is a major LREE carrier in granitoids with
ASI below 1.2 (Bea, 1996) and in LREE-enriched granitic peg-
matites from the abyssal class, usually ascribed to metaluminous
to subaluminous compositions (Ercit, 2005; Ford, 1982; Lentz,
1996, 1991), i.e. not in strongly peraluminous melt. In the PGD
from the Lac Okaopéo region, allanite is hosted in three metaplu-
tonic hosted PGD, two of them displaying ASI ranging from 1.18
to 1.35 (13-TC-5072 and 13-FS-1202 PGD respectively, Table 2)
that are not compatible with the formation of allanite. In con-
trast, the presence of monazite in paragneisses-hosted PGD with
ASI ranging from 1.19 to 1.36 (Table 2) is consistent with its
expression as a major and widespread LREE-carrier in a variety
of granitoids especially in peraluminous granite and abyssal
granitic pegmatites (Bea, 1996; Ercit, 2005; Linnen and Cuney,
2005; Montel, 1993; Rapp and Watson, 1986), but its sole pres-
ence as LREE-bearing phase in PGD is shown for the first time in
the Grenville Province.

The monazite- and allanite-bearing PGD from the Lac Okaopéo
region are generally more concentrated in REE and more
fractionated in LREE over HREE than those of the most enriched
samples of Lentz (1996), with RREE between 1418 to 7048 ppm
(monazite-bearing PGD) and between 2393 to 9242 ppm
(allanite-bearing PGD), associated with LaN/YbN up to 938
(Fig. 13b, Table 2). The RREE content of PGD from the Lac Okaopéo
region increases with (i) decreasing Eu/Eu⁄ from 0.72 down to
0.12 (Fig. 13b, Table 2), and (ii) with increasing U and Th contents
(Fig. 13c), Th being much more concentrated than U (Th/U ratio
between 25 and 74, Table 2). Both features are consistent with
the increasing proportion of REE-bearing phases relative to major
minerals that represent sinks for Eu (e.g. Bea, 1996; London,
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2008). The U and Th contents increase more rapidly with RREE in
monazite-bearing than in allanite-bearing dykes (Fig. 13c) as
marked by the formation of ThO2-rich monazite relative to allanite
(Tables 3 and 4).

The monazite- and allanite-bearing PGD present unusual and
some distinct geochemical trends (Fig. 13). The high Zr/Hf ratio
(Fig. 13e) associated with high contents of Zr and Hf (up to
6340 and 171 ppm respectively, Table 2) and the very low con-
tents of Nb and Ta of the PGD (Table 2) is characteristic of alka-
line melts (Linnen and Cuney, 2005; Linnen and Keppler, 2002;
Zaraisky et al., 2009). The quite stable Zr/Hf with increasing RREE
is also a characteristic feature of alkaline melts in which the high
zircon solubility prevents the fractionation of Zr over Hf associ-
ated with zircon growth (Ellison and Hess, 1986; Linnen, 1998;
Linnen and Cuney, 2005; Linnen and Keppler, 2002; Zaraisky
et al., 2009). The contrasting behavior of the Nb/Ta ratio in
monazite- and allanite-bearing PGD, with increasing Nb/Ta ratio
and RREE content in monazite-bearing and decreasing Nb/Ta
ratio with increasing RREE content in allanite-bearing PGD
(Fig. 13e), suggest either distinct (i) magmatic processes, or (ii)
fractionation of Nb over Ta associated with distinct sources or
(iii) with the crystallization of monazite over allanite. The former
hypothesis is unlikely according to the lack of Nb and Ta miner-
als in the dykes. Accordingly, the whole-rock geochemistry of the
REE-rich PGD from the Lac Okaopéo region display contrasting
signatures with (i) major elements characteristics of intermediate
phosphorous peraluminous granites (e.g. Linnen and Cuney,
2005), and (ii) trace elements (Zr-Hf-Nb-Ta and the REE)
enrichment and fractionation more akin to a peralkaline signa-
ture of the melts (e.g. Ellison and Hess, 1986; Linnen, 1998;
Linnen and Cuney, 2005; Linnen and Keppler, 2002; Zaraisky
et al., 2009).

