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Abstract

We describe the geological context of rare metal-bearing pegmatites from the Mangodara district
(South-West Burkina Faso, Paleoproterozoic West African Craton) and discuss their petrogenesis and
links with the host rocks. The Mangodara district exposes a gneiss-granitoid complex structured in a
regional-scale dome, mantled by granodioritic gneiss enclosing rafts of amphibolite, micaschist and
paragneiss, and cored by tonalitic to trondhjemitic gneisses. These gneisses enclose granitoid plutons,
and four populations of rare metal-bearing pegmatites: titanite-allanite-, apatite-zircon-, garnet-

columbite (Li, Nb) and garnet-REE (Ti, Y, HREE)-bearing varieties.
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Rafts of migmatitic amphibolite, micaschist and paragneiss are chemically equivalent to nearby
Birimian greenstone belts. An origin of the gneiss-granitoid complex by partial melting is suggested
by diffuse contacts of rafts with the gneisses as well as the presence of garnet-bearing or hornblende-
bearing leucosome in paragneiss and in amphibolites, respectively. Textural continuity between
pegmatites and granitic veins concordant to the foliation of the gneisses point to syntectonic

segregation of the pegmatite-forming magmas.

The compositions of gneisses and plutonic rocks spread between a Na-rich pole and a K-rich pole.
Granodioritic gneiss, hornblende-biotite granodiorite and potassic biotite granitoids define a K-rich
series attributed to relatively low-pressure high-degree partial melting of dominantly paragneiss,
which accounts for low to absent LILE and HFSE fractionation compared to the paragneiss. Tonalitic-
trondhjemitic gneiss, a trondhjemite and a peraluminous two-mica tonalite belong to a Na-rich series
characterized by low K content and strong depletion in REE and HFSE, which might reflect
plagioclase clustering after partial melting at a relatively high pressure of amphibolite, and

fractionation of HFSE-REE-bearing minerals.

U-Pb dating of zircon from a titanite-allanite-bearing pegmatite at 2094.3 £+ 8.8 Ma and of apatite from
tonalitic-trondhjemitic gneiss, apatite-zircon-bearing pegmatite and granodioritic gneiss at 2094 + 21
Ma, 2055 * 20 Ma, and 2041 + 33 Ma respectively, confirm that partial melting, melt segregation and

crystallization-cooling occurred during the Eburnean orogeny.

Based on these data, we propose that (i) titanite-allanite- and apatite-zircon-bearing pegmatites result
from syntectonic segregation of residual melt during crystallization of the tonalitic-trondhjemitic
gneiss, (ii) garnet-columbite-bearing pegmatites originate from syntectonic melt segregation from the
migmatitic paragneiss, and (iii) garnet-REE-bearing pegmatites derive from segregation of a residual

melt within the granodioritic gneiss.

Keywords: Rare metal-bearing pegmatite, TTG gneiss, Eburnean orogeny, West Africa Craton,

partial melting, melt segregation.
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1. Introduction

This paper presents the geological context of the rare metal-bearing pegmatites exposed in the
Mangodara district (South west Burkina Faso, West African Craton, Fig. 1), in the Baoulé-Mossi
domain of the Eburnean orogenic belt (Baratoux et al., 2011 and references therein). Its goal is to
discuss the petrogenesis of these pegmatites and their potential links with their host rocks. The
formation of rare metal pegmatites requires a high degree of differentiation, which has classically been
related either to segregation of a silicate melt issued from low-degrees of partial melting of an
enriched source (Mdiller et al., 2017; Roda-Robles et al., 2007; Shaw et al., 2016) or from extreme
fractional crystallization of a fertile magma (Cerny, 1991a, 1991b; Cerny and Ercit, 2005; London,
2008; Martin and De Vito, 2005). In the Paleoproterozoic portion of the West African Craton (Fig. 1)
known for its huge gold reserves (Masurel et al., 2021), rare metal-bearing pegmatites mineralized in
spodumene and columbite-tantalite (Ta > Nb) are reported at Akim-Oda, Egyaa and Winneba in
Ghana (Adams, 2013; Anum et al., 2015; Chalokwu et al., 1997; Nude et al., 2011), at Issia in Ivory
Coast (Allou, 2005) and Saraya in eastern Senegal (Goujou et al., 2010; Ndiaye et al., 1997). These
pegmatites form dykes intruding peraluminous granitic plutons and metasedimentary units, and are
interpreted to derive from the differentiation of these sedimentary-derived granitic bodies. The
Mangodara district (Fig. 2) potentially represents a deeper section of the Birimian crust, with
pegmatites hosted in a gneiss-granitoid complex that includes large rafts of migmatitic amphibolites
and paragneiss, all structured into a regional-scale dome. In such context, deciphering the relationships
of the pegmatites with their gneissic host rocks is essential in order to assess their petrogenesis. Early
investigators considered these gneiss-granitoid complexes to represent the Archean basement of
Paleoproterozoic Birimian greenstones, essentially based on their positioning at the lowest exposed
structural level (Arnould, 1961; Ducellier, 1963; Hottin and Ouedraogo, 1975; Tagini, 1971).
However, U-Pb geochronology on zircon from granitoid and gneisses from these complexes did not
yield any Archean age, but ranges from 2300 to 2050 Ma (Anum et al., 2015; Castaing et al., 2003; De
Kock et al., 2011; Doumbia et al., 1998; Gasquet et al., 2003; Grenholm et al., 2019a; Hirdes et al.,

1996; Ilboudo et al., 2021; Parra-Avila et al., 2017; Petersson et al., 2016; Sakyi et al., 2014; Soumaila



77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

et al., 2008; Tapsoba et al., 2013; Tshibubudze et al., 2015, 2013; Wane et al., 2018). These ages span
the entire Birimian cycle, from the Eoeburnean or Pre-Eburnean phase (2260-2150 Ma) to the
Eburnean orogeny (2150-2050 Ma), which is constrained by U-Pb in zircon from Birimian
metavolcanites and plutonic rocks intrusive in greenstone belts across the Baoule-Mossi domain
(Grenholm et al., 2019a; Lambert-Smith et al., 2016; Parra-Avila et al., 2017 and references therein).
The absence of Archean ages, together with the presence of Early Proterozoic ages up to 2300 Ma,
served to invoke a pre-Birimian crustal growth event, referred to as Burkinian or Dabakalian, forming
the Birimian volcanic and sedimentary basement, or at least the basement of its upper series (Lemoine,

1988; Lemoine et al., 1990; Vidal et al., 1996).

In this context, gneisses and granitoids exposed in the Eburnean orogenic belt have been interpreted as
syntectonic to late tectonic plutons, mainly based on their pervasive ductile fabric consistent with
structures observed in the surrounding greenstones (Gasquet et al., 2003; Hirdes et al., 1996; Vidal et
al., 2009). Moreover, gneiss-granitoids and Birimian greenstones share a similar Paleoproterozoic
juvenile isotopic signature, which was attributed to a common mantle source for these magmas
emplaced at different structural levels (Abouchami et al., 1990; Boher et al., 1992; Doumbia et al.,
1998; Gasquet et al., 2003; Pawlig et al., 2006; Sakyi et al., 2020; Tapsoba et al., 2013). However,
these structural features and the similarity in isotopic are equally consistent with an origin of gneiss

and granitoids by partial melting of the Birimian series (Doumbia et al., 1998).

In order to contribute to this debate, in this paper, we present new field observations, petrological-
microstructural and geochemical data from gneisses, plutonic rocks and swarms of rare metal-bearing
pegmatites of the Mangodara district. Based on these data, which highlight the significance of
metamorphic and magmatic units that compose the Mangodara district, we propose a petrogenetic

model relating the rare metal-bearing pegmatites to the gneiss-granitoids.
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2. Methodology

Field work was conducted throughout the Mangodara district to document the mineralogy, texture, and
structure of each lithological facies and their mutual structural relationships. Regional directions of
lithofabrics were inferred from field measurement, from distribution and morphology of outcrops in
aerial photography (Google Earth), and from lineaments and other structures detected from
LANDSAT-8 and Sentinel-2 imagery. Shear zones were remotely identified by interpretation of
magnetic lineaments in aeromagnetic data (acquired during the SYSMIN project System for Mineral
production, 1998-1999, see Metelka et al., 2011), using the methodology proposed by Chardon et al.,

(2020).

Pegmatites and surrounding rocks of the Mangodara district were sampled for thin section preparation
and for whole-rock analysis. The latter were performed by the Service d’Analyses des Roches et des
Minéraux (SARM, Centre de Recherches Pétrographiques et Géochimiques de Nancy, France) using
inductively coupled plasma optical emission spectrometry (ICP-OES) with a Thermo Fischer
iCap6500 for major elements and inductively coupled plasma mass spectrometry (ICP-MS) with a
Thermo iCapQ for trace elements, and in Central Analytical facilities of University of Stellenbosch
(South Africa) using XRF spectrometry with a PANalytical Axios Wavelength Dispersive
spectrometer for major elements and using laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) with a Agilent 7700 for trace elements. Concentrations in major elements
of minerals were measured using a Cameca SXFive at Center Raimond Castaing (Toulouse, France).
Standards were albite (Na), wollastonite (Si, Ca), Al.Os (Al), sanidine (K), MnTiOz (Mn, Ti), Fe;O3
(Fe), topaz (F), MgO (Mg), tugtupite (CI), Cr,0s. Detection limits for major element oxides were
under 0.2 wt%. The structural formula of hornblende was calculated based on 23 oxygen atoms. Fe?*
and Fe3* were estimated by charge balance, and the formula was normalized with the minimum ferric

amount allowing complete site occupancy, using the method of Schumacher (1997).

Pressure-temperature pseudosections were calculated for a paragneiss and an amphibolite samples
using Theriak/Domino v 11/03/2020 (de Capitani and Brown, 1987; de Capitani and Petrakakis,

2010), with the internally consistent thermodynamic dataset of Holland and Powell (1998), in its
5
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version 5.5 updated in November 2003. Bulk composition of the paragneiss and the amphibolite are
estimated respectively from the whole rock composition of the samples BMS114B and BMN109.
Calculations are done in the chemical system Na,O-CaO-K;0-FeO-MgO-Al;03-SiO,-H,0-Ti0,-0
(NCKFMASHTO) for the paragneiss, and Na;O-CaO-FeO-MgO-Al;0s-SiO2-H,O-TiO2-0O
(NCFMASHTO) for the amphibolite. Manganese content was ignored from calculation because of its
low concentration in the two samples (< 0.1 mol%), but this should not significantly affect the
equilibrium phase transitions. Hydrogen content is adjusted to reach a minimum of H,O saturation at
solidus at 7 kbar. A supplementary tiny content of O is added to stoichiometric O content, to permit
stability of Fe3*-bearing phase. The used activity-composition models are biotite, garnet, ilmenite-
hematite, spinel and silicate melt (White et al., 2007), cordierite, staurolite and chlorite (Holland and
Powell, 1998), white mica (muscovite, Fe-celadonite), (Coggon and Holland, 2002), clinopyroxene
(Green et al., 2007), orthopyroxene (White et al., 2002), amphibole (Diener et al., 2007) and feldspars
(Baldwin et al., 2005; Holland and Powell, 2003). Andalusite, kyanite, sillimanite, quartz and H2O are

treated as pure phases.

Zircon and apatite were dated by in situ laser ablation on polished thin section. Prior selection of
targets and imaging of minerals were carried out by back-scattered electron imaging with a scanning
electron microscope (SEM) Jeol JSM 6360LV (GET, Toulouse, France) and by cathodoluminescence
imaging with the TESCAN Vega 3 (GeoRessources, Nancy, France). Laser ablation was operated
using a quadripole Agilent 7700 coupled with an ESI NWR193UC excimer laser (Géosciences
Rennes, Rennes, France). U-Pb ages are calculated from isotopic data with the software Isoplot/Ex

v3.76 (Ludwig, 2003). Technical details of the analysis are supplied in appendix.

3. Geological context of the Mangodara district within the West African Craton
The West African Craton (WAC) consists of the Kenema-Man Archean nucleus surrounded along its
northern and eastern borders by the Baoule-Mossi domain composed of Paleoproterozoic terranes of

the Birimian series tectonically accreted during the multicyclic Eburnean orogeny (Baratoux et al.,
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2011; Block et al., 2016b, 2016a; Feybesse et al., 2006; Kouamelan, 1996; Perrouty et al., 2012;
Tshibubudze and Hein, 2013; Vidal and Alric, 1994). The Baoule-Mossi domain corresponds to a
succession of greenstone belts of the Birimian series juxtaposed along strike-slip shear zones to
gneiss-granitoids coring large dome structures (Baratoux et al., 2011; Fabre et al., 1990; Metelka et al.,
2011; Milési, 1989; Vidal et al., 2009). It is a lateral equivalent to the Transamazonian belt in the
South America (Caen-Vachette, 1988; Chardon et al., 2020; Delor et al., 2003; Grenholm, 2019;
Grenholm et al., 2019a; Ledru et al., 1991; Tassinari and Macambira, 1999; Vanderhaeghe et al.,

1998)

The Mangodara district (SW Burkina Faso) is situated in the Sidéradougou gneiss-granitoid complex
(SGGC) of the Baoule-Mossi domain, between the Banfora greenstone belt to the west, and the
Hounde greenstone belt to the east delimited by the sinistral Ouango-Fitini shear zone (OFSZ) (Fig.
1). The Birimian in south-west Burkina Faso is composed of series of metamorphosed and deformed
subvertical interlayered tholeiitic to calc-alkaline basalts, andesites and rhyolites, alternating with
volcanic-sedimentary rocks and silicic sedimentary rocks. In this region, U-Pb dating on zircon from
rocks of the Birimian series indicate an early volcanic activity from 2220 Ma to 2160 Ma (Baratoux et
al., 2011; Giovenazzo et al., 2018; Hirdes et al., 1996; Hirdes and Davis, 1998; Ludtke et al., 1998)
and later emplacement/deposition of volcanic-sedimentary series from 2165 to 2080 Ma (Castaing et

al., 2003; Grenholm et al., 2019b; Hirdes et al., 1996; Lidtke et al., 1998).

Aside from volcanic rocks of the Birimian series, plutonic rocks, with compositions ranging from
intermediate to felsic, are intrusive in the greenstone belts of Banfora, Houndé and Boromo. They also
constitute the gneiss-granitoids of the Sideradougou, Diebougou, and Koudougou-Tumu complexes
(Fig. 1). Ages of these plutons can be separated in four periods, with two peaks designated as
Magmatic Event 1 (ME1) and 2 (MEZ2), coeval with major deformation phases (Baratoux et al., 2011;
Grenholm et al., 2019a; Hirdes et al., 1996; Parra-Avila et al., 2017). Pre-ME1 magmatism is
represented in SGGC by a poorly constrained U-Pb zircon age of 2243 + 30 Ma in a hornblende and
biotite gneiss in the north of the SGGC (Giovenazzo et al., 2018) and of 2312 + 17 Ma on an inherited

core from the Dabakala tonalite, south of the SGGC (Gasquet et al., 2003). The first magmatic peak
7
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(MEL) is represented by layered tonalite, trondhjemite and granodiorite dated between 2160 and 2130
Ma. South of the studied area, ME1 plutons in Ivory Coast, correspond to “Comoé type” granodioritic
biotite gneiss dated by U-Pb on zircon at 2152 + 3 Ma, and to the “Bavé type” granitoid intrusion
dated at 2137 +9/-7 Ma (U-Pb dating with Thermal lonization Mass Spectrometry by zircon
dissolution, Hirdes et al., 1996). The second magmatic peak (ME2) is characterized by granodiorite
and amphibole-biotite granite forming plutons emplaced between 2120 Ma and 2100 Ma. The ME2
period is also characterized by emplacement of volcanic rocks (basalt, andesite, dacite, rhyolite,
épiclastite) defined as the Bandamian cycle only described to the west of the OFSZ (Fig. 1) and dated
between 2120 and 2080 Ma (Gasquet et al., 2003; Grenholm et al., 2019b; Hirdes et al., 1996;
Meériaud et al., 2020). The post-ME2 magmatic period is represented by undeformed plutons of
potassic and biotite granites that crystallized between 2110 Ma and 2070 Ma (Baratoux et al., 2011;

Metelka et al., 2011; Parra-Avila et al., 2017, 2019).

Magmatic rocks of the ME1 and ME2 periods are characterized by a ductile fabric in continuity with
the one of the Birimian series and the gneiss-granitoids, which have been variously interpreted. Some
authors emphasize the impact of far-field forces derived from plate tectonics and either invoke the
succession of D1 and D2 deformation phases reflecting early tangential tectonics followed by strike-
slip dominated transpression (Baratoux et al., 2011; Metelka et al., 2011) or a progressive lateral flow
of a weak lithosphere (Chardon et al., 2020). Others highlight the role of buoyancy forces and propose
that the shallow-to moderately dipping foliation of the gneiss-granitoids records diapiric ascent of the

TTG massifs in the Birimian series (Lompo, 2009, 2010; Vidal et al., 2009).

