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Abstract

National-scale uranium resource potential assessment in Burkina Faso re-
vealed several radiometric anomalies detected by airborne spectrometric geo-
physical surveys. These anomalies (>8 ppm eU) are mainly associated with

Radiometric Anomalous Area. Central West  8ranitoids, which account for around 50% of the country’s geological frame-
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work. The Koudougou anomalous zone in central-western Burkina Faso ac-
counts for one of the most significant radiometric anomalies, mainly associ-
ated with syn- to late- and post-orogenic granitoids of the Kindi area, includ-
ing medium-grained biotite granite, porphyroid biotite granite, and two-mica
leucogranite, along with aplo-pegmatite veins, which are intruded into early
granodiorite/trondhjemite and tonalite from the pre-orogenic domain. The
pre-orogenic granitoids, defined as poorly fractionated, low-K, calc-alkaline,
biotite- and amphibole-bearing facies rich in Na (4.41 - 5.10 wt% oxide), Ca
(3.04 - 3.87 wt% oxide), Fe (2.9 - 4.18 wt% oxide), and Mg (1.52 - 2.19 wt%
oxide) but with relatively low U and Th concentrations, are defined as non-
favourable sources for a granite-related hydrothermal uranium system. In
contrast, the syn- to late- and post-orogenic granitoids are characterised by
fractionated high-K calc-alkaline to shoshonitic magmatic series with a biotite,
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sphene, allanite, and (+/— muscovite) mineral assemblage. They display low
Na (3.52 - 4.64 wt% oxide), Ca (0.92 - 2.23 wt% oxide), Fe (0.85 - 2.90 wt%
oxide), and Mg (0.08 - 1.11 wt% oxide) contents but are relatively enriched in
incompatible elements such as U (2.8 - 10.9 ppm) and Th (7.50 - 24 ppm),
which could be explained by crustal reworking during partial melting of the
source magmas. The metamict textures observed around allanite and sphene
crystals of these granitoids suggest that these accessory minerals are likely the
major host of uranium, which may have been released from the mineral struc-
ture and then leached during late magmatic to later hydrothermal alteration
and mobilised along the structures, as demonstrated by Th/U > 10 (ie, U
leaching) or Th/U < 1 (U enrichment) in some samples. Therefore, this type
of U-rich granite may represent a fertile U source for potential granite-related
hydrothermal mineralisation in the region, as a similar typology of late Birrimian
granitoids in other parts of the West African Craton (Senegal and Mauritania)
have already demonstrated their potential in sourcing hydrothermal uranium
mineralisation.

Keywords

Uranium Sources, Radiometric Anomaly, Orogenic Arc Granitoid,
Hydrothermal Alteration, Kindi

1. Introduction

Regional-scale prospectivity evaluation for the potential discovery of economic
uranium mineralization in Burkina Faso identified several radiometrically anom-
alous areas, detected by airborne spectrometric geophysical surveys. The most
prominent of these anomalies were followed up with ground radiometric verifi-
cations and systematic descriptions of outcrop conditions, along with rock sam-
pling for geochemical and petrographic characterization. The first major uranium
anomaly in Burkina Faso was identified in the basal sandstones of the Volta Basin
near the village of Kodjiari in the East Region [1]. Other significant radiometric
anomalies are associated with pegmatites in the Northwest (Ouro) and in the
Southwest (Mangodara) of the country, whereas more sporadic radiometric peaks
have also been identified in the Northeast. The contact zone between the sand-
stone formations and the crystalline basement in the Bobo-Dioulasso area to be-
yond Sindou in the western part of Burkina Faso also exhibits a series of radio-
metric anomalies [2]. Previous investigations, including a regional survey and re-
interpretation of airborne spectrometric geophysical data covering three-quarters
of the country, led to the delineation of 33 anomalous zones, among which the
Kindi area appeared as one of the most suitable for the implementation of detailed
work to evaluate its potential for uranium mineralization [3]. An additional series
of 12 highly favorable anomalies was also identified in the northeastern quarter of

the country [4]. A geological analysis centered on these identified anomalous
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zones revealed that most of the radiometric anomalies are associated with Paleo-
proterozoic basement, specifically intrusive or anatectic granitoids. Overall, sci-
entific investigations on these Paleoproterozoic granitoids in Burkina Faso have
been directed toward geological mapping at various scales [5]-[7], their typology
[8] [9], and the geodynamic context of their emplacement [10]-[13]. Except for
metallogenic studies conducted on the fertility of plutonic intrusions related to
Cu-Au porphyry deposits [14] and research on rare metal resource potential [15]
[16], the uranium enrichment of Paleoproterozoic granitic rocks and its potential
to source granite-related hydrothermal mineralization has not been addressed.
However, performing exploration targeting of most uranium deposits at the re-
gional scale following the mineral system approach [17] inevitably involves as-
sessing the potential of igneous rocks to serve as effective sources of economic ura-
nium concentrations within a given metallogenic province [18]. For instance, sev-
eral other regions of the West African Craton (WAC) have demonstrated the key
role of Paleoproterozoic granitoids in providing significant uranium resources to
mineral systems, such as surficial calcrete deposits derived from the weathering of
these granites in the Reguibat Shield, Mauritania [19], or magmatic-hydrothermal
mineralization that originated from enriched granitic melts of the Saraya Batholith,
Senegal [20]. In Burkina Faso, the Koudougou area hosts the highest number of
radiometric anomalies that were identified through an airborne radiometric survey
(Figure 1(a) and Figure 1(b))—the most prominent of those being associated with
the Kindi granitoids (Figure 1(c)). Therefore, we propose a detailed petrographic
and geochemical characterization of the Kindi granitoids to further assess the ura-
nium fertility of these granitoids and their potential role as a primary source to form

economic, granite-related hydrothermal uranium mineralization within this region.