8.4. LREE-rich PGD from the Lac Okapéo region in the granitic
pegmatite classification scheme

The PGD from the Lac Okaopéo region display peraluminous
signatures (Fig. 13a, Table 2), are LREE enriched (Fig. 13b) and
are composed of a quartz + K-feldspar + plagioclase + biotite (for
major minerals, Figs. 8a, d, 11a–c) with either monazite or
allanite and ubiquitous zircon (Figs. 8a-c, 11b–f). Mineralized
granitic pegmatites displaying a peraluminous signature usually
belong to the LCT family (Černý et al., 2012; Černý and Ercit,
2005; Ercit, 2005; London, 2008, 2005; Martin and De Vito,
2005). Even though the seven PGD described in this paper are
peraluminous, they do not share any other characteristic of this
family since none of them contain any muscovite, nor Li-,
Cs- or Ta-minerals, nor tourmaline or beryl and are not
enriched in Rb, Ga or Sn. In addition, their trace elements geo-
chemistry is more akin to alkaline melts (e.g. Linnen and
Cuney, 2005; Linnen and Keppler, 2002). In the classical classi-
fication scheme, the NYF family contains pegmatitic bodies
derived from alkaline intrusive bodies and are enriched in Nb,
Y, F, Be, Ti, Sc, Zr with LREE concentrations up to 100 to 800
times chondritic and little depletion in HREE (Černý et al.,
2012; Černý and Ercit, 2005; Ercit, 2005; London, 2008, 2005).
PGD investigated from the Lac Okaopéo region do not contain
any minerals hosting the usual rare-metals of the NYF family,
show a LREE enrichment from over 1000 to almost 10,000
times the chondritic value (Fig. 13b), a strong depletion of HREE
and, for six of them (exception is the 13-AE-2149 PGD) are
most probably derived by partial melting of a deeper-seated
metasedimentary source. Therefore, they are not characteristic
of the NYF family neither.

Ercit (2005) reviewed the general characteristics of world-wide
REE-enriched granitic pegmatites. These are mainly observed in

Colorado, Virginia and Northern Carolina (USA), Kola-Karelia and
Pribaikal regions, and Aldan Shield (Russia), southern Japan,
Antsirabé-Kitsamby and Ankazobe districts (Madagascar), and
finally in the SW Grenville Province, that represents one of the
major districts of such REE occurrences (e.g. Ford, 1982; Lentz,
1996, 1991). Ercit (2005) emphasized that REE-enriched granitic
pegmatites do not always fall in fields of the previously described
granitic pegmatites families (either LCT or NYF) of Černý (1991).
However, in the abyssal class, two main types of REE-enriched
granitic pegmatites are common: (i) the LREE-enriched that
typically host REE as an allanite-monazite and/or uraninite assem-
blage, and (ii) the (Y,HREE)-enriched that typically host REE assem-
blage as more complex rare-element assemblages than the
previous one (Ercit, 2005). The PGD from the Lac Okaopéo region
display RLREE contents between 1407 and 8757 ppm hosted in
either monazite or allanite (Figs. 6f, 7b–d, g, 8a–c, 9–12 and 13b)
and RHREE contents between 11 and 485 ppm (Fig. 13b, Table 2)
and can therefore be ascribed to the LREE-enriched type of Ercit
(2005).

According to previous sections of the discussion, the zoned PGD
from the Lac Okaopéo region intruded metamorphosed sedimen-
tary units and metaplutonic complexes in a post-tectonic setting
relative to the structure and metamorphism of their host rocks
with no link, for six of them (except for the 13-AE-2149 PGD), to
a plutonic body (see sections 8.1. and 8.2.) and therefore corre-
spond to the class of ‘pseudopegmatites’ proposed by Dill (2016)
in its CMS (Chemical composition – Mineral assemblage – Struc-
tural geology) classification scheme. The 13-AE-2149 PGD however
could derive by differentiation of a late-Ottawan plutonic suite and
would therefore correspond to the ‘pegmatite’ class of Dill (2016).
In addition, according to the same scheme the monazite-bearing
PGD are paragneisses-hosted zoned meter-sized (Zr)-LREE
quartz-feldspar-biotite pseudopegmatite (monazite), whereas the
13-TC-5072 and the 13-FS-1202 allanite-bearing PGD are
metamonzogranite-hosted zoned decimeter- to meter-sized (Zr)-
LREE quartz-feldspar-biotite pseudopegmatite (allanite) and
quartz metamonzodiorite-hosted zoned decimeter- to meter-
sized (Zr)-LREE quartz-feldspar-biotite pseudopegmatite (allanite),
respectively. In the same way and according to its possible deriva-
tion from a plutonic source, the 13-AE-2149 allanite-bearing PGD
is a metamangerite-hosted zoned centimeter- to meter-sized
(Zr)-LREE quartz-feldspar-biotite (pseudo)pegmatite (allanite)
according to Dill (2016).