The Birimian series is affected by sub-greenschist to amphibolite facies metamorphic grade (Doumbia
et al., 1998; Feybesse et al., 2006; Liegeois et al., 1991; Vidal and Alric, 1994). Metamorphic
isogrades depict a greenschist to amphibolite facies metamorphic gradient that defines a contact
aureole around granitoids plutons (Debat et al., 2003; Fontaine et al., 2017; Gueye et al., 2008; Pons et
al., 1995) and delineates regional-scale domes cored by gneiss-granitoids (Block et al., 2015, 2016b;

Vidal et al., 2009).
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4. Results
4.1. Geology of the Mangodara district

4.1.1. Regional structure

The Mangodara district is characterized by a dome structure mantled by granodioritic gneiss that
contains a variety of rafts and enclaves of amphibolite, micaschist and paragneiss ranging in size from
the kilometer to the centimeter, and cored by tonalitic-trondhjemitic gneiss (Fig. 2). The contact
between the granodioritic and tonalitic-trondhjemitic gneiss is marked by a crescent-shaped layer of
two-mica tonalite along the southern boundary of the dome and by discontinuous lenses of
trondhjemite along its north-eastern margin (station BMN33, Fig. 2). To the east and south of the
dome, the granodioritic gneiss is intruded by monzogranitic to granitic plutons that we designate as
Ganso-Gountiedougou granitoids (GG-granitoids), and by hornblende granodiorite, respectively.
Amphibolite, micaschist and paragneiss rafts, as well as gneisses and granitoids contain pegmatites

that are concordant to discordant relative to the structure of their hosts.

The preferred orientation of the rafts is parallel to the main foliation of the granodioritic gneiss and of
the hornblende-biotite granodiorite. This foliation is marked by the preferred orientation of biotite,
hornblende and mica-rich enclaves, but also by alternations of layers with different proportions of
biotite, hornblende, quartz and feldspar. At the scale of the Mangodara district, foliation trajectories
are roughly concentric and delineate the dome structure. In the granodioritic gneiss, foliation planes
display a moderate to steep dips (between 20° and 60°) away from the core of the dome. Stretching
and mineral lineation in the granodioritic gneiss have been identified only in the north-east of the
district and are dominantly down dip. The foliation of the tonalitic-trondhjemitic core is typically
concordant to the contact with the granodioritic gneiss but this contact is slightly discordant relative to
the fabric of the mantling units. Within the tonalitic-trondhjemitic core, foliations planes also define

two second order domes.



232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

Magnetic lineaments (Chardon et al., 2020; Metelka et al., 2011) suggest the presence of shear zones
flanking the northern and southern margins of the tonalitic-trondhjemitic core of the Mangodara dome.
The asymmetric shape of the tonalitic-trondhjemitic core of the dome is consistent with an apparent
anticlockwise rotation associated with a dextral sense of shear. These shear zones might connect to the
Ouango Fitini Shear Zone (OFSZ, Chardon et al., 2020), which is interpreted as a D2 structure
(Baratoux et al., 2011; Hirdes et al., 1996; Metelka et al., 2011). The northern shear zone has not been
identified in the field but the southern one is marked, near Massadeyirikoro, by a subvertical NE-SW
trending foliation in the paragneiss and in the hornblende-biotite granodiorite. A NW-SE-trending
shear zone, designated as the Gountiédougou shear zone, cross-cuts the Mangodara district along the
contact between the granodioritic gneiss and the GG-granitoids. This shear zone is marked by steep
mylonitic zones with thickness between 1 and 30 cm affecting the granodioritic gneiss and the eastern-
most pegmatites. These subvertical shear zones are connected with dispersed thin subhorizontal ones
and are associated with retrogression of biotite and hornblende in chlorite and epidote. Doleritic and
microgranitic dykes with sharp contacts cross-cut the different lithological units, and are attributed to

post-Eburnean events.

4.1.2. Mantling units

Granodioritic gneiss, which dominates the mantling units of the Mangodara dome, is characterized by
a composition and texture that is heterogeneous at the meter and centimeter scales but can be
considered homogeneous at the kilometer scale (Fig. 3c to d). The average facies of the granodioritic
gneiss consists of a groundmass of intermingled subhedral biotite, hornblende, plagioclase and rare K-
feldspar with convoluted intergranular patches of anhedral quartz (Fig. 4). Locally, quartz and/or
feldspar films are coating phenocrysts (Fig. 4b). A layering is locally marked by alternating
centimeter-thick granitic veins with plagioclase phenocrysts (Fig. 3b) and hornblende-biotite-rich
layers with microgranular texture (Fig. 3c) as well as by the preferred orientation of biotite and
hornblende. Plagioclase and hornblende phenocrysts are surrounded by subhedral biotite and

hornblende (Fig. 4a and 4b). Euhedral titanite and allanite are common, the latter being partially
10
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retrogressed to epidote, and subhedral apatite. Epidote occurs as subhedral to anhedral magmatic
crystals cored by allanite, as inclusion in plagioclase and amphibole, or as secondary minerals within
the groundmass surrounding micas and hornblende. Zircon is present as micro-inclusions in biotite,
surrounded by black aureoles typical of radiation damage. Apatite forms subhedral to euhedral crystals
(size < 200 pm) within plagioclase, quartz, and biotite. Opaque minerals (size < 500 pm) are
associated with biotite and hornblende aggregates. Rare microgranular mesocratic enclaves, composed
of hornblende, biotite, plagioclase and quartz, form ovoid meter-scale bodies reaching 10 cm in
thickness, elongated in foliation planes of the granodioritic gneiss. East of the dome, near
Gountiedougou, the granodioritic gneiss grades into granite collected in dilatant sites accommodated
by heterogeneous deformation (Fig. 3d). In this area, the contact with the granodioritic gneiss is

marked by leucocratic veins concordant to the foliation, which are locally folded (Fig. 3e).

Amphibolite and micaschist rafts are characterized at the outcrop scale by a composite foliation
attributed to transposition of a primary magmatic-sedimentary layering into a schistosity (Sp)
associated with rootless isoclinal folds, boudins and shear bands (Fig. 5a and b). Amphibolites consist
of hornblendite and hornblende gabbro. Hornblendite is fine-grained with poikilitic hornblende and
plagioclase that contain lobate quartz. Yellowish sub-circular epidote locally occurs as an alteration
product of hornblende. Hornblendite hosts networks of 1 to 10 cm thick veins dominantly composed
of plagioclase with some hornblende. These veins can be either concordant or discordant to the
foliation and are locally isoclinally folded. Their margins are characterized by accumulation of
hornblende crystals (Fig. 5¢), which suggests segregation of a melt from the plagioclase-hornblende
matrix. Elongated enclaves of amphibolite, dispersed in the granodioritic gneiss, grade into layers with
a gabbroic to monzogabbroic composition made of plagioclase and hornblende, locally megacrystic
(euhedral, up to centimeter sized, in a medium-grained matrix). Micaschists include mafic schists
hosting porphyroblastic hornblende, biotite schist, muscovite-biotite schist, and sericite-schist (Fig. 5b,
5d). Micaschists are intruded by centimeter-thick concordant granitic dykelets and contain quartz

veins.
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Paragneiss rafts are common south of the Mangodara dome and the largest one is pinched between the
two-mica tonalite and the hornblende-biotite granodiorite. They are characterized by alternations of 20
to 30 cm thick quartz-feldspar-rich and mica-rich layers interpreted as former beds of graywacke and
pelite (Fig. 6a and b) transposed in a composite foliation. The metamorphic mineral assemblage of
coarser mica-rich layers includes sillimanite as well as staurolite and garnet porphyroblasts, which are
symptomatic of amphibolite facies metamorphism (Fig. 6a, ¢ and d). In addition to the inherited
transposed sedimentary bedding, the presence of quartz-feldspar veins including some biotite with a
coarse-grain texture devoid of any solid-state fabric and with diffuse contacts are indicative of
segregation of partial melts (Fig. 6b). A first schistosity, designated as Sy, is delineated by the
preferred orientation of sillimanite and biotite (Fig. 6a, ¢ and d). It is affected by crenulation folds
associated with an axial planar schistosity Sn+1 marked by euhedral biotite associated with sillimanite
and white mica. In zones of weak transposition, staurolite and garnet porphyroblasts are wrapped into
the S, schistosity but contain inclusions that point to synkinematic crystallization. In particular,
inclusions in staurolite delineate an internal schistosity in continuity with the S, schistosity of the
matrix. This internal schistosity is crenulated with an axial planar Sn+1, which is not in continuity with
the Sn+1 schistosity of the matrix. This is consistent with an anticlockwise rotation of staurolite
porphyroblasts after the development of Sy.1 (Fig. 6d). Staurolite-sillimanite-garnet paragneiss grades
into migmatitic paragneiss with leucosome veins preferentially developed in metapelitic layers.
Migmatitic paragneiss with more than 20 % of leucosome displays a continuous network of
concordant and discordant veins. Migmatitic paragneiss grades into the granodioritic gneiss by
alternations of mesocratic layers hosting garnet-columbite pegmatites, next to mica-rich and
leucosome-bearing layers (Fig. 7a to d). Alternations of leucosome veins with mesosome layers define
a synmigmatitic foliation, which is parallel to the Sn.1 schistosity delineated by a sillimanite-biotite-
chlorite-staurolite-garnet assemblage (Fig. 7e). Garnet occurs as inclusion-rich porphyroblasts but also
as crystals devoid of inclusions within or along the boundaries of leucosome veins, suggesting garnet
growth during incongruent melting (Fig. 7e and f). Concordant leucosome veins are locally in textural

continuity with pegmatite dykes with diffuse contacts marked by biotite selvages.
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4.1.3. Core units

The tonalitic-trondhjemitic gneiss, dominating the core of the Mangodara dome, is significantly more
leucocratic than the granodioritic gneiss. It is characterized by a hypidiomorphic texture with abundant
oligoclase (up to 60%), quartz, rare microcline, biotite, and up to centimetric euhedral magnetite (Fig.
8a, Fig. 9). Green hornblende is rare, and appears as anhedral crystals associated with biotite.
Accessory minerals are allanite-epidote, titanite, and apatite. Quartz forms intergranular patches that
are locally affected by undulatory extinction and recrystallization into equant neoblasts. A foliation is

depicted by the preferred orientation of euhedral biotite and hornblende, locally forming thin layers.

The foliated tonalitic gneiss typically displays a network of texturally continuous hornblende tonalite
veins and pegmatite veins, which are concordant to discordant to the foliation and localized in zones
of heterogeneous deformation such as shear zones (Fig. 8b, ¢ and d). This tonalitic gneiss locally
forms rafts in a leucotonalite with a homogeneous composition and magmatic texture (Fig. 8c).
Hornblende tonalite veins contain mafic clots with hexagonal, diamond- or square-shaped sections,
composed of a poikilitic assemblage of hornblende and biotite enclosing lobate quartz, which are

interpreted as pseudomorphs after hornblende (Fig. 8e).

The tonalitic-trondhjemitic gneiss also contains a few layers of granodioritic gneiss, of epidotized
migmatitic amphibolite with folded concordant leucosome layers (up to 5cm wide) alternating with

biotite-rich layers and pegmatite veins (Fig. 3f).

4.1.4. Plutonic rocks

Plutonic rocks of the Mangodara dome are usually in diffuse contact with the host gneisses and mostly
concordant to the regional structure, but they locally show sharper intrusive contacts. They are
characterized by a magmatic fabric with a preferred orientation of euhedral minerals, only locally

slightly overprinted by solid-state deformation.
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GG-granitoids exposed in the eastern part of the Mangodara dome, in gradual contact with the
granodioritic gneiss, have a composition varying between monzogranite and biotite granite with
megacrystic K-feldspar, quartz, plagioclase, biotite and hornblende (Fig. 10a, b and c). Their
magmatic fabric is also delineated by disseminated biotite aggregates. GG-granitoids contain
decimeter to meter-scale angular enclaves of gabbro, diorite, granodiorite and monzogranite with
sharp boundaries. In contrast, some enclaves of gabbro are clustered and aligned in diffuse and
mingled contact with the host granitoid (Fig. 10b). Rafts of granodioritic gneiss are abundant in the
GG-granitoids east of Gountiedougou. In this part of the district, the youngest magmatic rock is a
biotite porphyritic granite, intrusive in other GG-granitoid, mostly composed of megacrystic
orthoclase, quartz, plagioclase, biotite and hornblende (Fig. 10c). Commonly, GG-granitoids contain
titanite forming euhedral lozenges of up to 1 ¢cm in size, and epidote anhedral or granular crystals,
locally showing a concentric zonation. Other accessory minerals are zoned allanite, zircon, and

opaques.

The trondhjemite lens along the north-eastern margin of the core of the Mangodara dome is composed
of plagioclase, biotite, rare quartz and magnetite. The preferred orientation of biotite delineates a
foliation and a network of anastomosed ductile shear zones. The trondhjemite hosts thin quartz-felspar

veins concordant to the foliation.

The hornblende-biotite granodiorite, forming a pluton within the granodioritic gneiss to the south of
the Mangodara dome close to the contact with the tonalitic-trondhjemitic core, is typified by
abundance of mica-rich enclaves (Fig. 10d). It is composed of plagioclase, quartz, hornblende, biotite,
magnetite, and accessory apatite and allanite-epidote. Locally, plagioclase is megacrystic and
concentrically zoned, reaching 3 cm in size. The centimeter to decimeter-scale mica-rich enclaves (<
5% of the rock volume) are ovoid to elongated and composed of aggregates of biotite and rare
hornblende. Some enclaves of hornblende-biotite granodiorite found in garnet-columbite pegmatite
contain a network of texturally continuous concordant and discordant granitic veins that are folded

with the foliation.
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The two-mica tonalite that delineates the contact between the mantling and core units of the
Mangodara dome, is composed of quartz, plagioclase, minor K-felspar, biotite and muscovite. Rare
subhedral to anhedral K-feldspar crystals are encompassed in a matrix dominated by quartz featuring
evidence of high-T recrystallization (subgrains with irregular interpenetrating boundaries). Accessory
minerals are euhedral apatite, allanite with epidote corona, and subhedral to anhedral epidote
associated with biotite, and magnetite. The texture of the two-mica tonalite is globally fine-grained
and hypidiomorphic but a magmatic fabric is locally delineated by the preferred orientation of
decimeter-scale enclaves of tonalitic-trondhjemitic gneiss (Fig. 10e) and the preferred orientation of
biotite-rich layers. The two-mica tonalite contains also rare feldspar-tourmaline pegmatites that form

decimeter-scale pockets or meter-wide veins with diffuse contacts.

4.1.5. Pegmatites
The gneisses and granitoids of the Mangodara district comprise swarms of pegmatite dykes that are
subdivided into (i) titanite-allanite-bearing pegmatite, (ii) apatite-zircon-bearing pegmatites, (iii)

garnet-columbite-bearing pegmatites, and (iv) garnet-REE-bearing pegmatites.

Titanite-allanite pegmatites form a network of patches and veins both concordant and discordant to the
fabric of the tonalitic-trondhjemitic gneiss (Fig. 11a). Concordant titanite-allanite pegmatitic veins are
coarse-grained and display diffuse and progressive contacts. They are in textural continuity with
discordant dykes that are regularly distributed in dilatant sites. Titanite-allanite pegmatites are mainly
composed of oligoclase, quartz, rare K-feldspar, biotite and magnetite, an assemblage identical to that
of the host gneiss. The modal content of biotite is < 5%, and this mica occurs as isolated flakes or

clusters. Accessory minerals include apatite, titanite, ilmenite, allanite, epidote, and zircon.

Apatite-zircon pegmatites are less common, with only four dykes identified so far. They are hosted in
the granodioritic gneiss where they form veins that are never thicker than 1 meter, discordant to the
foliation of the granodioritic gneiss but having a diffuse contact with it. Some of these veins are folded
in the granodioritic gneiss. Mineralogically, the apatite-zircon pegmatites are similar to the titanite-
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allanite variety, but they lack titanite and contain higher amounts of apatite (up to 5 wt% in some

dikes) and zircon (widespread as inclusions in biotite).

Garnet-columbite pegmatites (Li, Nb enriched) are found in amphibolite, paragneiss, granodioritic
gneiss, hornblende-biotite granodiorite, and two-mica tonalite. They form a swarm of veins and dykes
with a width that can reach 300 m, and are mostly discordant to the fabric of their hosts. They display
an aplitic to graphic texture with local megacrystic alkali feldspars, plagioclase, biotite, muscovite,
spessartine-almandine garnet, cleavelandite, magnetite, and accessory apatite, tourmaline intergrown
with quartz, monazite, xenotime, zircon and columbite-tantalite. Some pegmatite veins are in textural
continuity with concordant leucosome veins of migmatitic paragneiss but others are transposed, folded
or boudinaged with cuspate shapes into the foliation of the paragneiss and granodioritic gneiss (Fig.
6a, Fig. 11c, d and e). Some of these deformed pegmatites are zoned, with a margin marked by
polycrystalline feldspar crystals with a stockscheider texture and a core dominated by centimetric
quartz crystals (Fig. 11d). Garnet-columbite pegmatite dykes contain blocky meter-scale enclaves of
paragneiss, micaschist, and hornblende-biotite granodiorite. South of Massadeyirikoro, garnet-
columbite pegmatite dykes cross-cut apatite-zircon pegmatite dykes (Fig. 11b). At the grain scale, the
boundary between the two pegmatite types is rather irregular and follows the shape of the bordering
crystals (Fig. 12), suggesting that a part of the apatite-zircon pegmatite (quartz-plagioclase-biotite
assemblage) has been replaced by a subsequent pulse of magma, which crystallized into a quartz-

feldspar-muscovite-garnet assemblage.