2. Geological Setting of the Study Area

The Kindi radiometric anomalous area is located approximately 60 km west of
Ouagadougou, between 12° and 13° North and 1° and 3° West geographic coor-
dinates (Figure 1(a)). This area belongs to the Centre-Ouest region, within the
delimited square degree of Koudougou, which contains nine radiometric anoma-
lies associated with Paleoproterozoic granitoids, including Youlou, Bagueou, Gui-
gui, and Boromo 1 and 2 located to the southwest of the Perkoa mine, and Bongo,
Villy, and Kindi to the east-northeast of Perkoa (Figure 1(b)).

The topography of the area consists of a peneplain with average altitudes rang-
ing between 200 m and 300 m. It includes lateritic plateaus, which are more or less
dismantled, as well as sparse sandy alluvial deposits around seasonal backwaters
and watercourses. The highest elevations are located upstream of lateritic glacis
and on granitic inselbergs, which are associated with block fields and tors.

The Kindi anomaly, like the other neighboring anomalies, belongs to the Paleo-
proterozoic Baoulé-Mossi domain of the WAC (Figure 1(a)). Radiometric anom-
alies of this area are part of the Koudougou-Tumu Metamorphic and Anatectic

Complex (MAC), as defined by [6]. The main lithologies of this complex, as
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Figure 1. Regional geological context of the radiometric U-Th-K anomaly of Kindi and neighboring anomalous target areas: (a)
Simplified geological map of the southern WAC (Leo-Man Shield); (b) Extract from the geological map of the Koudougou sheet
[21] displaying the nine radiometric anomalous areas identified from the geophysical survey. The size of the radiometric anomalies
on the map of (a) is proportional to the spatial extent of the anomaly defined for values of Uequivalent > 8 ppm and U/Th < 1 [3].
(c) Extract from the geological map of the Koudougou sheet showing the geological setting of the Kindi anomalous area.

described in [21], are comprised of granodiorite and tonalite, associated with gab-
bro-diorite, which contains lenses of amphibolitized basalt and/or amphibolite
(Figure 1(b)). These variably metamorphosed mafic to intermediate igneous
rocks are intruded by medium-grained biotite granite, dated between 2143 + 4 Ma
and 2150 Ma, as well as porphyroid biotite granite dated at 2110 + 8 Ma. These
rocks are affected by secondary structures of the main translithospheric N-S-
trending Wa-Laura-Jirapa shear corridor [6], which affects the rocks of the central
part of the Boromo Volcano-Sedimentary Belt (VSB) and the edge of the Kou-
dougou-Tumu MAC and which extends from Ghana to the Mali border, following
a strike-slip sinistral movement. The lithologies of these zones are intruded by a
late swarm of dolerite dykes that are oriented NW-SE and NE-SW.

3. Methodology

Our approach consisted of 1) a geological and metallogenic synthesis based on

available scientific literature and technical historical reports, 2) the processing of
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U-Th-K spectrometric data acquired through a regional airborne geophysical sur-
vey [3] and ranking of identified radiometric anomalies to define strategic explo-
ration targets, and 3) follow-up field verifications, mapping, and description of
key outcrops related to the identified anomalies, as well as systematic rock sam-
pling of suitable lithologies to conduct whole-rock geochemical analysis.

The fieldwork enabled us to refine the geological mapping of the different li-
thologies within and around the Kindi radiometric anomaly. The systematic and
representative sampling of granitoid outcrops allowed for the preparation of 15
thin sections and polished sections by the “Magmas et Volcans” (LVM) laboratory
at the Université Clermont Auvergne (France). These thin sections were subjected
to petrographic and mineralogical characterization through optical microscopy.
The chemical composition of certain minerals (feldspar, biotite, carbonates, ox-
ides, and sphene) from the granitoids was quantified using electron microprobe
analysis (EMPA) with the CAMECA SX100 apparatus from the LVM laboratory.
Whole-rock geochemical analysis was conducted on 13 samples for the quantifi-
cation of major and trace elements (including rare earth elements and uranium)
by inductively coupled plasma-atomic energy absorption, with mass spectrometry
(ICP-AES/MS), in the LMYV laboratory (France)—samples PI04A, PI04B, PI05A,
PI05C, PI07B, PI07C, and PI15—and Acmelabs (Canada)—samples PC0334,
PC0335A, PC0335B, PC0343, PC0457A, and JM0372.