9. Conclusions

The seven pegmatitic granite dykes (PGD) from the Lac
Okaopéo region described in this paper represent new LREE-
only occurrences in the central Grenville Province. They intrude
paragneisses from the Plus-Value Complex or felsic to interme-
diate metaplutonic complexes from the Bardoux and Castoréum
Plutonic Suites that are part of the Allochthonous Belt of the
Grenville Province. These LREE occurrences are undeformed
dykes discordant to the foliation of their host rocks with no
evidence for interconnection with leucosomes and are thus
considered as post-tectonic relative to the structure and
metamorphism of their host rocks that recorded the Ottawan
orogenic phase. Their peraluminous signature, high Nb/Ta ratio
and high fractionation of LREE over HREE suggest their
derivation by partial melting of metasedimentary units, either
belonging to the base of the Allochthonous or to the Parau-
tochthonous Belt. U-Pb dating of magmatic monazite from two
of the LREE occurrences yield concordant igneous ages at
996.7 ± 5.3 Ma and 1005.4 ± 4.4 Ma that correspond to an
emplacement at the initiation of the Rigolet orogenic phase
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considered to represent a short-lived phase of renewed crustal
thickening as recorded by deformation and metamorphism of
the Parautochthonous Belt between ca. 1005 and 980 Ma. Fur-
ther isotopic and geochronological investigations are needed to
constrain their derivation either from the Allochthonous or the
Parautochthonous Belt.

Field relationships show that monazite host the LREE-
mineralization for PGD hosted by paragneisses of the Plus-
Value Complex, and that allanite host the LREE-mineralization
for PGD hosted by metagranitoids of the Bardoux and Castoréum
Plutonic Suites, in both cases without complementary rare-
metals minerals. The geochemistry and rare-metals assemblage
do not allow to ascribe these PGD to the classical LCT and NYF
family. In addition, even if a peraluminous character is marked
by the major elements whole-rock geochemistry, the Zr/Hf ratio
associated with high Zr and Hf contents, the very low contents
in Nb and Ta and the very high contents in LREE are more akin
to a peralkaline series.

The peraluminous signature of the mineralized PGD
contrasts with the typical metaluminous to subaluminous
signature of REE-enriched granitic pegmatites reported
elsewhere. This peraluminous composition is consistent with
the crystallization of monazite-(Ce) but is at odd with the
presence of allanite-(Ce). This contribution constitutes the first
evidence in the Grenville Province of such a monazite-only
mineralization hosted in PGD. Further investigations are
required to identify the factors controlling the crystallization
of allanite in some of these PGD.
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Appendix A. Detailed mapping of the monazite-bearing
pegmatitic granite outcrops

A.1. 13-AM-07 monazite-bearing PGD

The 13-AM-07 monazite-bearing pegmatitic granite dyke (PGD)
and REE occurrence is located in the north of the 22K/10 NTS sheet
(Fig. 3) and is exposed as a small (a few square meters in surface)
and flat lying outcrop (Fig. A-2a). The detailed map of this outcrop
is available in the Fig. A-1.

The PGD is steep-dipping and discordant to the foliation
of the Plus-Value Complex migmatitic paragneisses
(Figs. A-2b–c, 5a). The dyke is whitish (Fig. A-2b–e) and is lay-
ered parallel to the contact. The discordant contact with the

Fig. A-1. Detailed map of the 13-AM-07 outcrop made of migmatitic paragneisses from the Plus-Value Complex intruded by a discordant REE-rich pegmatitic granite dyke.
Abbreviation: PGD = pegmatitic granite dyke.

652 F. Turlin et al. / Ore Geology Reviews 89 (2017) 627–667



Fig. A-2. Photographs of the 13-AM-07 outcrop from the Lac Okaopéo region. a: general view of the 13-AM-07 outcrop composed of a pegmatitic granite dyke intruding
paragneisses from the Plus-Value Complex; b: large view of the relationships between the dyke and the paragneisses. Note the discordant contact as evidenced by the
crosscut foliation of the paragneisses by the dyke; c: detailed view of Stockscheider-like contact between the pegmatitic granite dyke and the intruded paragneisses marked
by the crystallization of feldspar from the dyke perpendicular to the contact; d: detailed view of the fine grained facies dominated by feldspar and quartz; e: detailed view of
the pegmatitic facies dominated by feldspar and quartz; f: typical facies of the Plus-Value Complex paragneisses showing the importance of leucosomes in this facies; g:
mineralogy of the leucosomes from the migmatitic Plus-Value Complex paragneisses. Note the domination of quartz-feldspar in this granitic leucosome, the abundance of the
garnet-biotite assemblage expressed as several millimeters crystals and the lack of deformation in these leucosomes. Abbreviations: Bt = biotite; Grt = garnet; Mnz-
bearing = monazite-bearing pegmatitic granite dyke.
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Fig. A-3. Detailed map of the 13-AM-10 outcrop made of migmatitic paragneisses from the Plus-Value Complex intruded by a discordant REE-rich pegmatitic granite dyke.
Abbreviation: PGD = pegmatitic granite dyke.