Garnet-REE pegmatites (enriched in Ti, Y and heavy rare earth elements, the latter abbreviated as
HREE) are restricted to the eastern side of the Mangodara district (more than thirty dykes over a
surface of about 10 km?). They are hosted in granodioritic gneiss (Fig. 11f and g) and GG-granitoids.
They are metric to plurimetric in size with an average strike of N160 and a dip that ranges from
horizontal to subvertical. They are characterized by the predominance of biotite over muscovite,
presence of Ti-oxide (ilmenite-pyrophanite), epidote, rare tourmaline, REE-rich metamict accessory
minerals (similar in composition with euxenite or aeschynite) and absence of phosphate minerals.

Some dykes of garnet-REE pegmatites, which contain epidote, rare micas and rare garnet, are exposed
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in textural continuity with granitic veins concordant to the foliation of the granodioritic gneiss (Fig.

3e, Fig. 11f).

4.2.  Metamorphism

Metamorphic rocks of the Mangodara district display a variety of mineral paragenesis indicative of
pervasive greenschist facies metamorphism, as illustrated by rafts of sericite-muscovite-biotite schist
in the northeast of the district, to amphibolite facies metamorphism marked by hornblendite and
paragneiss in the central part of the district (Fig. 13). Northeast of the dome, amphibolite and
micaschist contain porphyroblastic hornblende, indicating pervasive amphibolite facies was reached
with T > 450-500 °C (Liou et al., 1974; Maruyama et al., 1983; Moody et al., 1983). Furthermore, the
presence of tonalitic leucosome veins in these rocks suggests partial melting of amphibolites, which
requires a temperature of about 750 °C under fluid-absent condition (Rapp et al., 1991; Rushmer,
1991; Wolf and Wyllie, 1994; Wyllie and Wolf, 1993) or 650 °C in hydrated conditions (Green et al.,
2016; Palin et al., 2016). Paragneiss rafts in the central and southern parts of the studied area are
characterized by a quartz-feldspar-biotite-sillimanite-garnettstaurolitexmuscovitexchlorite mineral
assemblage (Fig. 6¢ and d) that is also symptomatic of widespread amphibolite facies metamorphism.
The structural-textural position of these minerals indicates a first mineral paragenesis marked by an
association of fibrolitic sillimanite with biotite (S, fabric). Garnet and staurolite, which form
porphyroblasts superimposed on the sillimanite-biotite schistosity, are attributed to a second mineral
paragenesis (transition to Sp+1). In migmatitic paragneiss, garnet-bearing leucosome veins are
concordant to a foliation delineated by the preferred orientation of interlayered sillimanite-biotite-
chlorite enclosing garnet and staurolite porphyroblasts, suggesting that melt segregation occurred in

the presence of these minerals.

The calculated pseudosection of a garnet-staurolite bearing paragneiss (Fig. 14a) is consistent with
phase equilibria models of metapelites. Staurolite is stable for T < 670 °C (Pattison and Spear, 2018;

Tinkham et al., 2001), about 10 to 50 °C below the solidus. Under a pressure of 7 kbar, staurolite can
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be expected to be stable with anatectic melt through the disequilibrium reaction garnet = staurolite.
That proposition is consistent with synkinematic crystallization of the two minerals, as observed in
thin section (Fig. 6¢c and d). Supersolidus staurolite is consistent with a temperature of about 675-700
°C (Garcia-Casco et al., 2003). Garnet porphyroblasts suggest a pressure above 4.5 kbar in paragneiss,
and above 5 kbar in leucosomes (Patifio Douce, 1999; Spear et al., 1999). Subsolidus stability of
sillimanite requires a T > 550 °C (Bohlen et al., 1983; Holdaway and Mukhopadhyay, 1993; Pattison,
1992; Whitney, 2002), and a P < 7 kbar. The absence of stable cordierite in paragneiss points to a P >
5kbar. These observations constrain the metamorphic assemblage of the paragneiss to near-solidus
conditions: 650-680 °C, 6-7 kbar. It is noticeable that for a temperature exceeding the biotite-
breakdown reaction (> 790 °C), the modelled mineral composition of the partially molten paragneiss is

close to the one of the granodioritic gneiss (Fig. 14c).

The calculated pseudosection of the amphibolite (Fig. 14b) is in agreement with sub-solidus
composition dominated by hornblende and plagioclase, except that clinopyroxene, which should be
present in minor content, is unseen in the rock sample. The modelled solidus occurs at higher
temperature than in paragneiss (700-750 °C). Partial melting of the amphibolite promotes the
breakdown of hornblende and the crystallization of orthopyroxene, whereas plagioclase fraction

remains constant.

Magmatic epidote is present in granodioritic gneiss, tonalitic-trondhjemitic gneiss, hornblende-biotite
granodiorite with mica-rich enclaves and in GG-granitoids. Experiments of epidote saturation in felsic
to intermediate magma show that crystallization of magmatic epidote requires a P higher than 5 kbar
in presence of water (Schmidt and Poli, 2004; Schmidt and Thompson, 1996). This value defines a

minimum pressure for crystallisation in the epidote-bearing granitoids of the Mangodara district.

Aluminium-in-hornblende is a calibrated barometer valid for intrusive rocks, assuming hornblende in
equilibrium with alkali feldspar, plagioclase, biotite, iron titanium oxide and titanite (Hammarstrom
and Zen, 1986). The major composition of hornblende from granodioritic gneiss, hornblende and
biotite granodiorite with mica-rich enclaves, and hornblende tonalite veins in tonalitic-trondhjemitic

gneiss ranges from magnesio-hastingsite to ferro-pargasite. Depth of crystallization of hornblende is
18
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estimated using the various published parameters (Hollister et al., 1987; Johnson and Rutherford,
1989; Mutch et al., 2016; Schmidt, 1992; Thomas and Ernst, 1990). Averages of calculated pressure of
granodioritic gneiss and hornblende-biotite granodiorite are equivalent and are between 4.4 kbar and
6.6 kbar (Table 3). Calculated pressure in hornblende tonalite vein is slightly lower, between 4.0 kbar
and 6.1 kbar and provide a constraint on the pressure of melt crystallization. The low diffusion rate of
Al in hornblende under submagmatic conditions reduces the possibility of resetting of the Al-in-
hornblende barometer by metamorphism. So, the pressure inferred from hornblende of the

granodioritic and tonalitic-trondhjemitic gneisses is interpreted to reflect their depth of crystallization.

The prevalence of biotite and hornblende in gneisses and granitoids, and the absence of orthopyroxene
imply that the dehydration reactions marking the transition to granulite facies did not occur. The
reported presence of kyanite in greenstones in NE of the Mangodara district (Ilboudo et al., 2017b),
and the occurrence of sillimanite, garnet and staurolite in paragneiss, reflect a moderate P and high T
metamorphic gradient, close of the solidus of paragneiss. The metamorphism recorded in the
amphibolite, micaschist and the paragneiss rafts corresponds to a sillimanite MP-HT metamorphic
facies. This is consistent with burial of the Birimian series along a geothermal gradient between 20
°C/km and 40 °C/km, which corresponds to the average thermal gradient identified in the greenstone

belts of the Baoule-Mossi domain (Ganne et al., 2014).

4.3.  Geochronology

4.3.1. U-Pb dating on zircon

Zircon dating was completed in situ on the sample BMN28 of titanite-allanite type pegmatite. Zircon
occurs in the pegmatite as subhedral to euhedral crystals with rectangular to prismatic shape, inferior
to 400 um in length, dominantly hosted in biotite. Cathodoluminescence imaging of zircon reveals
large cores and a rim marked by oscillatory zoning (Fig. 15a). Irregular patches blurring the oscillatory

textures are attributed to metamictization, which may explain the discordant analyses.
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All analyses (Table 1) scatter along a Discordia with an upper intercept at 2078 + 37 Ma, and lower
intercept close to present day at 32 + 27 Ma (Fig. 15b). Most of the concordant analyses are located in
zircon cores, but discordant data are located in both cores and rims (Fig. 15c). Zircon age was

calculated selecting concordant data and propagating decay constant errors, with uncertainties of 2o

multiplied by the square root of the mean square weighted deviation (MSWD) at 95 % of confidence
level. The obtained age is 2094.3 + 8.8 Ma (MSWD = 1.6). In absence of a significant disparity
between cores and rim, this age is considered to date the crystallization of the titanite-allanite

pegmatite.

4.3.2. U-Pb dating on apatite
U-Pb dating was completed on apatite from the granodioritic gneiss (BMN20B), the tonalitic-

trondhjemitic gneiss (BMN11), and the apatite-zircon pegmatite (BMN20).

Apatite in gneisses and apatite-zircon pegmatites occurs as subhedral to euhedral crystals hosted in
plagioclase, quartz, biotite and magnetite. Internal zoning of apatite crystals is unseen with SEM, but
is visible with cathodoluminescence imaging. Oscillatory to zoned cores are surrounded by
homogeneous rims (Fig. 16a, b and c). Average size of analyzed crystals is 200 um in granodioritic

gneiss, 300 pm in tonalitic-trondhjemitic gneiss and 1 mm in apatite-zircon type pegmatite.

Obtained data (Table 2) were plotted on the Tera-Wasserburg diagram (Tera and Wasserburg, 1972)
and ages were calculated by determination of the Discordia intercept with 95 % of level confidence.
Apatite yields average ages of 2041 + 33 Ma (MSWD = 3.1) for the granodioritic gneiss, 2094 + 21
Ma (MSWD = 1.6) for the tonalitic-trondhjemitic gneiss, and 2055 + 20 Ma (MSWD = 4.9) for

apatite-zircon type pegmatite.
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4.4.  Whole-rock geochemistry

Geochemical data of representative samples of the different lithological facies exposed in the
Mangodara district are reported in Table 4. They are subdivided in (i) amphibolite and micaschist, (ii)
paragneiss, (iii) gneisses and plutonic rocks comprising granodioritic gneiss, microgranular mesocratic
enclave in granodioritic gneiss, tonalitic-trondhjemitic gneiss, trondhjemite, hornblende-biotite
granodiorite, two-mica tonalite, biotite porphyritic granite (GG-granitoid), biotite monzogranite (GG-

granitoid) and monzogabbro.

4.4.1. Amphibolites and micaschists

Samples of amphibolite and micaschist are characterized by a low K content (0.25-0.49 wt% K;0), a
relative depletion in large-ion lithophile elements (LILE) like Cs, Rb and Ba, and a minor
fractionation of light rare earth elements (LREE) vs HREE (Lan/Ybn = 4.6-8.1). Enrichment in LREE
relative to HREE, and negative Nb and Ti anomalies are characteristic of tholeiitic to calc-alkaline
basalts and andesites such as the ones exposed in the Houndé and Banfora greenstone belts (Fig. 17a)
(Baratoux et al., 2011; Ilboudo et al., 2020), but also in many areas of the Baoule-Mossi domain
(Béziat et al., 2000; llboudo et al., 2017a; Lompo, 2009; Lidtke et al., 1998; Pouclet et al., 1996).
Amphibolite has low Si (52.3 wt% < SiO; < 54.1 wt%), high Ca (9.63 wt% < CaO < 10.15 wt%) and
high ferromagnesian content (Fe,Os = 9.15-11.11 wit%, Mg# = 0.55-0.57, Fe;03+MgO+MnO+TiO,=
11.6-19.5 wt%). Transition metals are elevated in amphibolite, particularly in the sample BMN109,
pointing to a primitive mantellic source (Sun and McDonough, 1989) (high Cr: 87-1129 ppm, Ni: 24—
313 ppm and Co: 27-44 ppm). Micaschist is distinguished from the amphibolite by higher Si content
(SiO~ 61.68 wt%), lower CaO (~6.92 wt%), lower Fe (Fe20s~8.11 wt%) and lower MgO (~2.41
wit%, Mg# = 0.37), which suggest that its protolith corresponds either to a more felsic magmatic rock

or a more mature sediment.
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4.4.2. Paragneiss

The paragneiss has a metapelitic composition, with SiO,~61.66%, Al,03~17.95 wt%, K,0~2.94 wit%,
and Na,0~2.08 wt%. It is rich in Fe and Mg and shares with amphibolite and micaschist a relatively
high content in transition metals, such as Cr (217 ppm), V (139 ppm), Ni (71 ppm), and a low Th/Sc
ratio (0.17). Its chondrite-normalized REE pattern has a slight negative slope, with no Eu anomaly,

and a flat trend in the HREE (Fig. 17a), like the amphibolite and the micaschist.

Nonetheless, the paragneiss is poor in Fe-Mg compared to the amphibolite and the micaschist (Fe.Os; =
7.85 wt%, Mg# = 0.42, Fe;03+MgO+MnO+TiO, = 11.51 wt%). It is also enriched in LILE (Ba = 608
ppm, Rb = 114 ppm, Cs =5 ppm) compared to the average continental crust (Rudnick and Gao, 2003),

but also to the granodioritic gneiss and K-rich granitoids of the Mangodara district.

4.4.3. Granodioritic-tonalitic-trondhjemitic gneisses and plutonic rocks

In the Nesbitt and Young diagram (Fig. 18a, Nesbitt and Young, 1982, 1984), gneisses and granitoids
of the Mangodara district plot just below the feldspar join, which can be attributed to the presence of
ferromagnesian minerals and indicates that these rocks were not significantly affected by

metasomatism or chemical weathering.

Gneiss and granitoids correspond to calc-alkalic granitoids with metaluminous composition (Fig. 18b),
like most Eburnean granitoids (Castaing et al., 2003; llboudo et al., 2020). The granodioritic gneiss,
the hornblende-biotite granodiorite with mica-rich enclaves and the GG-granitoids have chemical
affinities typical of a calc-alkaline K-rich series, whereas the tonalitic-trondhjemitic gneiss, the
trondhjemite, and the two-mica tonalite have the chemical affinity of a Na-rich series (Fig. 18c). Their
modal composition in the Quartz, Alkali feldspar, Plagioclase (QAP) diagram widely correspond to
granodiorite or tonalite, but the trondhjemite lies in domain of diorite (Fig. 18d). Except for the
trondhjemite and the monzogabbro (SiO; < 52 wt%, Fig. 18c and e), the gneisses and other granitoids
match some of the geochemical criteria of TTG sensu stricto: high SiO, (62-72 wt%, Fig. 18e),

significant Na,O (3.85-5.85 wit%), absent Eu and Sr anomalies, LREE >> HREE (high La/Yb, Fig.
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18f), negative Nb-Ta-Ti anomalies (Martin and Moyen, 2002). Moreover, they match subcategories of
middle- to high pressure TTG features (Moyen, 2011), namely, moderate to high Sr/Y ratio (26-215,
Fig. 18f), high Sr (473-788), low Ce/Sr (< 0.18). Characteristics of the high pressure TTG typically

correspond to the ones of tonalitic-trondhjemitic gneiss and of the two-mica tonalite (Fig. 18f).

Granodioritic gneiss and tonalitic-trondhjemitic gneiss have low Mg#, between 0.38 and 0.52, which
are lower than the values for the amphibolite (0.55-0.57) but encompass the one for the paragneiss
(0.42). Chondrite-normalized REE patterns of both gneiss types have negative slopes like those shown
by plutonic rocks (Fig. 17b). The primitive mantle-normalized pattern of the gneisses (Fig. 17d)
unveils a higher enrichment in LILE (Cs, Rb, Ba) than in high field-strength elements (HFSE; Hf, Zr,
Y, HREE), which is characteristic of the paragneiss, of granitoids in the Mangodara district and also of
the bulk continental crust (Rudnick and Gao, 2003). Negative Nb, Ta and Ti anomalies of the

granodioritic gneiss are similar to those of the amphibolite, micaschist and paragneiss (Fig. 17c and d).

The granodioritic gneiss and microgranular enclave are characterized by high K content (2.74-3.33
wt% K,0), whereas the tonalitic-trondhjemitic gneiss has a low K content (0.81-1.2 wt% K;0) but is
richer in Na (4.95-5.85 wt% NaO). The high Na content in tonalitic-trondhjemitic gneiss is consistent
with the predominance of oligoclase in this rock. The tonalitic-trondhjemitic gneiss presents a higher
fractionation of LREE vs HREE (Lan/Ybn = 20-39) than the granodioritic orthogneiss (Lan/Yby =
16-25) and is depleted in REE. The tonalitic-trondhjemitic gneiss is also depleted in transition metals
(40-85 ppm Cr, 24-61 ppm Cu, 5-40 ppm Ni, 3-10 ppm Co). These depletions might be induced by

fractional crystallization leading to segregation of early crystallizing mafic minerals.