Fig. A-4. Photographs of the 13-AM-10 outcrop from the Lac Okaopéo region. a: general view of the 13-AM-10 outcrop composed of a pegmatitic granite dyke intruding
paragneisses from the Plus-Value Complex. The hammer is ca. 1.2 m long; b: detailed view of the relationships between the dyke and the paragneisses. The foliation is not
noticeable on this photograph but its general orientation is represented; c: detailed view of the intruded paragneisses. Abbreviations: Mnz-bearing = monazite-bearing
pegmatitic granite dyke; PGD = pegmatitic granite dyke.
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paragneisses is marked by the development of a Stockscheider
texture visible in the development of K-feldspar phenocrysts
reaching a length of up to 5 cm (Fig. A-2c). From the contact
and towards the core of the dyke, these phenocrysts are in
contact with a 20 to 50 cm wide fine-grained facies
(Fig. A-2b and d) grading onto a pegmatitic facies (Fig. A-
2b and e) with crystals reaching up to ca. 3 cm in the center
of the dyke.

The host paragneisses from the Plus-Value Complex are migma-
titic with granitic ± garnet-biotite leucosomes that can reach sev-
eral tens of centimeters in width (Fig. A-2b, f–g).

A.2. 13-AM-10 monazite-bearing PGD

The 13-AM-10 monazite-bearing PGD and REE occurrence is
located at the south of the 13-AM-07 outcrop, in the north of the
22K/10 NTS sheet (Fig. 3), and is exposed as a steep-dipping

outcrop along a gravel road (Fig. A-4a). The detailed map of this
outcrop is available in Fig. A-3.

The PGD is steep-dipping and discordant to the rusty Plus-Value
Complex migmatitic paragneisses (Figs. A-4b–c, 5a). The contact
between the dyke and the host paragneiss is straight but is slightly
diffuse (over a few millimeters, Fig. A-4b) and the dyke do not dis-
play noticeable facies variations.

A.3. 13-AM-13 monazite-bearing PGD

The whitish 10 to 20 meters wide 13-AM-13 monazite-
bearing PGD and REE occurrence is located at the south of
the 13-AM-10 outcrop, in the north of the 22K/10 NTS sheet
(Fig. 3), and is exposed as a large flat lying outcrop
(Fig. A-6a). The Fig. A-5 proposes the detailed mapping of this
outcrop with localization of the samples and of the photographs
presented in Fig. A-6.

Fig. A-5. Detailed map of the 13-AM-13 outcrop made of migmatitic paragneisses from the Plus-Value Complex intruded by a discordant REE-rich pegmatitic granite dyke.
Abbreviation: PGD = pegmatitic granite dyke.
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Fig. A-6. Photographs of the 13-AM-13 outcrop from the Lac Okaopéo region. a: general view of the 13-AM-13 outcrop composed of a pegmatitic granite intruding
paragneisses from the Plus-Value Complex; b: typical transition between the fine and coarse grained facies underlined by biotite aggregates. Note that the abundance of
biotite in the fine grained facies on this photograph is related to the vicinity of the coarse grained facies; c: typical fine grained facies dominated by a quartz
+ feldspar ± biotite assemblage; d: detailed view of a garnet phenocryst in the fine grained facies; e: monazite crystals from the fine grained facies; f: typical intermediate
facies composed of a quartz-feldspar-biotite assemblage; g: typical pegmatitic facies essentially composed of a quartz-feldspar-biotite assemblage in which feldspar and
biotite crystals can reach over 5 cm; h: quartz aggregates in the intermediate facies. Abbreviations: Bt = biotite; Fsp = feldspar; Grt = garnet; Mnz = monazite; Mnz-
bearing = monazite-bearing pegmatitic granite dyke; Qz = quartz.
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The PGD is steep-dipping and discordant to the foliation of the
paragneisses from the Plus-Value Complex (Fig. 5a). The contact
between the PGD and the host paragneisses is poorly exposed
but the distribution of outcrops suggests that the contact is not
straight over several meters.

The PGD is dominated by a fine-grained (1 mm to sometimes
over 1 cm) quartz and feldspar-rich facies with minor biotite and
garnet (Figs. A-5 and 6b–e). This facies is the main host for the
mineralization expressed as sub-euhedral monazite grains (Fig.
A-6e). The PGD comprises randomly distributed tens of centime-
ters to 1 m large patchy zones characterized by (i) an intermediate
quartz and feldspar-rich ± biotite facies (Figs. A-5 and 6f), (ii) a
coarse-grained quartz and feldspar-rich facies with more or less
abundant biotite and phenocrysts of feldspar (Fig. A-6b), and (iii)
a pegmatitic quartz and feldspar-rich ± biotite facies (some grains
over 5 cm, Fig. A-6g). Locally, up to ca. 20 cm centimeters wide
quartz aggregates are also noticeable but do not seem associated
with any of the previous facies (Figs. A-5 and 6h). The transition
between two facies is mostly diffuse and difficult to delineate,
but it may also be underlined by biotite aggregates (Fig. A-6b).

A.4. 13-TC-5008 monazite-bearing PGD

The 13-TC-5008 monazite-bearing PGD and REE occurrence is
located in the north of the 22K/07 NTS sheet (Fig. 3) and is exposed
as a large flat lying outcrop (Fig. A-8a). The Fig. A-7 proposes the
detailed mapping of this outcrop with localization of the samples
and of the photographs presented in Fig. A-8.

The 13-TC-5008 outcrop displays several showings of a few
square meters large area (Figs. A-7, A8a) made of large or thin
(ca. 10 cm wide, Fig. A-8b) steep-dipping PGD discordant to the
foliation of the migmatitic paragneisses of the Plus-Value Complex
(Figs. A-8b, 5a). The contact is locally diffuse (over a few millime-
ters) and is either straight or wavy (Fig. A-8b and c). It seems to
represent a zone of reactions between the granitic melt and the
intruded metasediments as it may be underlined in the PGD by
garnet-biotite aggregates (Fig. A-8c).

The few square meters PGD showings and the thin whitish PGD
do not display any zoning from the contact to their core. However,
some patchy zoning made of facies enriched in skeletal biotite
(cluster as arborescent arrangements of up to 15 cm biotite crys-
tals, Fig. A-8d) are noticeable and are about a few tens of centime-
ters wide. The transition between these patches and the dominant
facies is diffuse.

Appendix B. Detailed mapping of the allanite-bearing
pegmatitic granite outcrops

B.1. 13-TC-5072 allanite-bearing PGD

The 13-TC-5072 allanite-bearing pegmatitic granite dyke (PGD)
and REE occurrence is located in the south of the 22K/10 NTS sheet
(Fig. 3) and is exposed as a large and dome shaped outcrop (Fig. B-
2a). The detailed map of this outcrop is available in the Fig. B-1. It
consists in numerous straight pinkish (fresh color) PGD (up to 4 m
wide, Figs. B-1 and B-2b–f) intruding a metamonzogranite from the
Bardoux Plutonic Suite.

Fig. A-7. Detailed map of the 13-TC-5008 outcrop made of migmatitic paragneisses from the Plus-Value Complex intruded by a discordant REE-rich pegmatitic granite dyke.
Abbreviation: PGD = pegmatitic granite dyke.

F. Turlin et al. / Ore Geology Reviews 89 (2017) 627–667 657



The dykes are steep-dipping and mostly discordant to the
fabric of the host metamonzogranite but are locally sub-
concordant (Figs. B-2b, c and e, 5b). Several of these dykes
may present internal zoning which typically consists in (i) a
thin contact (few millimeter to a centimeter wide, zone 1,
Fig. B-2b and c), followed by (ii) a ca. 20 to 30 cm wide fine
grained facies (ca. <1 mm and 2 mm, zone 2, Fig. B-2b and c),
and (iii) by a coarser grain size zone (ca. 1 to 5 mm, zone 3,
Fig. B-2b and d). The (iv) core of the dykes (zone 4, Fig. B-
2b and d) may vary from a few centimeters to tens of centime-
ters wide and displays a pegmatitic texture. It is followed by (v)
another fine grained facies (zone 5, Fig. B-2b, d and e), which
transition is quite diffuse from the later one, that ends at the
boundary of the dyke by (vi) the growth of K-feldspar phe-
nocrysts perpendicular to the contact (zone 6, Fig. B-
2b and e). The whole contact is not marked by these phe-
nocrysts that also developed in the fine grained facies with
no relations with the dyke boundary (Fig. B-2e), suggesting that
it does not correspond to Stockscheider textures. This kind of
internal zoning in the dykes of this outcrop is quite representa-
tive as most of them display either this sequence or its repeti-
tion, probably related to several magmatic pulses. A few
intrusive bodies, mostly wider than the dykes, do not display
any evident zoning. Allanite grains (Fig. B-2f) are present in

both zoned and unzoned intrusive bodies, and seems mostly
associated with fine to medium grained facies.