The hornblende-biotite granodiorite, the GG-granitoids and the trondhjemite are mostly metaluminous,
whereas the two-mica tonalite is weakly peraluminous (Fig. 18b). They are depleted in HFSE and lie
in the domain of unfractionated M-type, I-type and S-type granites according to the criteria of Whalen
et al. (1987) used for discrimination of A-type. This indicates that they are poorly differentiated

magma, and do not match the signature of anorogenic granitoids. Plutonic rocks are subdivided into
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K-rich and Na-rich series, which can be extended to the gneisses (K-rich granodioritic gneiss, and Na-

rich tonalitic-trondhjemitic gneiss).

The K-rich series, comprising the hornblende-biotite granodiorite with mica-rich enclaves and the GG-
granitoids, is defined by a high K content (2.78-3.56 wt% KO, Fig. 18c), low Na content (3.65-4.29
wt% Na0O) and intermediate Mg# (0.33-0.42). They are also characterized by high content in Sr
(473-788 ppm), and Ba (606-1071 ppm). The monzogabbro corresponds to the K-poor mafic end-
member of this series (2.28 wt% KO, SiO; = 51.86 wt%, Mg# = 0.49) and displays a slightly higher
content in Na (4.30 wt% Na20), relatively high P content (0.45 wt% P,0s), weak fractionation of
LREE vs HREE (Lan/Ybn ~9), and higher HREE content. K-rich granitoids lay in the high-K calc-

alkaline domain in the SiO vs KO diagram (Fig. 18c).

The Na-rich series, composed of the trondhjemite and the two-mica tonalite, is defined by low K, high
Na contents (1.39-1.60 wt% KO, 5.46-7.12 wt% Na2O), and by intermediate Mg# (0.37-0.44). Their
high Na content is correlated with the abundance of oligoclase. The trondhjemite is singularized by a
low silica content (Si0.~59.23 wt%), which sets it in the compositional domain of medium calc-
alkaline series. Na-rich granitoids are globally depleted in REE relative to the K-rich granitoids. The
two-mica tonalite presents the highest LREE/HREE fractionation among the plutonic rocks and is

strongly depleted in Nb and Ta, like the tonalitic-trondhjemitic gneiss.

4.4.4. Pegmatites

An intrinsic characteristic of pegmatites is to feature variable and commonly coarse grain size and
heterogeneous textures. Therefore, despite our efforts during sampling, the major-element composition
obtained from whole-rock data should be taken with caution. Nevertheless, some general trends can be
identified. In particular, the ratios of elements (e.g. K/Rb, Nb/Ta) that have similar geochemical
behaviors can be considered to be relatively independent of the major mineral mode and be used as
proxy of the degree of magmatic differentiation with respect to a primitive composition (Ballouard et

al., 2016; Bau, 1996; Cemy et al., 1985; Shaw, 1968; Taylor, 1965). For instance, pegmatites at
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Mangodara have lower K/Rb and Ca/Cs ratios compared to granitoids (Table 4, Fig. 18g), except for
titanite-allanite pegmatite, which is characterized by high K/Rb (989) and Ca/Cs (~68900) ratios
(Table 4). Also compared to granites, pegmatites are manifestly characterized by low Zr/Hf and Nb/Ta

ratios (Nb/Ta < 7, Zr/Hf < 34, Table 4, Fig. 18h).

Titanite-allanite pegmatite has a high Na content (5.17 wt%), whereas P is below the detection limit,
although apatite is present in the sampled dyke. Again, this may be due to sampling-induced bias. It is
also characterized by lower contents in Cs, Rb, Nb, Ta, and HREE than the other pegmatite types (see

Table 4, Fig. 17f), and, specific to this variety, a markedly positive Eu anomaly.

Apatite-zircon pegmatite is also Na-rich (6.32 w%) and has high REE contents (83 ppm), consistent
with the abundance of apatite in this sample (Fig. 17e). Its chondrite-normalized REE spider diagram
shows a relative depletion in LREE which increase slightly from La to Sm, and a negative Eu
anomaly. Another difference with the other varieties is its enrichment in LILE and HFSE (Nb, Ta, Zr,

Hf) (Fig. 17f).

The garnet-columbite pegmatite has high K and low Ca contents (K.0~5.46 wt%; CaO < 0.47 wt%),
consistent with the abundance of K-feldspar and the albitic composition of plagioclase. This pegmatite
is rich in LILE (Fig. 17e) and possesses the lowest values in K/Rb (180) and Ca/Cs (899) of all
pegmatites. Its chondrite-normalized REE pattern show a depletion in HREE, and a strong negative Eu

anomaly.

Finally, the garnet-REE pegmatite is Na-rich (Na;O ~ 6.35 wt%) with low K;O (0.52 wt%). It is
significantly enriched in HREE, as indicated by the positive slope in chondrite-normalized HREE
pattern. It has a lower content in LILE than the other pegmatites (particularly in Ba), but is richer in U

and Th.
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5. Discussion

5.1.  Protoliths of amphibolite, micaschist and paragneiss

Amphibolite and micaschist rafts are very heterogeneous in mineralogy (variably rich in muscovite,
sericite, biotite or hornblende), likely reflecting the heterogeneity of their protoliths. The REE pattern
and negative Nb, Ta and Ti anomalies of amphibolite and micaschist samples show similarities with
Birimian calc-alkaline basalt and andesite (Fig. 17b), suggesting that they may represent metamorphic
equivalents of these rocks. This interpretation is consistent with the greenschist facies metamorphic
gradient observed in alternating sequences of mafic-felsic volcanic rocks (basalts, andesite, dacite and
rhyolite) with metapelites-metagreywackes of the Banfora greenstone belt. Indeed, Birimian series
evolves to amphibolite facies with the transformation of basalt to amphibolite and occurrence of
kyanite+staurolite+garnet in metarhyolites (llboudo et al., 2017b) near the border of the SGGC, to the

north-west of the Mangodara district (Fig. 19).

The structure and geochemical composition of the paragneiss is typical of a detrital sedimentary
protolith made of alternations of pelites and greywackes, which are also sedimentary rocks occurring
in Birimian greenstone belts (Asiedu et al., 2004; McFarlane et al., 2011; Roddaz et al., 2007). The
low Th/Sc ratio (0.17) and high Fe-Mg and transition metal (Cr, V, Ni) contents of the paragneiss,
together with REE pattern being identical with those of amphibolite and micaschist are consistent with
a predominant mafic source for their sedimentary protolith, likely derived from erosion of nearby

greenstone belts.

5.2. Nature and protoliths of the granodioritic and tonalitic-trondhjemitic gneisses

5.2.1. Diatexite model vs plutonic model

The various gneisses and associated plutonic rocks exposed at the lowest structural level of the
Baoulé-Mossi domain, loosely designated as gneiss-granitoid complexes, had been first considered to
represent the Archean basement of the Birimian series (Arnould, 1961; Ducellier, 1963; Hottin and
Ouedraogo, 1975; Tagini, 1971). This proposition was later discarded when U-Pb geochronology on
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zircon showed Paleoproterozoic values and no hint of Archean ages (Gasquet et al., 2003; Grenholm
et al., 2019a; Parra-Avila et al., 2017; Wane et al., 2018). In the Mangodara district, granodioritic and
tonalitic gneisses contain enclaves and rafts of amphibolite, micaschist and paragneiss, attributed to
the Birimian series. These occurrences confirm the absence of basement rocks in the Mangodara

district, even at the lowest exposed structural level.

Pursuing this line of reasoning, several authors proposed that the gneiss-granitoid complexes
correspond to plutonic rocks that intruded the greenstone belts during the Eburnean orogeny (Gasquet
et al., 2003; Vidal et al., 2009) based on the presence/absence of layering and the predominance of a
magmatic texture or ductile fabric, further distinguished in syntectonic and late-tectonic intrusions
(Gasquet et al., 2003; Hirdes et al., 1996). On the other hand, Gasquet et al. (2003) used the similarity
in isotopic signatures (eNd, and 8’Sr/%Sr) of these granitoid-gneisses with the ones of the Birimian

series (basalt and granite) to infer a common source for all these magmatic rocks.

In the Mangodara district, our structural analysis shows that the granodioritic and tonalitic gneisses
occupy a distinct structural position. The granodioritic gneiss is mantling a dome cored by tonalitic
gneiss (Fig. 19). If one considers the plutonic model, this relative position would imply that the
granodioritic gneiss formed a regional scale laccolith overlying a pluton of tonalitic-trondhjemitic
gneiss. Alternatively, this distribution could result from crustal-scale melt/crystal segregation within a
partially molten orogenic root (Vanderhaeghe, 2009), whereby these gneisses could correspond to
diatexites. In other words, they would represent former partially molten rocks characterized by a
heterogeneous groundmass of granitic composition enclosing enclaves of gneisses and schists (Brown,
1973; Brown et al., 1995; Burg and Vanderhaeghe, 1993; Cavalcante et al., 2016; Martini et al., 2019;
Mehnert, 1968; Saha-Fouotsa et al., 2019; Sawyer, 1991; Schwindinger and Weinberg, 2017,
Vanderhaeghe, 2009, 2001; Vanderhaeghe et al., 1999; Weinberg et al., 2013). The observation of a
magmatic fabric overprinted by ductile deformation under sub-magmatic to solid state conditions,
indicating a temperature of about 650 °C (Drury and Urai, 1990; Gapais and Barbarin, 1986; Hirth and
Tullis, 1992; Law, 2014; Passchier and Trouw, 2005), is in line with a syntectonic emplacement of

plutons but also with deformation of partially molten rocks in the course of their crystallization.
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Additional evidences in favor of a diatexite include the presence of numerous rafts and enclaves of
migmatitic amphibolite, micaschist and paragneiss showing diffuse contacts with the granodioritic
gneiss host, as well as occurrence of leucosome veins in textural continuity with its groundmass. This
also means that metamorphic conditions reached higher supra solidus temperatures (up to 850 °C, Fig.
14a) than the ones indicated by metamorphic assemblages of paragneiss (650-680 °C), to achieve the
voluminous melt production (~30 %) needed to constitute diatexites (Brown, 1994; Diener et al., 2014;
Schwindinger et al., 2019; Vielzeuf and Holloway, 1988; White et al., 2003). The heterogeneous
microstructure/texture of this groundmass, and in particular quartz and/or feldspar pockets coating
phenocrysts (Fig. 4b, Fig. 9), is typical of crystallization of an interstitial melt (Hasalova et al., 2015;
Holness et al., 2011; Sawyer, 2010; Schulmann et al., 2009; Z&vada et al., 2018). The formation of
such diatexites implies accumulation of melt in the partial-melting zone, which signifies an inefficient
migration of the newly-formed melt away from the source (Sawyer, 1991; Vanderhaeghe, 2009). In
this case, the inherited metamorphic structure is susceptible to be blurred or even erased during flow
of this mixture of crystals and melt (Burg and Vanderhaeghe, 1993; Schulmann et al., 2009; Zavada et

al., 2018).

In the neighboring district of Téhini (south continuity of the Mangodara district) a biotite granodioritic
gneiss locally migmatitic, designated as “Comoé¢ type gneiss” (Hirdes et al., 1996), is dated at 2152 +
2 Ma by U-Pb method in zircon, and 2100 £ 3 Ma by U-Pb method in titanite. The latter was
interpreted as a resetting by regional metamorphism, on the basis of low Th/U in titanite (~0.2). In
agreement with the diatexite model of the granodioritic gneiss, the zircon age concomitant with the
ME1 might record changes in the chemical composition of the melt during the diatexite genesis
(Kelsey et al., 2008; Kelsey and Powell, 2011; Yakymchuk and Brown, 2014) instead of magmatic

crystallization.

The magmatic texture of the tonalitic-trondhjemitic gneiss homogeneous at a regional scale, might
either reflect a plutonic origin or a zone of accumulation-aggregation of magmatic and residual
minerals within the partially molten zone. The discordance between the tonalitic-trondhjemitic gneiss

relative to the foliation of the granodioritic gneiss, though, is in favor of an intrusive contact. As a
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plagioclase-rich mush, the emplacement of the tonalitic-trondhjemitic cannot be achieved by melt
alimentation through channels, but instead by ascent of the buoyant plagioclase-rich mush in the
mantling gneiss, provoking deflection of the structure of the granodioritic gneiss. The formation of the
dome is attributed to the development of a gravitational instability that predominated over the regional
NE-SW deformation pattern. Crystallization of the titanite-allanite pegmatite dated at 2094.3 + 8.8 Ma
by U-Pb on zircon, implies that the tonalitic-trondhjemitic gneiss crystallization occurred
approximately at this time, which corresponds to the end of ME2 defined by Baratoux et al. (2011).
The Mangodara dome formed also during this period during progressive D1-D2 deformation described

by Chardon et al. (2020), by local deflection induced by the ascent of the plagioclase-rich mush.

The occurrence in tonalitic-trondhjemitic gneiss of tonalitic veins hosting poikilitic hornblende-biotite
implies that its segregation occurred in the presence of H,O, which favors a melting reaction with
formation of hydrous peritectic phases (Berger et al., 2008; Sawyer, 2010; Tafur and Diener, 2020;
Weinberg, 1999; Weinberg and Hasalova, 2015). In the context of the Mangodara district, H,O-
saturation more likely represents late saturation induced by cooling of the tonalitic-trondhjemitic
gneiss (Annen and Burgisser, 2020; Clemens and Stevens, 2015; Clemens and Watkins, 2001), rather
than dehydrating anatectic reactions (Sawyer, 2010) or dewatering of the lower crust caused by a flux
of mantle-derived COz-rich fluids (Cuney and Barbey, 2014; Touret and Hartel, 1990; Touret and

Huizenga, 2011; Touret and Nijland, 2013).

The pressure of 7 kbar inferred from the thermodynamic modelling of the migmatitic paragneiss is
interpreted to record the depth of the onset of partial melting, whereas the pressure of 4 to 6 kbar
recorded by the granodioritic and tonalitic gneisses is considered to correspond to the depth of
crystallization. The difference of 1 to 3 kbar between partial melting and crystallization is consistent
with regional exhumation of about 3 to 9 km between these two processes as well as with upward

motion of the tonalitic gneiss relative to the granodioritic gneiss during this period.

Ages of ca. 2094 Ma obtained in rocks from the core of the dome appear to be older than the ages of
2055 and 2041 Ma obtained in the mantling units. The similarity in U-Pb zircon and apatite ages

obtained in the core of the dome is consistent with rapid cooling following crystallization of the
29



749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

tonalitic gneiss and enclosing pegmatites. However, younging of apatite U-Pb ages upsection is
difficult to reconcile with a simple scenario of crustal cooling after exhumation, which would yield the
opposite younging trend, namely downsection. This discrepancy might be tentatively attributed to the
difference in the size of the apatite grain (Cherniak et al., 1991; Dodson, 1973) that are significantly
larger in samples from the core of the dome (~200 um) compared to the ones from the mantle of the
dome (~300 um). However, such reasoning, if correct in theory, cannot be demonstrated with the

geochronological data as all ages are overlapping within error margins.

5.2.2. Geochemical constraints on the protolith of the gneisses

Paragneiss as sources of the granodioritic gneiss

Generation of a K-rich melt is expected in case of partial melting reactions involving dehydration of
K-bearing minerals such as micas (Gardien et al., 1995; Le Breton and Thompson, 1988; Montel and
Vielzeuf, 1997; Patifio Douce and Beard, 1995; Rapp and Watson, 1995; Thompson, 1982; Vielzeuf
and Holloway, 1988; Vielzeuf and Montel, 1994; Wyllie and Wolf, 1993). In the studied area, the
most mica-rich lithology corresponds to the paragneiss, which is thus a good candidate to generate a
K-rich melt. Alternatively, a K-rich-melt might reflect the presence of residual plagioclase in the
partially molten rock, which increases the K>O/Na,O ratio in the anatectic melt comparatively to the
source (Laurent et al., 2014). This implies a fractionation of K,O/Na,O ratio by residual plagioclase
(stable for almost P < 15 kbar) with low degree of partial melting to prevent entrainment of
plagioclase. The latter hypothesis is unsuited with the high degree of partial melting suggested by the

field observations reported in the previous section.

Further exploring the scenario of an origin of the K-rich series by partial melting of paragneiss, it
appears that the granodioritic gneiss shows a slight depletion in LILE (RDb, Cs, see Fig. 17b) compared
to its alleged protolith. Reaching such a composition requires the contribution of a LILE-poor source,
such as the amphibolite and micaschist, to dilute LILE concentration in the granodioritic anatectic
melt. On the other hand, the absence of Nb and Ta fractionation between the granodioritic gneiss and
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the amphibolite, micaschist and paragneiss, suggests that partial melting occurred at a pressure inferior
to the stability domain of rutile (< 10-15 kbar, Diener et al., 2007; Foley et al., 2002; Green et al.,
2016; Moyen and Stevens, 2006). The slight enrichment in LREE of the granodioritic gneiss relative
to the amphibolite, micaschist and paragneiss, signs for an incompatible behavior of LREE that could
be highly soluble during partial melting. Further, the depletion in HREE and Y, implies a fractionation
by REE-bearing minerals such as garnet or amphibole, which is also consistent with the low Fe, Mg,
and Ti content of the granodioritic gneiss compared to amphibolite, micaschist and paragneiss. This
proposition is further supported by the presence of peritectic garnet in the migmatitic paragneiss (Fig.
7d, e and f), and of hornblende-bearing leucosomes in the amphibolite (Fig. 5¢). Altogether, the weak
fractionation of REE, Nb, Ta, and the typical high Cr, Ba and Sr content (e.g., 134-227 Cr ppm in
granodioritic gneiss, 32-189 ppm in K-rich plutonic rocks) suggests that the granodioritic gneiss
resulted from high degree partial melting of a mixed source that would include amphibolite (1129 ppm
Cr), micaschist and paragneiss (217 ppm Cr), whose resisters and/or restites are observed as rafts in
the granodioritic diatexite. Peritectic hornblende and garnet fractionated ferromagnesian elements,

HREE and Y.