The intruded metamonzogranite from the Bardoux Plutonic
Suite displays various textures related to the degree of deformation
it underwent, from a foliated facies with rounded rapakivi
K-feldspar porphyroclasts to a mylonitic texture with elongated
K-feldspar porphyroclasts (Fig. B-2g).

B.2. 13-FS-1202 allanite-bearing PGD

The 13-FS-1202 allanite-bearing PGD and REE occurrence
is located at the south of the 13-TC-5072 PGD, in the south
of the 22K/10 NTS sheet (Fig. 3), and is exposed as a large
(several tens square meters in surface) and flat lying
outcrop (Fig. B-4a). The detailed map of this outcrop is
available in the Fig. B-3. It consists in numerous straight
pinkish (fresh color) PGD (2–5 m wide, Figs. B-3 and B-4b)
intruding a quartz metamonzodiorite from the Castoréum
Plutonic Suite.

The dykes are steep-dipping and slightly to strongly discor-
dant to the fabric of the host quartz metamonzodiorite (Fig. 5b).
The contacts of the PGD with their hosts are straight or irregu-
lar, and are slightly diffuse (over a few millimeters). This dyke
is mainly composed of quartz, feldspar and biotite and contains

Fig. A-8. Photographs of the 13-TC-5008 outcrop from the Lac Okaopéo region. a: general view of the 13-TC-5008 outcrop composed of a pegmatitic granite intruding
paragneisses from the Plus-Value Complex; b: intrusion of a pegmatitic granitic dyke favored by a sinistral shearing that affect both the migmatitic paragneisses from the
Plus-Value Complex and the amphibolized mafic relic it contains. The resulting contact is discordant as evidenced by the crosscut foliation of the intruded paragneisses by the
dyke; c: locally diffuse contact between the dyke and the intruded paragneisses delineated by garnet-biotite aggregates; d: arborescent textures made by skeletal crystals of
biotite reaching up to 15 cm long. Abbreviations: Amp = amphibolized mafic relic; Bt = biotite; Fsp = feldspar; Grt = garnet; Mnz-bearing = monazite-bearing pegmatitic
granite dyke; PGD = pegmatitic granite dyke; Qz = quartz.
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Fig. B-1. Detailed map of the 13-TC-5072 outcrop made of a metamonzogranite from the Bardoux Plutonic Suite intruded by discordant REE-rich pegmatitic granite dykes.
Abbreviation: PGD = pegmatitic granite dyke.
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Fig. B-2. Photographs of the 13-TC-5072 outcrop from the Lac Okaopéo region. a: general view of the 13-TC-5072 outcrop composed of a pegmatitic granite intruding as a
dyke swarm a metamonzogranite from the Bardoux Plutonic Suite; b: typical dyke zonation of the 13-TC-5072 pegmatitic dykes, with a southeastern boundary (1) marked by
a thin zone of reaction with the host rock developed over a few millimeters with almost no biotite, followed by a fine grained facies with increasing grain size and proportions
of biotite (2, 3) up to a pegmatitic core (4). This core is followed by a progressive fine grained facies with decreasing grain size zone (5). The northern contact (6) is marked by
the development of K-feldspar phenocrysts perpendicular to the contact. Note that the dyke is discordant to the foliation of the intruded metamonzogranite; c: detailed view
of the southern contact presented in figure b. Numbers refer to the zones identified in figure b; d: detailed view of the pegmatitic core of the dyke presented in figure b. Note
the pegmatitic facies is underlined on its southern boundary by biotite aggregates whereas the northern one is opened to a fine grained facies which transition is undulating
along the core. Numbers refer to the zones identified in figure b; e: detailed view of the northern contact presented in figure b. Note the diffuse boundary and the
crystallization of K-feldspar phenocrysts perpendicular to the contact. Numbers refer to the zones identified in figure b; f: typical allanite phenocrysts in pegmatitic granite
dykes intruding the metamonzogranite; g: typical metamonzogranite facies variations from a foliated and porphyroclastic facies where porphyroclasts of rapakivi K-feldspar
are wrapped by the foliation (north) to transposed in a highly deformed facies (south). Abbreviations: Aln = allanite; Aln-bearing = allanite-bearing pegmatitic granite dyke;
Bt = biotite; K-Fsp = K-feldspar; PGD = pegmatitic granite dyke.
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Fig. B-3. Detailed map of the 13-FS-1202 outcrop made of a quartz metamonzodiorite from the Castoréum Plutonic Suite intruded by discordant REE-rich pegmatitic granite
dykes. Abbreviation: PGD = pegmatitic granite dyke.
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large allanite phenocrysts (>1 cm, Fig. B-4b). The most mineral-
ized zone, i.e. containing the most allanite grains that may
reach over 1 cm, corresponds to an intermediate facies which
is layered with a pegmatitic (over 3 cm) barren facies at the
contact and a finer-grained (0.1–3 cm) allanite-rich facies in
the center (Fig. B-4b). The rest of the PGD does not display
any sign of organization with random patches ranging from a
medium grained allanite-rich facies to a coarse grained barren
facies. Coarse grained to pegmatitic facies may locally present
allanite aggregates.