Amphibolites as sources of the tonalitic-trondhjemitic gneiss

In general, tonalitic and trondhjemitic magmas are considered to be generated by partial melting of an
hydrated mafic source under pressures higher than 10 kbar, required to destabilize plagioclase
(Atherton and Petford, 1993; Barker, 1979; Barker and Arth, 1976; Drummond et al., 1996; Moyen et
al., 2009; Patifio Douce and Beard, 1995; Peacock et al., 1994; Petford and Atherton, 1996; Rapp et
al., 1991; Rapp and Watson, 1995; Rushmer, 1991; Skjerlie and Patifio Douce, 2002; Winther and
Newton, 1991; Wyllie and Wolf, 1993). The tonalitic-trondhjemitic gneiss is characterized by
relatively low content in Mg (0.38-0.46 Mg#) and transition metals (Cr, Cu, Ni) that allow to refute an
origin by direct partial melting of a mantle source or a mantle contamination. Alternatively, the

tonalitic-trondhjemitic assemblage could be generated by partial melting of Birimian amphibolites and

31



801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

mafic schists. The lack of negative Eu anomaly in the gneiss implies that fractional crystallization of
plagioclase in equilibrium with a melt is not involved in its genesis. Laurent et al. (2020) proposed that
trondhjemitic magmas could be formed by plagioclase accumulation and amphibole fractionation from
a tonalitic-granodioritic parental melt (Fig. 18c). However, in Mangodara, the structural position of the
tonalitic-trondhjemitic gneiss under the granodioritic gneiss is not consistent with this such a scenario,
as a fractionated magma tends to segregate toward the upper part of the partially molten zone or to
migrate out of the partially molten zone to intrude the upper crust (Hildreth, 2004; Jackson et al.,
2018, 2003; Vanderhaeghe, 2009). A compliant model assimilates the tonalitic-trondhjemitic gneiss to
a tonalitic melt coming from a deeper zone of partial melting affecting a predominantly mafic protolith
(such as Birimian amphibolites) (Ilboudo et al., 2021), which evolves into a mush composed of
clustered residual plagioclase. Partial melting of amphibolite produces a residue dominated in
composition by plagioclase and pyroxene (Fig. 14b and d). The absence in tonalitic-trondhjemitic
gneiss of products of dehydration melting reactions in the source (e.g. garnet, pyroxene) as well as the
scarcity of rafts in textural continuity with the gneiss is consistent with a migration of the tonalitic-
trondhjemitic magma away from its source, leaving at least part of its residual solid at a lower

structural level.

When compared to the amphibolite and micaschist, the tonalite-trondhjemitic gneiss is enriched in
LILE (K, Cs, Rb), and W, but depleted in HFSE such as Nb, Ta, Ti, Y and HREE. Two possible

processes can explain these depletions:

(1) Some elements are fractionated by residual minerals in restites of the partially melted amphibolites
and schists, or by early magmatic minerals during the rise of the parental melt. Specifically, this
implies the segregation of Nb, Ta, Ti and HREE by rutile at P > 15 kbar (Drummond et al., 1996;
Foley et al., 2002; Hoffmann et al., 2011; Moyen and Stevens, 2006), Y and HREE by garnet at P > 10
kbar (Drummond et al., 1996; Hoffmann et al., 2011; Moyen and Stevens, 2006), LREE by early
magmatic allanite, titanite and phosphates (Brooks et al., 1981; Green and Pearson, 1987, 1986;

Hermann, 2002; Solgadi et al., 2007; Tiepolo et al., 2002). Moreover, amphibole extraction in the
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parental melt can enhance depletion in REE and increase of the La/Yb and Sr/Y ratios in the tonalite-

trondhjemite (Liou and Guo, 2019; Reichardt and Weinberg, 2012).

(2) Following the model of Laurent et al. (2020), incompatible LILE and HFSE are entrained in the
residual liquid during crystallization of the parental melt of the tonalitic-trondhjemitic gneiss. The
liquid migrates upward and emplaces at an upper level of the crust to form granitic plutons or silicic

volcanic rocks (Laurent et al., 2020).

Whether it results from high pressure melting of amphibolites, or fractional crystallization of a
parental tonalitic melt, the source of the tonalitic-trondhjemitic gneiss is located in structural levels
below the granodioritic gneiss (Fig. 19), which is in agreement with the pressure-related classification
of TTG proposed by Moyen, (2011). As mafic composition of the source is more likely to result in
tonalitic magmas, the protolith should be dominated by Birimian amphibolites over metasediments
(Fig. 20). Partial melting predominantly of a mafic component is consistent with the affinity of the
tonalitic magma with the plagioclase-rich Na-rich series. According to this scenario, REE and HFSE
fractionation in the tonalitic-trondhjemitic gneiss would be achieved by clustering of residual minerals

or fractional crystallization.

5.3.  Petrogenesis of the K-rich and Na-rich magmatic series

K-rich plutonic rocks

The monzogabbro, hornblende-biotite granodiorite and GG granitoids, which display a mineralogy
and geochemical signature similar to those of the granodioritic gneiss, are interpreted to represent
differentiated terms of the K-rich magmatic series. Their structural position in diffused but locally
cross-cutting contact with the granodioritic gneiss further suggests that they correspond to magmas

that segregated in-situ during deformation (Fig. 19 and Fig. 20).

The hornblende-biotite granodiorite is edged by shear zones that probably controlled melt migration

(Archanjo et al., 1999; de Saint Blanquat et al., 2011, 1998; Gleizes et al., 1997; Weinberg et al.,
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2004), and permit melt accumulation in a lower part of the granodioritic gneiss (Fig. 19). Megacrystic
plagioclase in this granodiorite are witnesses of an extended magmatic growth as in a magmatic

chamber.

In the eastern part of the district, the contact of GG-granitoids with granodioritic gneiss is marked by
rhythmic layering that might correspond to melt percolation within the fabric of the granodioritic
gneiss (Barbey, 2009; Clemens and Stevens, 2016; Vanderhaeghe, 2009; Weinberg, 1999). In the
neighboring Téhini District, the “Bavé type” biotite granodiorite (2137 +9/-7 Ma by U-Pb method on
zircon) has been interpreted as the product of partial melting of the “Comoé¢ type” granodioritic gneiss
(Hirdes et al., 1996). From our point of view, this granodiorite might be the product of melt

accumulation within the granodioritic diatexite, which crystallized at the end of the MEL.

The monzogabbro could result from accumulation of hornblende separated from a granodioritic
assemblage. A similar scenario has been proposed for hornblendite in Xuanmenzi-Gualanyu region
(Neoarchean, North China Craton), resulting in decreased Sr/Y and La/Yb ratios (Liou and Guo,

2019).

Na-rich plutonic rocks

The plagioclase-rich trondhjemite, which has geochemical features similar to the tonalitic-
trondhjemitic gneiss (K-poor, low HFSE and REE), could have resulted from accumulation of
plagioclase floating at the roof of the tonalitic-trondhjemitic gneiss. The peraluminous composition of
the two-mica tonalite can be attained by fractionation of biotite and hornblende in the plagioclase-rich
melt (Chappell et al., 2012). Moreover, the composition of the tonalitic-trondhjemitic gneiss, which is
intermediate between the trondhjemite and the two-mica tonalite is consistent with this proposition
(Fig. 18d and e). Its position occupying the roof of tonalitic-trondhjemitic gneiss in perfect
concordance with its southern margin, corroborates an origin as a melt extracted from the tonalitic-

trondhjemitic gneiss (Fig. 19). The lower proportion of plagioclase in this melt stands with a relative
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increase of K, stabilizing micas instead of amphibole, whereas the depleted REE and HFSE signatures

are inherited from the tonalitic-trondhjemitic gneiss (Fig. 20).

5.4.  Petrogenesis of the rare metal-bearing pegmatites

Textural continuity of titanite-allanite pegmatites with veins concordant to the foliation of the
tonalitic-trondhjemitic gneiss, suggests that the pegmatite-forming magma segregated from the
tonalitic-trondhjemitic mush itself. Sharp contacts of discordant pegmatite veins observed in other
places indicate that the pegmatite-forming magma migrated when the tonalitic-trondhjemitic gneiss
cooled below the ductile-to-fragile transition, which also fulfills the undercooling conditions needed
for nucleation of pegmatitic crystals (London, 1989, 2009, 2014). Accordingly, titanite-allanite
pegmatites are interpreted as the late residual melt enriched in volatile elements segregated during
crystallization of the tonalitic magma (Fig. 19). Its higher K/Rb and Ca/Cs ratios, and lower contents
in Nb, Ta and REE then other pegmatites show that the titanite-allanite is the least differentiated of the

Mangodara pegmatite types.

Apatite-zircon pegmatites are lithologically discriminated from the titanite-allanite type only by their
occurrence in granodioritic gneiss and absence of allanite and epidote. Therefore, the two types could
be cogenetic and derived from a single source, or alternatively, the apatite-zircon type could represent
the residual melt after crystallization of the titanite-allanite pegmatites. An origin by fractional
crystallization is further suggested by the relative LILE and REE enrichment in apatite-zircon
pegmatites compared to the titanite-allanite type, which reflects a differentiation trend. However, Eu
was segregated preferentially to other REE in titanite-allanite pegmatite, as indicated by its positive
anomaly. This behavior is probably enhanced by the presence of Eu-bearing minerals in the titanite-
allanite pegmatite (allanite, apatite), resulting subsequently in the relative depletion of Eu apatite-

zircon pegmatite.

Textural continuity of garnet-columbite pegmatites (Li, Nb enriched) with concordant and discordant
leucosome veins of the migmatitic paragneiss is consistent with segregation of the pegmatite-forming
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magma from the partially molten paragneiss. Their transposition into the foliation of the paragneiss
indicates that this segregation is coeval with deformation. The high differentiation degree of garnet-
columbite pegmatites compared to other plutonic rocks in the Mangodara district is proposed to

correspond to the segregation of an anatectic melt seeping from partially molten paragneiss (Fig. 19).

The textural continuity of garnet-REE pegmatite (Ti, Y, HREE enriched) with concordant leucosome
veins of the granodioritic gneiss points to an origin by melt segregation during crystallization of the
partially molten granodioritic gneiss (Fig. 19). Its higher content in U, Th and REE compared to other
pegmatites suggest a different degree of differentiation marked by HFSE enrichment, which is mostly
achieved in peralkaline to metaluminous differentiated melt (Cerny et al., 2005; Cerny and Ercit,

2005; Linnen and Cuney, 2005).

Uranium-lead age of apatite record the closure of U-Pb isotopic system, which occurs at 450-600 °C
for grain size < 1 mm but varies with the grain size and cooling rate (Cherniak et al., 1991; Dodson,
1973). Uncertainties on apatite ages of gneisses and apatite-zircon pegmatite span large period which
cover the ME2 and ends at 2000 Ma. These data involve a regional cooling occurring after 2100 Ma.
This reinforces the idea that a temperature was maintained above 500 °C during at least 50 Ma, which
fits a long-lasting tectono-thermal event (Guergouz et al., 2018; Turlin et al., 2018; Vanderhaeghe et
al., 2019; Vauchez et al., 2019) encompassing MP-HT metamorphism, diatexite formation, melt

accumulation and late segregation of pegmatite-forming melt.

In short, the continuous network of granitic veins and pegmatites concordant to discordant relative to
the foliation of their host gneisses and their magmatic texture plead for a pegmatite formation by
syntectonic melt segregation (Brown, 2005, 1994; Burg and Vanderhaeghe, 1993; Sawyer, 2001,
1999; Vanderhaeghe et al., 1999; Vanderhaeghe, 2001; Weinberg, 2006; Wickham, 1987), (Fig. 19
and Fig. 20). The segregated pegmatite-forming low-viscosity melt is transposed into the flattening
plane (Brown et al., 1995; Stevenson, 1989; Vanderhaeghe et al., 1999) but also in low-pressure sites
induced by ductile deformation (Brown et al., 1995; Robin, 1979; Stevenson, 1989; Van der Molen,

1985; Van der Molen and Paterson, 1979; Vanderhaeghe et al., 1999). After crystallization, the
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pegmatites become more competent than the host gneisses and are folded and boudinaged with cuspate
interfaces without losing their internal texture (Fig. 11e) (Alsop et al., 2021; Bons et al., 2004; Butler

and Torvela, 2018; Druguet, 2019).

6. Conclusions

Field observations, combined with structural, petrological and geochemical data from rare metal-
bearing pegmatites of the Mangodara district indicate that they derived from their gneiss-granitoid
hosts, with an input from the rafts of amphibolite, schist and paragneiss enclosed in the latter. Titanite-
allanite-bearing and apatite-zircon-bearing pegmatites are in textural continuity with leucosome veins,
themselves concordant with the foliation of the granodioritic and tonalitic gneisses. These pegmatites
are interpreted as originating from syntectonic melt segregation from a partially molten rock or
crystalline mush. On the other hand, the garnet-columbite-bearing and garnet-REE-bearing pegmatites
are inferred to derive, respectively, from partial melting of paragneiss and segregation of melt within

the granodioritic gneiss.

PT conditions of partial melting are constrained by thermodynamic modelling of the migmatitic
paragneiss, yielding 650-700 °C for 7 kbar, and of the migmatitic amphibolite with a temperature over
750 °C. In this context of MP-HT metamorphism, generation of the granodioritic gneiss by further
partial melting of the Birimian series, required a temperature higher than 850 °C to reach the biotite-
out isograd and a melt fraction of about 30 % associated with the metatexite/diatexite transition. The
low degree of fractionation of HFSE and REE between paragneiss relative to granodioritic gneiss
supports such a high degree of partial melting without migration of magma out of the zone of partial
melting. A dominant proportion of paragneiss is required in the protolith of the granodioritic gneiss to
account for its high-K content, but its weak depletion in LILE is best explained by a minor

contribution from the amphibolite and micaschist.

The formation of the Na-rich and K-rich magmatic series of the Mangodara district is attributed to
partial melting at different pressure (7 to 10 kbar) and in various proportions of amphibolite and
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paragneiss of the Birimian series followed by melt segregation and/or clustering/accumulation of
residual/magmatic crystals. Depletion of REE and HFSE in members of the Na-rich series are
explained by plagioclase and amphibole fractionation from a granodioritic/tonalitic parental magma or
by clustering of residual plagioclase from an anatectic melt, with separation from a garnet-pyroxene-

allanite-titanite-bearing residue.

Crystallization of titanite-allanite pegmatite is constrained at 2094.3 + 8.8 Ma by U-Pb on zircon,
whereas cooling below ca. 500 °C is documented by apatite cooling ages of 2094 + 21 Ma for the

granodioritic gneiss and 2055 + 20 Ma for an apatite-zircon pegmatite.

These data favor a segregation model for rare metal-bearing pegmatites of the Mangodara district. This
took place within the partially molten root of the Eburnean orogenic crust during formation, between
transcurrent shear zones, of a crustal-scale dome cored by a plagioclase-dominated crystal mush and

mantled by a heterogeneous diatexite of granodioritic composition.
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Figures captions

(2 columns)

Fig. 1. Geological map of the West African Craton, modified after Milési et al. (2004), and Block et al.
(2015). Abbreviations: SGGC = Sidéradougou Gneiss-Granitoid Complex, Si = Sidéradougou gneiss-
granitoid complex. Ba = Banfora greenstone belt, Di = Diebougou gneiss-granitoid complex, Ho=
Hounde greenstone belt, KT= Koudougou-Tumu gneiss-granitoid complex, OFSZ = Ouango-Fitini

shear zone. The red rectangle indicates the studied zone.

(2 columns)

Fig. 2. Lithostructural map of the Mangodara district; the south-east part of the map is reinterpreted
from data of Hirdes et al. (1996). Lithofabrics are delineated from interpretation of fabrics measured
on the field, aerial photographs (Google Earth) and remote sensing imagery (LANDSAT-8, Sentinel-
2). Magnetic lineaments are extracted from aeromagnetic data (SYSMIN), and served for
interpretation of shear zones, using the method proposed by (Chardon et al., 2020). Emplacement of
named samples in this paper are indicated in the map. Markers used in chemical element diagrams
are presented in the legend next to their related lithology. Supplementary U-Pb ages in the south-east

part of the map are extracted from Hirdes et al. (1996).

(2 columns)

Fig. 3. Field photographs of granodioritic gneiss and associated migmatites. (a) Banded layer in a

granodioritic gneiss. (b) Granodioritic gneiss showing augen texture. (c) Gabbroic and microgranular
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enclaves in a granodioritic gneiss. (d) Layered granodioritic gneiss containing leucosomes connected
to garnet-REE pegmatite dyke (station BB24, See also Fig. 11). (e) Ptygmatitic veins in a
granodioritic gneiss (east of Gountiedougou). (f) Enclave of granodioritic gneiss in the tonalitic-

trondhjemitic gneiss. Leucosomes and titanite-allanite pegmatite are visible (station BMN37).