B.3. 13-AE-2149 allanite-bearing PGD

The 13-AE-2149 allanite-bearing PGD and REE occurrence is
located in the north of the 22K/07 NTS sheet (Fig. 3) and is
exposed as a large and steep-dipping outcrop. The detailed
map of this outcrop is available in the Fig. B-5. It consists in
a main straight pinkish PGD (up to ca. 1 m wide, Figs. B-
5 and B-6a) intruding a layered metamangerite from the Cas-
toréum Plutonic Suite.

This PGD is connected to a network of texturally continuous
veins concordant and discordant to the foliation of the host lay-
ered metamangerite from the Castoréum Plutonic Suite (Fig. B-

6b). The main dyke is shallow-dipping (Fig. 5b) and the contact
between the PGD and the metamangerite is slightly
discordant to locally sub-concordant and may be very diffuse
(Figs. B-6c, 5b).

The upper contact of the dyke is marked by a ca. 20 cm
wide pegmatitic facies with a grain size over 10 cm. A few large
allanite phenocrysts are disseminated across this contact, and
may reach over 10 cm (Fig. B-6c). The core of the dyke is com-
posed of a layered fine grained facies composed of alternating
(i) quartz-K-feldspar-rich lenses, and (ii) quartz-plagioclase-rich
lenses that are generally not longer than 30 cm (Fig. B-6c).
The lower contact of the dyke is similarly marked by a peg-
matitic facies up to ca. 45 cm in width (Fig. B-6c). Allanite phe-
nocrysts are up to ca. 10 cm, with a long axis mainly
perpendicular to the walls of the dyke. The lower contact of
the dyke with the layered metamangerite is more diffuse than
at the upper contact and might reflect melt/crystal segregation
(Fig. B-6c).

A few meters away from the contacts with granitic veins, the
host layered metamangerite displays a homogeneous texture and
structure while close to the contacts, the metamangerite grades
into a migmatitic gneiss dominated by K-feldspar and
clinopyroxene.

Fig. B-4. Photographs of the 13-FS-1202 outcrop from the Lac Okaopéo region. a: general view of the 13-FS-1202 outcrop composed of a pegmatitic granite intruding as a
dyke swarm a quartz metamonzodiorite from the Castoréum Plutonic Suite; b: detailed view of the typical zoning observed in the pegmatitic granite. Note that the allanite
phenocrysts are associated with an intermediate size grained facies. Abbreviations: Aln = allanite; Aln-bearing = allanite-bearing pegmatitic granite dyke.

Fig. B-5. Detailed map of the 13-AE-2149 outcrop made of a layered metamangerite from the Castoréum Plutonic Suite intruded by a discordant REE-rich pegmatitic granite
dyke. Abbreviation: PGD = pegmatitic granite dyke.
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Fig. B-6. Photographs of the 13-AE-2149 outcrop from the Lac Okaopéo region. a: general view of the 13-AE-2149 outcrop composed of a pegmatitic granite dyke intruding a
layered metamangerite from the Castoréum Plutonic Suite; b: detailed view of one of the pegmatitic granite vein discordant to the foliation of its host rock and its connection
with the main pegmatitic granite dyke expressed on this outcrop, here with a sub-concordant contact with the layered metamangerite; c: detailed view of the whole dyke
zonation from its upper to its lower contact, both marked by a pegmatitic facies with large allanite phenocrysts, through a layered fine grained facies. Abbreviations:
Aln = allanite; Aln-bearing = allanite-bearing pegmatitic granite dyke; PGD = pegmatitic granite dyke.
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Appendix C

Planar fabrics measured on the pegmatitic granite dykes from the Lac Okaopéo region, first ordered by type of occurrence then from north to south. Planar structures are plotted in
stereograms in Fig. 5 and are represented on detailed mapping of each outcrop from Appendices A and B.