(2 columns)

Fig. 4. (a) Granolepidoblastic texture in the granodioritic gneiss (station BMN24). The foliation is
marked by alignment of biotite laths. Eye-shaped plagioclase and hornblende are surrounded by
biotite and mark the granoblastic texture. (b) Mafic hornblende-biotite-epidote assemblage, stretched
in an S-C fabric. Recrystallized quartz is located in the margin of the ferromagnesian minerals, and
distributed with preferential orientation along the C direction. Clastic plagioclase and recrystallized
guartz suggest solid-state deformation, under high temperature. Abbreviations: Ap = apatite, Aln =

allanite, Bt = biotite, Ep = epidote, Hbl = hornblende, Pg = plagioclase, Ttn = titanite.

(2 columns)

Fig. 5. Field photographs and optical photomicrographs of amphibolite and schist. (a) Amphibolite
(station BMN109). (b) Schists intercalated with hornblende-rich layers, intruded by a thin granitic sill
(station 1688). (c) Optical photomicrograph of a hornblende-bearing leucocratic vein in amphibolite,
with gradual accumulation of hornblende crystals in the margin. (d) Photomicrograph of a
hornblende schist (station 1989, near 1984). The mineralogical assemblage consists of rods of
hornblende porphyroblasts in a groundmass of quartz, plagioclase and biotite. Abbreviations: Bt =

biotite, Hbl = hornblende.

(2 columns)
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Fig. 6. Field photographs of paragneiss. (a) Garnet and staurolite bearing paragneiss showing
schistosity and crenulation, hosting a pseudo-boudin of a garnet-columbite pegmatite dyke, parallel to
Sn schistosity and pinched in the Sp+1 crenulation plan. (b) Paragneiss showing thin crenulated
leucosomes and small pockets filled with quartz and feldspars. (c) and (d) Photomicrographs of a
paragneiss (station BMS49). The axial crenulation Sn+1 is printed in the internal texture of staurolite
porphyroblasts. The garnet porphyroblast shown exhibits synkinematic helicitic texture in the core
and homogeneous rims. Fibrous sillimanite is associated with biotite sheets. Abbreviations: Bt =

biotite, Gr = garnet, Mu = muscovite, Qtz = quartz, Sil = sillimanite, St = staurolite.

(2 columns)

Fig. 7. Field photographs of metatexitic paragneiss and granodioritic gneiss boarding the tonalitic-
trondhjemitic gneiss. (a) Stromatic migmatitic paragneiss (near station BMS37). (b) Transition
between a migmatitic paragneiss (melanocratic layers and leucosomes) and granodioritic gneiss,
foliated granodiorite gneiss bearing garnet-columbite pegmatites pods (near BMS37). (c) Migmatitic
paragneiss with melanocratic layers (richer in biotite, hosting leucosomes), grading to granodioritic
gneiss, are deformed by a melt rich (quartz + feldspar) shear zone (station BMS140; compass for
scale). (d) Garnet porphyroblasts in a migmatitic paragneiss, associated with patchy leucosomes
(near BMS7B). (e) Synmigmatitic foliation in a migmatitic paragneiss. Quartz-feldspar-rich layers are
leucosomes. Near-homogeneous garnet included or in contact in the leucosomes is interpreted as the
peritectic product of a partial melting reaction. Staurolite crystals in mesosomes are wrapped by
micas and quartz. (f) Migmatitic paragneiss, composed of quartz, feldspar, inclusion-rich
porphyroblastic garnet surrounded by biotitic foliation, biotite and sillimanite. Abbreviations: Bt =

biotite, Gr = garnet, Sil = sillimanite, St = staurolite.

(2 columns)
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Fig. 8. Field photographs of the tonalitic-trondhjemitic gneiss. (a) Biotite and magnetite leucotonalitic
facies, crossed by a leucocratic vein containing mafic clots (hornblende, biotite and magnetite)
(station BMN11). (b) Mesocratic enclave, hosting deformed leucocratic veins in textural continuity
with the tonalitic mesostase. (c) Schollen-like texture in gneissic facies of the tonalitic-trondhjemitic
gneiss. Mesocratic rafts are traversed by a hornblende tonalite vein (station BMS124). (d) Hornblende
tonalite veins parallel to foliation are affected by folding. Transverse veins circulate next to axial plan
of folds (station BMN11; compass in foreground for scale). (e) Mafic clots of poikilitic assemblage of
biotite and hornblende, exposed as pseudomorphs of minerals with hexagonal basal section

(hornblende); head of rock hammer for scale.

(2 columns)

Fig. 9. Polarized photomicrographs of the tonalitic-trondhjemitic gneiss. a) The image is dominated
by subhedral oligoclase showing diffuse contacts, suggestive of slow cooling, and connected by triple
joints. Anhedral oligoclase shows well-developed polysynthetic twins. Recrystallized quartz corrodes
plagioclase grain borders, which might correspond to liquid product from plagioclase consumption.
(b) Batches of recrystallized quartz corrode the plagioclase grain in the center of the picture, whereas
melt is trapped between plagioclase grains in the lower part. Abbreviations: Bt= biotite, Ep = epidote,

Pg = plagioclase, Qtz = quartz.

(2 columns)

Fig. 10. Field photographs of plutonic rocks from Mangodara district. (a) Layered GG-granitoid, with
mesocratic layers and K-feldspar-rich leucocratic layers. (b) Disrupted blocks of gabbro in an
intrusive pink granite (GG-granitoid). (c) Porphyritic biotite granite, with megacrysts of K-feldspar
(GG-granitoid). (d) Hornblende-biotite granodiorite, bearing elongated mica-rich enclaves (station
BMS23). (e) Two-mica granite enclosing rounded enclaves of tonalitic-trondhjemitic gneiss (station

BMS9).
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(2 columns)

Fig. 11. Field photographs of pegmatite veins and their relationships with their host rocks. (a)
Network of interconnected veins of titanite-allanite pegmatite in tonalitic-trondhjemitic gneiss. (b)
Garnet-columbite pegmatite vein cross-cutting apatite-zircon pegmatite (station BMS99A). (c) Rotated
and pinched pods of garnet-columbite pegmatite in a layered granodioritic gneiss (near station
BMS37). (d) Folded and pinched garnet-columbite pegmatite vein, with well-developed quartz core.
(e) Cuspate interfaces between the paragneiss and a garnet-columbite pegmatite dyke. (f) Garnet-REE
pegmatite connected with leucosomes layers veins in a granodioritic gneiss (station BB24). (g)
Garnet-REE pegmatite veins in porphyritic granodioritic gneiss, deformed by thin mylonites crossing

dyke, or bordering the contact with the granodioritic gneiss (near station BB15).

(2 columns)

Fig. 12. (a) and (b) Contact between apatite-zircon pegmatite (section with biotite) and garnet-
columbite pegmatite (section rich in muscovite and hosting garnet). Abbreviations: Bt = biotite, Gr =

garnet, Mu = muscovite.

(1 columns)

Fig. 13. Metamorphic conditions prevailing in the Mangodara district. Volcanic belts greenschist

facies paragenesis is taken from Ilboudo et al., (2017b). Legend as in Fig. 2. Abbreviations: Bt

biotite, Gr = garnet, Hbl = hornblende, Ky = kyanite, Mu = muscovite, Sil = sillimanite, St

staurolite.

(2 columns)
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Fig. 14. (a) Calculated P-T pseudosection for sample BMS114B in the NCKFMASHTO system. The
light blue field represents the subsolidus stability domain of aqueous fluid (H»O). The dark blue field
represents the suprasolidus field in presence of a silicate melt. Iimenite was stable in all parts of the
computed pseudosection. The dashed line indicates the representative mineral assemblages of
paragneisses from Mangodara district, inferred from the mineralogy of sample BMS114B and
mineralogical observations (e.g. Fig. 6). (b) Calculated P-T pseudosection for sample BMN109 in the
NCFMASHTO system. Field are colored as indicated in (a). (c) and (d) Variation of mineral volume
fractions between 500 °C and 700 °C at a pressure of 7 kbar, in paragneiss and amphibolite.
Abbreviations: bt = biotite, chl = chlorite, cord = cordierite, cpx = clinopyroxene, ilm = ilmenite, gr
= garnet, hbl = hornblende, kfs = K-feldspar, ky = kyanite, liq = silicate melt, mu = muscovite, opx =

orthopyroxene, pg = plagioclase, gtz = quartz, sil = sillimanite, st, = staurolite.

(2 columns)

Fig. 15. U-Pb chronological data obtained on zircons from the titanite-allanite type pegmatite
BMN28. (a) Cathodoluminescence images of two zircon grains analyzed. Circles locate the analyzed
spots, the red color designating discordant data, whereas yellow indicates concordant data. (b-c)
Discordia and Concordia diagrams, respectively. The size of the ellipses represents an uncertainty of
2 sigma. The ellipse color indicates the textural position of the analyses: blue for the core, orange for

the rim.

(2 columns)

Fig. 16. U-Pb chronological data obtained on apatite. Cathodoluminescence images of apatite in (a)
granodioritic gneiss (BMN20B), (b) tonalitic-trondhjemitic gneiss (BMN11) and (c) apatite-zircon
type pegmatite (BMN20). Red circles indicate the emplacements of the analyzed spots. Tera-
Wasserburg diagram plotting U-Pb isotopic data from apatite in (d) granodioritic gneiss (BMNZ20B),

(e) tonalitic-trondhjemitic gneiss (BMN11) and (f) apatite-zircon-type pegmatite (BMN20).
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(2 columns)

Fig. 17. REE spider diagram of (a) amphibolite, micaschist, and paragneiss, (c) gneisses and
granitoids and (e) pegmatites normalized to chondrite (McDonough and Sun, 1995). Multi-elements
spider diagram of (b) amphibolite, micaschist and paragneiss, (d) gneisses and granitoids, and (f)
pegmatites normalized to primitive mantle (Sun and McDonough, 1989). Filled patterns correspond to
granodioritic gneiss (blue), tonalitic-trondhjemitic gneiss (pink) and calc-alkaline basalt (green) from

the Hounde greenstone belt, and Tiébélé greenstone belt (Baratoux et al., 2011; Ilboudo et al., 2017a).

(2 columns)

Fig. 18. Geochemical discriminant diagrams for gneisses and plutonic rocks. (a) Chemical index
alteration (CIA = Al,O3 / (Al,O3 + CaO* + Na,O + K,0)*100, CaO* corresponding to amount of Ca
incorporated in silicates, considering the apatite component (Nesbitt and Young, 1982, 1984). (b)
Shand index plot (Shand, 1943) showing most of the gneiss and granitoids in the metaluminous
domain. (c) Diagram of SiO2 vs K,O (Peccerillo and Taylor, 1976) including domains corresponding
to plagioclase and amphibole accumulation (in shades of gray, Laurent et al., 2020). (d) Quartz-
alkali felspar-plagioclase (QAP) diagram for felsic gneisses and granitoids (Streckeisen and Le
Maitre, 1979). Modal compositions are calculated in CIPW norm and validated by comparison with
mineral compositions of corresponding samples. (e) Total alkali-silica diagram (SiO2 vs Na;O + K0,
Cox et al., 1979). (f) Diagram plotting Sr/Y vs La/Yb also showing domains of high-, middle- and low-
pressure TTG, according to Moyen, (2011). (g, h) Binary ratio plots depicting K/Rb versus Ca/Cs and

Nb/Ta versus Zr/Hf for gneisses, granitoids and pegmatites, respectively.

(2 columns)

58



1842

1843

1844

1845

1846

1847

1848

1849

1850

1851

1852

1853

1854

Fig. 19. Cross-section representing the structural setting of the Mangodara dome, cored by tonalitic-
trondhjemitic gneiss and flanked by two shear zones. Plutonic rocks, from the left to the right,
represent respectively the hornblende-biotite granodiorite, the two-mica tonalite and the GG-
granitoids intruded by porphyritic biotite granite. The mantling granodioritic gneiss represent a
diatexite including rafts of partially molten Birimian volcano-sedimentary amphibolite-schist and
paragneiss. Plutonic rocks are formed by melt collected within the gneiss, and pegmatites are formed

by melt segregation in the gneisses and the rafts of migmatitic paragneiss-amphibolite.

(2 columns)

Fig. 20. Recapitulative interpretation of the petrogenetic relationships among amphibolites, schists,

paragneiss, gneisses, plutonic rocks and pegmatites in the Mangodara district.
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Granodioritic gneiss
BMN20B)

Intercept at 2041 + 33 Ma
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Pegmatites

@ Titanite-allanite-bearing pegmatite

’ Apatite-zircon-bearing pegmatite
 Garnet-columbite-bearing pegmatite

‘ Garnet-REE-bearing pegmatite

Metavolcanites and metasediments
A Paragneiss
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K-rich plutonic rocks
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Na-rich gneiss
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References

~—— E-MORB (Sun and McDonough, 1989)
—— Continental crust (Rudnick and Gao, 2003)
Calc-alkaline basalts (Baratoux et al., 2011, llboudo et al., 2017a)
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Pegmatites

¢ Titanite-allanite-bearing pegmatite

€ Apatite-zircon-bearing pegmatite

K-rich plutonic rocks

¥ K-rich granitoid (IIboudo et al., 2020)

# GG-granitoid

# Hornblende-biotite granodiorite
Monzogabbro

K-rich gneisses

#  Granodioritic gneiss

¥ Microgranular enclave in granodioritic gneiss

Garnet-columbite-bearing pegmatite
¢ Garnet-REE-bearing pegmatite

Na-rich plutonic rocks
Two-mica tonalite
4 Trondhjemite

Na-rich gneiss
Tonalitic-trondhjemitic gneiss
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Tables

Table 1. Isotopic data for in-situ LA-ICP-MS zircon dating of the titanite-allanite-type pegmatite

N° U Th Pb Position Texture Th/U 27Ph/ 26  2%pph/ 26  Rho 27Pb/ 26  Age 26 Age 26 Age 20

(ppm) (ppm) (ppm) 25y 238y 206pp 27pp/ 206pp/ 27pp/

235U 238U 206 Pb

1 313 35 243 Core Oscillatory 011 3.598 0078 0.1954 0003 0.7554 0.1328 0.002 15465 18 1150 17 2128 21
2 122 1 382 Metamict rim Sastf:ir'l';‘tory' 000 4.035 0097 02152 0004 07152 0.13381 0.002 1633 20 1255 20 2144 20
3 27 5 28 Core Oscillatory 017 64 021 0353 0011 009497 01342 0.003 2001 29 1915 49 2110 42
4 15 0 1 Medium zone Oscillatory ~ 0.00 6.88 018 0.3834 0008 07676 0.1282 0.002 2078 24 2083 36 2047 33

6 0 2 Medium zone Oscillatory ~ 0.00 694 022 03827 00l 0799 0129 0003 2091 27 2080 45 2064 38
6 168 0 26 Core Oscillatory ~ 0.00 7 018 0.3891 0.009 0.8695 0.1298 0002 2108 27 2112 42 2091 21
7 1528 0 288 Metamict rim gas‘tf:ir:;ftory' 000 1.801 0041 0.1166 0.002 0.8665 0.1155 0001 1046 18 710 13 1881 23
8 109 32 196  Core Oscillatory 029 6.89 0.5 03817 0007 08063 01305 0.002 2090 20 2081 31 2094 23
9 680 6 160  Metamictrim  Patchy 001 302 0062 01742 0003 07829 0.1217 0001 14119 16 1034 15 1977 21
10 83 25 168  Core Oscillatory 030 629 0.4 03422 0006 08009 0.1355 0.002 2009 19 1894 29 2166 24
11 52 10 59  Mediumzone Oscillatory 019 6.36 014 03569 0.006 0.8019 0.1315 0002 2020 20 1961 30 2103 26
12 143 43 261  Core Oscillatory ~ 0.30 5628 0.3 03092 0006 08821 01323 0002 1918 21 1733 31 2117 27
13 107 45 283  Core Oscillatory 042 679 05 03771 0006 07202 01328 0.002 2080 19 2059 28 2131 22
14 1567 1 410  Metamictrim Oscillatory ~ 0.00 1.323 0.033 0.0827 0001 06785 0.11304 0.001 8537 16 5121 8.6 1843 24
15 1815 6 455  Metamictrim Oscillatory ~ 0.00 1135 0.035 0.0723 0002 07176 0.1168 0001 7689 15 450 95 1903 21
16 843 1 262 Metamictrim  Oscillatory ~ 0.00 3.073 0.066 0.72 0.003 0.7580 0.1279 0002 1423 17 1022 16 2063 23
17 127 53 287  Core Oscillatory 042 6329 014 03491 0006 07640 0.1316 0.002 2017.6 19 1927 28 2114 22
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0.00

0.00

0.00

0.00

0.00
0.00

0.00

0.00

0.00
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Oscillatory-

35 3527 3 635 Metamict rim patchy 0.00 0.6233 0.013 0.0436 0.0007 0.7473 0.10623 0.001 491.8 8 2752 42 1727 25
. Oscillatory-