Type of REE occurrence
Monazite-bearing Monazite-bearing Monazite-bearing Monazite-bearing Allanite-bearing Allanite-bearing Allanite-bearing

Intruded unit

13-AM-07 13-AM-10 13-AM-13 13-TC-5008 13-TC-5072 13-FS-1202 13-AE-2149

Plus-Value Complex Plus-Value Complex Plus-Value Complex Plus-Value Complex Bardoux Plutonic Suite Castoréum Plutonic
Suite

Castoréum Plutonic
Suite

Planar structures Foliation1 Dyke2 Foliation1 Dyke2 Foliation1 Dyke2 Foliation1 Dyke2 Foliation1 Dyke2 Foliation1 Dyke2 Foliation1 Dyke2

Strike/Dip Strike/Dip Strike/Dip Strike/Dip Strike/Dip Strike/Dip Strike/Dip Strike/Dip Strike/Dip Strike/Dip Strike/Dip Strike/Dip Strike/Dip Strike/Dip

066/83 089/78 159/55 264/58 200/56 140/62 091/61 078/83 072/76 – 037/57 251/64 278/34 292/09
– – – – 166/62 145/65 090/56 078/74 073/65 228/64 039/48 318/70 270/28 277/26
– – – – – – 096/57 328/64 098/62 225/56 053/67 102/79 – –
– – – – – – – – 097/61 – 318/76 090/72 – –
– – – – – – – – 090/71 – 337/77 – – –
– – – – – – – – 067/67 – 331/78 – – –
– – – – – – – – 087/73 030/77 025/64 275/79 – –
– – – – – – – – 078/69 044/84 030/76 – – –
– – – – – – – – 079/76 053/82 042/74 – – –
– – – – – – – – 077/79 035/82 032/68 221/72 – –
– – – – – – – – 075/45 – 068/74 – –
– – – – – – – – 068/79 – 275/60 – – –
– – – – – – – – 247/71 – 046/63 233/80 – –
– – – – – – – – – – 028/53 – – –
– – – – – – – – – – 034/68 200/71 – –

1 Measures of the foliations of the intruded lithologies.
2 Measures of the contacts between the REE-rich pegmatitic granite dykes and their host rocks.
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Appendix D

Operating conditions for the LA-ICP-MS equipment.

U-Pb monazite analyses

Laboratory & sample preparation
Laboratory name Géosciences Rennes, UMR CNRS 6118, Université Rennes 1, Rennes, France
Sample type/mineral Magmatic monazite
Sample preparation Thin-sections
Imaging Hitachi S-4800 SEM, GeoRessources, UMR 7359, Université de Lorraine, Vandœuvre-lès-Nancy,

France

Laser ablation system
Make, Model & type ESI NWR193UC, Excimer
Ablation cell ESI NWR TwoVol2
Laser wavelength 193 nm
Pulse width <5 ns
Fluence 6.5 J/cm�2

Repetition rate 2 Hz
Spot size 10 lm (round spot)
Sampling mode/pattern Single spot
Carrier gas 100% He, Ar make-up gas and N2 (3 ml/mn) combined using in-house smoothing device
Background collection 20 s
Ablation duration 60 s
Wash-out delay 10 s
Cell carrier gas flow (He) 0.75 l/min

ICP-MS instrument
Make, Model & type Agilent 7700x, Q-ICP-MS
Sample introduction Via conventional tubing
RF power 1350W
Sampler, skimmer cones Ni
Extraction lenses X type
Make-up gas flow (Ar) 0.87 l/min
Detection system Single collector secondary electron multiplier
Data acquisition protocol Time-resolved analysis
Scanning mode Peak hopping, one point per peak
Detector mode Pulse counting, dead time correction applied, and analog mode when signal intensity > �106 cps
Masses measured 204(Hg + Pb), 206Pb, 207Pb, 208Pb, 238U
Sensitivity/Efficiency 25000 cps/ppm Pb (50 mm, 10 Hz)
Dwell time per isotope 10–30 ms depending on the masses

Data processing
Gas blank 20 s on-peak
Calibration strategy Moacir Monazite used as primary reference material, Manangoutry Monazite used as secondary

reference material (quality control)
Reference Material info Moacir (Gasquet et al., 2010)

Manangoutry (Paquette and Tiepolo, 2007)
Data processing package Glitter (Van Achterbergh et al., 2001)
Quality control/Validation Manangoutry: 554.8 ± 4.2 Ma (MSWD = 0.94; n = 8) (sample 13-AM-13); 554.4 ± 3.4 Ma

(MSWD = 0.94; n = 8) (sample 13-TC-5008)
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	8.1 LREE-rich PGD from the Lac Okapéo region in the frame of the Grenvillian Orogeny
	8.2 Potential sources of the LREE-rich PGD from the Lac Okaopéo region
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