36 699 1 26 Metamict core patchy 0.00 6.391 0.13 0.3611 0.005 0.7352 0.1296 0.001 2029.2 18 1985 26 2088 19
_— Oscillatory-

37 855 0 223 Metamict rim patchy 0.00 2.693 0.068 0.1504 0.003 0.8689 0.1323 0.002 1324 18 902 18 2123 21

Transition

38 509 0 51 core-fim Patchy 0.00 6.074 0.13 0.3476 0.006 0.7796 0.13033 0.002 19835 20 1920 28 2098 20

39 73 29 164 Core Oscillatory 040 6.889 0.16 0.3837 0.007 0.7518 0.1318 0.002 2093 20 2090 31 2115 23

40 25 0 4 Core Homogeneous 0.01 6.16 0.2 0345 0.01 0.8912 0.1333 0.002 1970 31 1896 51 2110 32

41 185 2 43 Core Oscillatory 0.01 6.122 0.15 0.3455 0.007 0.7678 0.1337 0.002 1988 21 1915 31 2142 25
. Oscillatory-

42 2002 9 405 Metamict core patchy 0.00 1.223 0.13 0.0813 0.007 0.8563 0.1075 0.002 810.6 36 5039 40 1749 24
Oscillatory-

43 5281 1 5027 Core patchy 0.00 6.978 0.14 0.3902 0.006 0.7536 0.13026 0.001 2106.3 18 2121 27 20995 19

1889

1890  Table 2. Isotopic data for in-situ LA-ICP-MS apatite dating of granodioritic gneiss, tonalitic-trondhjemitic gneiss and apatite-zircon pegmatite

N hj)pm) g:om) (Ppbpm Position Texture EQUIVBlent  238U/206Pb 26 207Pb/206Ph 2o
BMN20B - Granodioritic gneiss

1 370 31 4.3 Core Oscillatory 200 251 14 0.1728 1.2
2 79.7 48 4.5 Core Oscillatory 200 2.65 20 0.1502 0.9
3 44.8 14 34 Core Oscillatory 200 2.63 24 01631 1.3
4 284 08 3.8 Core Homogeneous 200 2.50 2.1 0.1893 1.2
5 339 06 3.3 Core Homogeneous 200 2.52 21 0.1728 1.3
6 16.1 0.1 3.2 Core Homogeneous 100 2.40 22 0.2199 15
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Transition

7 197 06 3.6 core-fim Oscillatory 150 2.39 21 0.2102 13
8 280 31 4.4 Core Homogeneous 200 244 2.0 0.1900 0.7
9 49.8 9.5 5.7 Core Oscillatory 250 251 20 0.1643 11
10 438 76 5.1 Core Oscillatory 100 2.50 1.7 0.1631 15
11 115 04 13 Core Homogeneous 100 2.53 15 0.1845 22
12 6.6 0.2 3.3 Core Homogeneous 150 2.03 16 03185 1.3
13 193 04 3.7 Core Homogeneous 200 244 15 0.2142 1.2
14 292 45 4.5 Core Homogeneous 200 2.46 1.7 0.1850 1.4
BMNL11 - Tonalitic-trondhjemitic gneiss

1 2.2 1.2 4.3 Core Homogeneous 200 1.30 51  0.5500 49
2 219 54 3.0 Zone 1 Homogeneous 800 2.53 21 0.1664 13
3 115 2.9 2.2 Core Homogeneous 250 2.36 20 0.1854 11
4 198 34 2.2 Rim Homogeneous 200 2.48 2.0 0.1606 0.9
5 205 25 1.9 Core Oscillatory 200 2.47 2.0 0.1587 11
6 329 42 2.6 Zonel Homogeneous 200 2.53 20 0.1539 0.9
7 6.2 0.6 1.7 Core Homogeneous 200 224 21 0.2378 14
8 256 43 23 Zone 1 Homogeneous 400 2.55 20 0.1522 11
9 8.5 1.2 16 Core Homogeneous 400 241 21 0.1881 1.8
10 340 52 31 Zone 1 Homogeneous 100 2.54 20 0.1546 0.9
11 6.3 0.7 1.9 Zone 1 Homogeneous 100 2.27 2.2 0.2509 2.0
12 288 33 26  lransition Oscillatory 100 261 20 01588 12

core-zone 1

13 9.2 0.5 15 Zonel Homogeneous 100 2.46 81 0.1954 2.1
14 21.7 6.3 3.2 Core Homogeneous 800 2.46 9.1 0.1668 2.8
15 8.5 14 2.3 Core Complexe 800 2.33 8.2 0.2323 2.6
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Transition

16 318 6.7 52 core-zone 1 Complexe 800 2.52 81 0.1624 13
17 7.2 12 2.2 Zone 1 Complexe 200 224 85 0.2418 24
18 134 16 25  lransition Complexe 200 2.39 81 0.2078 27
core-zone 1
19 34.6 6.0 3.6 Zonel Homogeneous 200 2.55 8.1 0.1584 11
20 36.1 48 29 Zone 1 Homogeneous 300 2.55 8.2 0.1504 11
21 51 04 27  lmansition Complexe 200 2.05 82 03257 21
core-zone 1
22 340 48 31 Core Complexe 200 2.56 8.2 0.1575 1.0
23 101 08 2.0 Zone 1 Homogeneous 200 2.34 8.2 0.2099 23
24 35 38 29 1OV Homogeneous 200 255 81 0.612 12
25 336 50 3.2 Zone 2 Homogeneous 200 2.56 8.2 0.1585 1.2
26 163 25 25  lansition Oscillatory 200 2.46 81 0.1858 13
core-zone 1
BMNZ20 - Titanite-allanite type pegmatite
1 543 51 3.7 Core Homogeneous 600 2.60 14 0.1516 0.9
2 85.3 13.7 5.8 Core Homogeneous 600 2.66 16 01431 1.0
3 55.7 3.6 3.2 Core Mottled 500 261 2.1 0.1499 13
4 148 31 3.3 Core Homogeneous 600 245 1.8 0.2118 1.3
5 241 36 3.6 Core Homogeneous 600 2.50 16 0.1849 1.3
6 334 21 31 Core Homogeneous 600 2.62 15 0.1659 1.0
7 558 3.2 3.1 Core Homogeneous 600 2.70 25 01477 0.9
8 39.0 2.7 3.1 Core Homogeneous 600 2.60 15 0.1603 12
9 343 24 3.0 Core Homogeneous 600 2.53 1.8 0.1641 13
10 412 40 5.7 Core Homogeneous 500 245 15 0.1807 1.0
11 581 4.6 54 Core Homogeneous 500 2.56 16 0.1635 0.9
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18.8
19.1
17.6
15.7

24.7

82.0
75.4
63.2
67.4
70.0
106.3
80.8
9.9
5.8
3.0
53
5.0
41
15.7
317
41.4
16.7
48.0
79.0
12.6

7.9
9.0
7.6
6.7

6.1

74
6.1
5.2
55
5.6
10.6
8.9
13
0.1
0.1
0.1
0.1
0.1
1.7
3.1
3.7
15
3.9
9.8
1.8

75
7.3
7.1
6.3

7.6

7.8
6.7
6.5
6.9
5.7
53
45
2.7
2.9
2.3
33
2.9
2.9
45
5.6
5.8
31
3.2
7.2
3.6

Core
Core
Core
Core

Transition
core-zone 1

Rim
Rim
Rim
Rim
Rim
Core
Core
Core
Core
Core
Core
Core
Core
Core
Core
Core
Core
Core
Core

Rim

Homogeneous
Homogeneous
Homogeneous

Homogeneous
Oscillatory

Oscillatory
Oscillatory
Oscillatory
Oscillatory
Oscillatory
Homogeneous
Mottled
Homogeneous
Homogeneous
Homogeneous
Mottled
Mottled
Mottled
Homogeneous
Homogeneous
Homogeneous
Homogeneous
Homogeneous
Homogeneous

Homogeneous

1500
1500
1500
1500

1500

1500
1500
1500
1500
1500
1000
1000
1000
600

1000
1000
1000
1000
1000
1000
1000
1000
500

600

350

2.22
2.27
2.20
2.02

2.25

2.46
2.55
2.46
2.47
2.59
2.65
2.67
2.22
2.06
1.79
1.92
1.92
1.86
2.23
2.36
2.45
2.34
2.42
2.59
2.23

8.2
8.2
8.4
9.1

8.3

8.1
8.2
8.1
8.1
8.0
8.2
9.3
8.2
8.3
1.8
2.3
17
1.8
15
15
15
15
2.3
13
1.9

0.2604
0.2552
0.2557

0.2472

0.2276

0.1592
0.1599
0.1639
0.1639
0.1583
0.1463
0.1426
0.2303
0.3131
0.3882
0.351

0.3287
0.3734
0.2371
0.1973
0.1834
0.2015
0.1532
0.1587

0.2335

11
1.2
13
1.6

1.4

0.9
1.0
0.9
1.2
0.9
2.7
1.9
2.2
1.6
1.9
3.1
1.9
1.8
1.2
11
1.0
15
2.1
0.9
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1892

1893

37
38
39
40
4
42
43
44

Table 3. EMPA composition of amphibole in granodioritic gneiss. hornblende-biotite granodiorite with mica-rich enclaves. and hornblende tonalite veins;

133
18.0
6.5

89.9
56.7
58.9

70.3

1.9
24
0.5
1.0
8.1
4.9
5.4
59

40
36
44
29
7.0
6.3
6.4
6.6

Core
Rim
Core
Core
Core
Core
Core

Rim

Homogeneous
Homogeneous
Homogeneous
Mottled

Homogeneous
Homogeneous
Homogeneous

Oscillatory

350
350
600
600
600
600
600

1500

2.28
2.37
1.78
2.28
2.55
2.50
2.48

2.50

1.6
14
2.7
1.7
1.3
1.3
1.3
14

0.2441
0.2026
0.3354
0.2305
0.1558
0.1708
0.1682

0.1637

2.1
15
3.3
2.0
0.9
0.9
11
11

Calculated pressures of crystallization are given in the last rows with a reference to the corresponding calculation method.

Lithology Granodioritic gneiss Hornblende-biotite granodiorite with mica-rich enclaves Hornblende tonalite

Sample BMN24 BMS46 BMN164H

SiO, 4190 4199 4090 4254 4195 4163 4179 4138 4188 4120 4151 4103 4149 42.09 4170 4198 4215 4148
TiO, 0.66 0.55 0.68 0.72 0.72 0.68 0.48 0.48 0.61 0.68 0.50 0.65 0.51 0.54 1.28 1.25 131 1.28
Al,O3 10.70  10.72 1093 1075 1094 1116 1096  10.77 10.71 10.77 1154 11.18 10.93 11.02 10.51 10.37  10.43 10.92
FeO 19.79 19.90 20.26 19.16 19.73 1954 1935 19.13 1954 19.14 1954 19.64  19.33 19.32 18.57 1856  18.82 19.10
MnO 0.54 0.44 0.45 0.51 0.54 0.48 0.56 0.53 0.50 0.49 0.44 0.52 0.46 0.52 0.52 0.45 0.47 0.44
MgO 8.55 9.02 8.47 8.73 8.89 8.46 9.29 9.09 9.01 8.74 8.96 8.93 8.92 8.82 9.32 9.19 9.23 8.79
Ca0 11.36  11.46 1168 11.63 11.49 11.27 11.60 11.52 11.56 11.85 1142 11.38 11.54 11.37 11.33 1146 1131 11.14
Na,O 1.38 141 1.26 1.09 147 1.46 1.81 1.38 152 1.36 1.52 1.73 149 1.47 1.59 1.56 1.53 1.53
K0 1.25 1.38 1.36 1.16 1.34 1.39 1.37 1.38 1.29 1.32 1.38 1.48 1.38 1.37 1.20 1.17 1.20 1.28
F bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0.55
Total 964 96.89 96.37 96.33 975 9643 9722 9599 96.77 9585 9715 96.97 9643 96.93 96.25 96.06 96,56  96.51
Si 6427 6386 6.311 649 6373 6393 6.351 6.38 6395 6388 6308 6285 6375 6421 6385 6441 6423 6.363
Al IV 1573 1614 1.689 151 1.627 1.607 1.649 1.62 1.605 1612 1.692 1.715 1.625 1.579 1.615 1559 1577 1.637
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sumT 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
AlVI 0362 0308 0299 0423 0332 0414 0313 0336 0323 0355 0374 0304 0354 0402 0282 0316 0296 0.339
Ti 0076 0062 0079 0083 0082 0078 005 0056 007 0079 0057 0075 0059 0062 0148 0144 015 0.148
Fe3 067 0759 0728 0571 0693 062 0646 065 0652 0492 0769 0718 0637 0633 0607 0489 0595 0.628
Mg 1954 2046 1948 1984 2012 1936 2105 2088 205 202 2029 2039 2043 2006 2127 2102 2097 201
Fe2 1868 1772 1887 1874 1813 189 1812 1817 1844 1989 1714 1799 1847 1832 1771 1892 1803 1.822
Mn 007 0053 0059 0065 0067 0062 0069 0053 0061 0064 0056 0066 006 0065 0065 0056 0058 0.054
sumC 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
Mn 0 0.003 0 0001 0.003 0 0003 0016 0.003 0 0001 0.002 0 0001 0002 0003 0003 0003
Fe2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Ca 1867 1867 193 1901 187 1855 1889 1903 1.891 1968 1858  1.867 19 1858 1859 1.884 1847 1832
Na 0133 013 007 0098 0127 0145 0109 0081 0106 0032 0141 013 01 0141 0139 0113 0151 0.165
sumB 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
Ca 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Na 0278 0285 0306 0223 0306 0289 0423 0333 0344 0378 0308 038 0345 0294 0334 035 0302 029
K 0245 0267 0268 0225 0259 0273 0266 0271 0251 0261 0268 0289 0271 0267 0234 0229 0234 025
SumA 0523 0552 0574 0448 0565 0561 0.689 0604 059 0639 0576 0673 0615 0561 0569 0579 0536  0.54
F 0.27
Hollister et al.. (1987) +-1 kbar 6.3 6.3 6.6 6.3 6.5 6.8 6.5 6.4 6.3 6.5 71 6.8 6.6 6.6 6.1 5.9 5.9 6.4
gﬁiﬁgandRMhmﬂ”d098%+' 48 48 5.1 48 5 5.2 5 49 48 5 5.4 52 5 5 47 46 46 49
Schmidt (1992) +-0.6 kbar 6.3 6.3 6.6 6.3 6.5 6.7 6.5 6.4 6.3 6.5 7 6.8 65 65 6.1 6 6 6.4
Thomas and Ernst (1990) +-1 kbar 43 42 46 42 44 47 44 44 42 44 5 47 45 45 4 39 39 43
Mutch et al.. (2016) +- 0.6 kbar 5 49 5.2 5 5.1 5.4 5.1 5.1 5 5.1 5.6 5.4 5.2 5.2 48 47 47 5.1
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Table 4. Major and trace elements composition of amphibolites, micaschist, paragneiss, gneisses, plutonic rocks and pegmatites.

Microgranular

Hornblende-biotite

GG-

GG-

Amphibolite  Amphibolite Micaschist Paragneiss Granodioritic gneiss enclave in Monzogabbro S o s
granodioritic gneiss granodiorite granitoid granitoid

Sample BMN109 BMN150 1684-sd BMS114B BMN7 BMN24 BB15 BMN94 BMN47bis BMS134C BMS23 BB7 BMN1
SiO2 54.05 52.3 61.68 61.66 66.72 69.71 62.65 69.2 51.86 65.67 68.13 71.89 67.16
Al203 11.89 16.87 14.39 1795 1514 1514 14.68 15.81 17.38 15.73 15.11 14.59 14.89
Fe203 11.11 9.15 8.11 785 455 3.08 5.39 3.08 10.13 4.47 35 2.12 4.22
CaO 10.15 9.63 6.92 124  3.86 298 4.44 31 5.45 3.72 2.97 2.31 3.21
MgO 7.31 5.6 2.41 284 201 121 297 0.92 4.93 1.75 1.35 0.76 1.41
Na.O 2.18 3.83 2.99 2.08  3.99 42 385 451 4.3 4.27 4.28 4.23 3.66
K20 0.49 0.38 0.25 294 317 298 3.33 2.74 2.28 2.81 2.79 3.17 3.56
TiO2 1.04 0.87 0.83 0.73 043 038 054 0.32 0.97 0.49 0.37 0.21 0.6
MnO 0.11 0.15 0.19 0.09 0.07 0.05 0.08 0.04 0.13 0.07 0.06 0.04 0.06
P20s 0.23 0.2 0.42 bdl  0.17 014 024 0.17 0.45 0.22 0.16 0.08 0.24
LOI 0.47 1.37 0.87 187 0.76 0.65 1.4 0.57 1.48 0.68 0.85 0.53 0.82
Total 99.19 100.33 99.06 99.25 100.86 100.5 99.57 100.45 99.36 99.87 99.56 99.93 99.82
100 *Mg# 56.58 54.78 37.09 4175 46.71 4367 52.19 37.28 49.1 43.76 4331 41.49 39.84
Be 0.93 1.21 1 119 142 129 1.69 1.45 1.60 1.53 1.58 1.46 1.43
Sc 34.44 25.01 12.17 2147  9.56 5,52 13.52 2.07 27.68 10.73 8.62 3.86 10.18
\% 207 161 54 139 80 46 99 46 182.89 73 59 28 58
Cr 1129 87 26 217 227 134 156 51 86.73 32 106 183 177
Co 4391 27.09 22.4 2553 10.92 6.48 16.63 5.11 28 10.26 7.37 3.89 7.62
Ni 313.65 24.11 9.45 71.19 15.8 9.26 25.03 13.44 29 8.35 9.41 7.84 9.12
Cu 56.6 11.69 bdl 265 14.21 6.96 40.53 15.27 8.02 53.13 20.1 2.56 2.37
Zn 86 90 128 110 58 52 68 48 128 74 58 39 64
Ga na 18.99 18.01 2360 18.06 17.66 18.84 17.32 22.83 20.04 18.55 16.88 18.67
Ge na 1.24 141 198 1.19 12 131 0.95 1.62 1.38 1.22 1.03 1.23
Cs 0.16 0.12 0.21 54 254 249 171 2.18 3.82 1.9 2.06 1.76 1.76
Rb 2.92 2.40 2.99 11417 98.15 7331 90.57 55.91 100.11 84.44 87.05 91.12 108.32
Sr 412 276 510 199 598 606 610 689 788 769 655 473 499
Ba 213 132 79 608 711 854 791 1018 618.94 753 606 653 1071
Y 17.30 26.97 31.58 2140 1054 10.36 16.70 5.68 25.15 16.22 15.16 8.39 19.31
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Zr
Hf
Nb
Ta
Mo
Cd

Sn
Sh

Pb
Bi
Th

K/Rb
CalCs
Nb/Ta
Zr/Hf
La
Ce

Pr

Nd
Sm

Eu
Gd
Th
Dy
Ho

Er
Tm
Yb
Lu
SUmREE
LaN/YbN*
La/Yb
SrlY
Ce/Sr

90

na
na

na
na

na

119
2.9
9.74
0.56
9.08

2.99

35

1.86
0.47
1393
459131
17.3
40.97
20.6
442
5.6
23
4.38
1.22
3.87
0.55
3.27
0.65
1.85
0.24
1.72
0.24
1113
8.1
12

24
0.11

151
3.69
8.38
0.63

1.6
0.17
0.05
1.72
0.13
1.22

4.6
0.29
2.82
0.74

1312
561164
13.2
40.91
14.5
32.8
4.74
19.8
4.76
1.35
4.42

0.7
4.54
0.97

2.7
0.41
2.73
0.42
94.8

3.6

5
10
0.12

bdl

182
4.33
7.43
0.68
1.59
0.16
0.05
1.83

0.98
6.4
0.13
2.06
0.61
696
237708
10.9
41.95
20.6
453
6.1
24.2
5.36
1.54
5.08
0.82
5.23
1.13
3.09
0.47
3.07
0.47
1225
4.6

7

16
0.09

bdl

139
3.87
6.42
0.57
3.95
0.05
0.06
1.44

4.08
7.5
0.07
3.62
131
213
1641
11.35
35.77
20.8
43.3
5.58
224
4.54
1.11
3.92
0.6
3.82
0.82
2.23
0.34
2.15
0.33
111.9
6.6
10

0.22

117
3.3
5.05
0.65
10.88
0.07
bdl
1.07
0.09
8.27
11
0.11
8.78
1.76
268
10835
7.79
35.42
37.1
77.1
8.13
284
4.42
11
2.99
0.37
1.99
0.37
1.02
0.15
1.02
0.16
164.3
24.7
36
57
0.13

107
3.11
51
0.66
7.01
0.05

bdl

bdl
5.35
10.3
0.15
3.77
0.79
338
8531
7.72
34.38
216
49.7
581
22.5
411
1.05
2.84
0.36
1.93
0.35
0.95
0.14
0.93
0.14
112.4
15.8
23
59
0.08

191
5.02
5.77
0.45
541
0.07
0.03
1.17

bdl
3.92
114
0.08
5.49
0.65
306
18566
12.8
38.06
34.2
60
8.45
33.4
6.38
1.47
4.73
0.59
3.16
0.59
15
0.22
1.35
0.21
156.2
17.2
25
37
0.10

bdl

bdl

111
3.08
3.36
0.33
341
0.04

0.84

1.19
11
0.12

0.95
407
10143
10.09
35.98
20.5
39.9
471
17.4
2.68
0.89
1.71
0.19
1.03
0.2
0.53
0.08
0.55
0.09
90.5
255
38
121
0.06

0.07

bdl

162
4.06
6.00
0.39
0.57

0.1

1.76

bdl
52
0.07
3.12
0.52
1.62
0.1
12.94
0.79
26.1
67.6
7.36
30.3
6.68
1.81
5.54
0.85
4.92
0.94
2.33
0.33
2.02
0.28
157.1
8.8
13
11
0.09

bdl
bdl

164
4.47
5.47
0.51
1.22
0.07
0.04
1.08

10.2
0.08
3.19
0.93
276
14031
10.83
36.79
27.3
49.7
7.93
324
6.14
1.51
4.39
0.56
3.12
0.59
1.57
0.23
1.47
0.22
137.1
12.6
19

47
0.06

111
3.21
4.65
0.52
511
0.06

bdl
1.18

bdl
3.85
10.4
0.14
4.59
1.24
266
10313
8.89
34.66
254
45.8
6.15
242
4.58
11
3.48
0.45
243
0.48
1.24
0.17
1.07
0.16
116.7
16.2
24
43
0.07

bdl

bdl

bdl

103
2.99
4.34
0.32

9.9
0.04

0.95

7.55
10.8

35
0.63
289
9415
13.53
34.43
18.5
475
413
14.3
25
0.68
1.8
0.24
1.35
0.26
0.7
0.11
0.69
0.11
92.9
18.3
27
56
0.10

bdl

bdl

233
5.84
9.99
1.27
941
0.07

1.54

7.13
11.8
0.06
6.75
1.94
273
13052
7.84
39.95
41.2
89.7
10.35
38.9
6.97
1.56
4.96
0.66
3.64
0.7
1.82
0.27
1.74
0.26
202.8
16.1
24

26
0.18



Na-rich series Pegmatites
T . Titanite-allanite-  Apatite-zircon- Garnet-_ Garnet-REE-
. L . I Wo-mica . - columbite- .
Tonalitic-trondhjemitic gneiss ~ Trondhjemite granite bearlng_ bearlng_ bearing bearlng_
pegmatite pegmatite pegmatite pegmatite

Sample BMS34C BMN42 BMN11 BMN33 BMS9 BMN28 BMN82B BMNB86 BB15P

SiO2 69.56 68.39 71.05 59.23 72.36 71.81 59.57 73.46 76.46
Al20s3 15.54 15.27 16.02 20.63 15.41 14.42 20.37 15.05 14.02
Fe20s 2.52 3.6 1.53 3.87 1.33 4.03 2.725 0.21 0.59
CaO 3 3.85 3.09 4.59 221 2.73 5.124 0.47 1.58
MgO 0.89 1.56 0.49 1.72 0.33 0.00 1.01 0.00 0.00
Na20 5.67 4.96 5.85 7.12 5.46 5.17 6.32 4.69 6.35
K20 1.13 1.17 0.81 1.39 1.61 0.63 2.35 5.46 0.52
TiO2 0.3 0.43 0.16 0.34 0.14 0.063 0.248 bdl 0.025
MnO 0.04 0.05 0.02 0.09 0.02 0.020 0.0546 0.020 0.021
P20s 0.09 0.14 bdl 0.17 bdl bdl 1.06 0.12 bdl
LOI 0.68 0.56 0.89 0.44 0.35 0.48 0.74 0.55 0.28
Total 99.41 99.95 99.89 99.59 99.22 99.35 99.58 100.02 99.84
100 *Mg# 41.09 46.16 38.7 46.82 32.75

Be 1.05 0.87 0.97 3.54 15 1.28 3.27 111 2.56
Sc 6.93 7.16 2.44 24.16 2.04 0.78 6.39 0.96 1.53
\Y% 32 56 18 48 11 62 36 1 3
Cr 40 86 76 47 74 83 43 61 96
Co 541 9.84 3.44 9.02 154 2.61 5.63 0.17 0.27
Ni 7.98 39.53 5.38 30 2.09 3.09 11.97 bdl bdl
Cu 61.31 24.11 53.32 5.69 3.34 62.02 5.50 bdl bdl
Zn 61 57 33 54 39 46 46 33 12
Ga 21.88 19.08 19.83 na 18.03 17.91 27.48 25.60 23.61
Ge 0.72 0.84 0.69 na 0.77 0.67 145 157 1.38
Cs 0.81 1.27 0.48 1.75 1.55 0.28 4,78 3.71 0.96
Rb 35.47 34.79 16.91 35.70 42.48 5.26 82.61 251.39 19.94
Sr 609 429 424 483 770 391 587 63 35
Ba 158 205 177 151 598 120 336 130 19
Y 8.64 7.75 1.97 10.18 3.75 1.14 48.59 1.92 10.35
Zr 107 105 78 92 83 43 56 15 26
Hf 2.88 2.75 2.1 251 2.4 1.26 2.08 0.91 1.01
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Nb 2.05 2.55 1.13 3.1 2.07 0.48 9.36 2.87 2.54

Ta 0.26 0.26 0.11 0.3 0.18 0.15 2.01 0.50 0.44
Mo 1.79 452 4.23 1.39 4.3 4.77 1.58 3.63 5.79
Cd 0.04 0.06 0.04 na 0.03 0.04 0.07 0.03 0.03
In bdl bdl bdl na bdl bdl bld bdl bdl
Sn 0.73 0.77 bdl 1.87 0.47 bdl 1.52 0.53 0.40
Sb bdl bdl bdl na bdl bdl 0.06 bdl bdl
w 1.31 1.64 3.24 na 3.48 3.63 1.02 2.93 4.43
Pb 5.2 4.2 4.6 7.1 8.1 5.7 21.0 25.5 275
Bi bdl 0.05 0.09 na bdl 0.29 0.07 0.05 0.08
Th 1.93 1.6 1.39 4.56 1.33 0.82 6.95 2.21 6.74
U 0.69 0.36 0.21 0.7 0.51 0.87 1.56 0.96 5.22
K/Rb 265 279 398 323 314 989 236 180 217
Ca/Cs 26437 21579 46094 18799 10173 68843 7654 899 11810
Nb/Ta 8.02 9.72 1046 10.49 11.74 3.19 4.67 5.69 5.78
Zr/Hf 3715 3817  37.12 36.83 34.63 33.63 26.89 16.48 25.91
La 23.4 16.4 8.6 221 9.9 3.06 6.34 1.89 1.17
Ce 24.9 232 15.3 479 19.6 6.96 20.24 3.79 2.90
Pr 5.65 3.86 1.77 5.25 2.49 0.71 2.93 0.58 0.29
Nd 21.2 15.4 6.7 18.1 9.6 2.77 15.74 2.19 1.19
Sm 3.88 2.89 1.13 2.9 1.7 0.50 6.98 1.03 0.50
Eu 1.15 0.86 0.45 0.7 0.49 0.35 1.40 0.09 0.26
Gd 2.89 2.3 0.79 2.41 1.11 0.37 9.04 0.73 0.80
Tb 0.34 0.3 0.09 0.34 0.14 0.05 1.53 0.11 0.20
Dy 1.6 1.51 0.46 1.93 0.72 0.25 9.01 0.44 1.56
Ho 0.28 0.27 0.07 0.38 0.13 0.04 1.72 0.06 0.38
Er 0.66 0.65 0.17 0.95 0.33 0.12 4.17 0.12 1.20
m 0.09 0.09 0.02 0.13 0.05 0.02 0.54 0.02 0.20
Yb 0.56 0.56 0.15 0.96 0.31 0.15 3.09 0.13 1.34
Lu 0.08 0.08 0.02 0.12 0.05 0.02 0.42 0.02 0.21
SUmREE 86.7 68.4 35.8 104.1 46.7 15.4 83.2 11.2 12.2
LaN/YbN* 28.7 19.9 38.8 15.7 21.4 192.2 1.4 134.9 9.2
La/Yb 42 29 57 23 31 21 2 14 1
SrIY 70 55 215 47 205 343 12 33 3
Ce/Sr 0.04 0.05 0.04 0.10 0.03 0.02 0.03 0.06 0.08
1897 na. not analyzed. bdl. below the detection Ilimit. * : data normalized to chondrite. (McDonough and Sun. 1995).
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Appendix

Appendix 1. Operating conditions for the LA-ICP-MS equipment for U-Pb dating on apatite

Laboratory & Sample
Preparation

Laboratory name

GeOHeLiS Analytical Platform. OSUR. Univ Rennes 1. France

Sample type/mineral

Apatite

Sample preparation

Thin-section

Imaging

Jeol JSM 6360LV. Géoscience Environnement Toulouse. Univ Toulouse 3 Paul
Sabatier. France ; TESCAN Vega 3. GeoRessources. Univ de Lorraine. Nancy.
France

Laser ablation system

Make. Model & type

ESI NWR193UC. Excimer

Ablation cell ESI NWR TwoVol?2
Laser wavelength 193 nm

Pulse width <5ns

Fluence 6 Jicm?

Repetition rate 5Hz

Spot size 40 - 50 um
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 seconds
Ablation duration 60 seconds
Wash-out delay 15 seconds
Cell carrier gas flow (He) 0.75 I/min

ICP-MS Instrument

Make. Model & type

Agilent 7700x. Q-1CP-MS

Sample introduction

Via conventional tubing

RF power 1350W
Sampler. skimmer cones Ni
Extraction lenses X type
Make-up gas flow (Ar) 0.85 I/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

2i(Hg + Pb). 2Pb. 27Pb. 2%Pb. 22Th. % + “Ca (Ap)

Integration time per peak

10-30 ms

Sensitivity / Efficiency 23000 cps/ppm Pb (50um. 10Hz)
Data Processing
Gas blank 20 seconds on-peak

Calibration strategy

Madagascar apatite standard used as primary reference material. McClure and
Durango standards used as secondary reference material (quality control)

Common-Pb correction.
composition and
uncertainty

No common-Pb correction.

Reference Material info

Madagascar (Cochrane et al. 2014)
McClure (Schoene and Bowring 2006)
Durango (McDowell et al. 2005)

Data processing package

lolite (Paton et al.. 2010). VizualAge _UcomPbine (Chew et al.. 2014)
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1900

1901

1902
1903

1904
1905
1906

1907
1908

1909
1910

1911
1912
1913

1914
1915

1916

1917

1918

used More information on the procedure in Pochon et al.. 2016

Quality control / Validation | McClure: Jan2019 - 516 + 7.5 Ma (n=18. MSWD=8.2)
Sept2019 — 529 + 5.5 Ma (n=12. MSWD=1.4)

Durango: Jan2019 - 31.75 + 0.45 Ma (n=23. MSWD=2.7)
Sep2019 — 33 + 2 Ma (n=12. MSWD=1.9)
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Appendix 2 Operating conditions for the LA-ICP-MS equipment for U-Pb dating on zircon

Laboratory & Sample
Preparation

Laboratory name GeOHeLiS Analytical Platform. OSUR. Univ Rennes 1. France

Sample type/mineral Zircon

Sample preparation Thin-section

Imaging Jeol JSM 6360LV. Géoscience Environnement Toulouse. Univ Toulouse 3 Paul
Sabatier. France ; TESCAN Vega 3. GeoRessources. Univ de Lorraine. Nancy.
France

Laser ablation system

Make. Model & type ESI NWR193UC. Excimer

Ablation cell ESI NWR TwoVol2

Laser wavelength 193 nm

Pulse width <5ns

Fluence 8 Jicm?
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Repetition rate 3Hz

Spot size 30 um

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 seconds

Ablation duration 60 seconds

Wash-out delay 15 seconds

Cell carrier gas flow (He) 0.80 I/min

ICP-MS Instrument

Make. Model & type Agilent 7700x. Q-1CP-MS

Sample introduction Via conventional tubing

RF power 1350W

Sampler. skimmer cones Ni

Extraction lenses X type

Make-up gas flow (Ar) 0.85 I/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 > ~ 10° cps

Masses measured 204(Hg + Pb). 2°%°Ph. 207Ph. 28ph, 232Th, 238y

Integration time per peak 10-30 ms (*’Pb)

Sensitivity / Efficiency 23000 cps/ppm Pb (50pum. 10Hz)

Data Processing

Gas blank 20 seconds on-peak

Calibration strategy GJ1 zircon standard used as primary reference material. PleSovice used as
secondary reference material (quality control)

Common-Pb correction. No common-Pb correction.

composition and
uncertainty

Reference Material info GJ1 (Jackson et al.. 2004). Plesovice (Slama et al.. 2008)

Data processing package lolite (Paton et al.. 2010)

Uncertainty level and Ages are quoted at 2 sigma absolute. propagation is by quadratic addition
propagation according to Horstwood et al. (2016). Reproducibility and age uncertainty of

reference material are propagated.

Quality control / Validation | PleSovice: concordia age = 338.7+ 3.3 Ma (n=6; MSWD=0.35)
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