4. Results
4.1. Petrography and Mineralogy of the Kindi Igneous Rocks

The Kindi anomaly lies over two granitic bodies surrounded by granodiorite (Fig-
ure 1(c)). These granitic bodies are composed of two petrographic facies: a por-
phyroid biotite granite that locally transitions into a leucogranite, and a medium-
grained biotite granite. The contact of these formations, located to the north of
the anomaly in the Siglé area, exposes an association of a granitic augen or-
thogneiss and a fine-grained biotite granite. The entire area is intruded by a com-
plex network of dykes and veins, including microdiorite, microgranite, pegma-
tite/aplite, and quartz veins. Only medium-grained biotite granite and, to a lesser
extent, porphyroid biotite granite, granodiorite, granitic augen orthogneiss, leu-
cogranite, aplitic granite, and pegmatite were sampled to perform whole-rock ge-

ochemical analysis.

4.1.1. Granodiorite

Granodiorite is less common in the study area and spatially occurs as slabs. It is a
heterogeneous rock, enclosing biotite-rich schlieren and/or dark fusiform en-
claves of xenoliths, the largest of which are 4 to 5 m long and 40 cm wide. It is
crosscut by aplite veins (less than 1 m in thickness) of granitic composition and
quartz veinlets (less than 5 cm in thickness). Granodiorite consists mainly of pla-
gioclase (30%), quartz (20%), K-feldspar (15%), green-brown biotite (20%) and
hornblende-type amphibole (10%). It also contains sphene, epidote, iron and/or
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titanium oxides, zircon and apatite. It has a medium-grained to porphyritic hypidi-
omorphic texture. The medium-grained grey facies is cataclastic to more-or-less
microbrecciated. It displays a dense network of intra- to intercrystalline micro-
fractures, largely obliterating the primary texture. The porphyritic facies shows
incipient foliation planes underlined by the alignment of small ferromagnesian
minerals (biotite-epidote in particular) and protoclastic-type deformation planes.
The more-or-less cataclastic minerals are locally truncated feldspar phenocrysts
and recrystallized quartz.

4.1.2. Medium-Grained Biotite Granite

It outcrops over more than 1 km? in the form of rock-block domes of varying sizes,
locally evolving into tors (Figure 2(a)). It is composed of a main grey facies to a
locally ocher facies granite that is typically characterized by a secondary hematitiza-
tion related to fracturing of the joint network (Figure 2(b)) and is often injected
with pegmatite and quartz veins. This granite is rich in ferromagnesian minerals
compared to porphyroid biotite granite and exhibits a hetero-granular texture with
K-feldspar phenocrysts (orthose) (0.5% - 1.4% An, 2.6% - 3.9% Ab, 96.1% - 97.3%
Or), in particular oligoclase (16.3% - 17.8% An, 81.2% - 83.4% Ab, 0.2% - 1.0% Or)
(Table 1, Figure 2(c) & Figure 3(a)) and ferric biotite (22.3% - 22.7% FeOt,

b

Figure 2. Photographs of medium-grained biotite granite showing macroscopic and microscopic characteris-
tics. (a) Granitic tors; (b) Fractured joint network hosted in red ochre, medium-grained biotite granite facies;
(c) Photomicrograph displays mineralogical components of the medium-grained biotite granite; (d) Cataclastic
facies of the medium-grained biotite granite. Bt: Biotite, Da: Damourite, P1: Plagioclase, Wm: Muscovite, Qz:
Quartz.
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Table 1. Chemical composition in major elements (wt%) and atoms per formula unit (apfu) composition of feldspars

from porphyroid biotite granite and medium-grained biotite granite.
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Figure 3. Geochemical composition of minerals from porphyroid biotite granite and medium-grained biotite granite, in ternary
diagrams. (a) Feldspar compositions plotted on the Ab-Or-An diagram, Or: orthose, Ab: albite, An: anorthite; (b) Composition of
biotites in the Mg-Al + Ti-Fe + Mn diagram [22]; (c) Composition of titanite in the Al-Ti-Fe(t) diagram [23]; (d) Composition of
biotites in the 10*TiO.-FeO+MnO-MgO diagram [24]; (e) Composition of oxides in the TiO2-Fe:0s3-FeO diagram [25] and (f) Com-
position of carbonates in the CaCO3-FeCO; and MgCOs diagram [26].

8.4717% - 9.0867% MgO, 15.11 - 15.77 Al,O5) altered into alumino-titanium mus-
covite (5.42 - 5.49 FeOt, 1.59% - 1.86% MgO, 28.45 - 29.04 AL,Os) (Table 2, Figure
3(b)). It contains an accessory mineral assemblage of coarse sphene, epidote,
zoned allanite surrounded by epidote, and opaque minerals in interstices or in-
cluded in sphene crystals. Apart from its content in dark minerals higher than in
the porphyroid biotite granite, it is also characterized by a cataclastic texture (Fig-
ure 2(d)), the presence of metamorphic sphene (Figure 3(c)) and re-equilibrated
biotite by late hydrothermal fluids (Figure 3(d)). Locally, this biotite granite is
foliated with a mylonitic texture.

4.1.3. Porphyroid Biotite Granite

It forms two NE-SW oriented and distinct massifs (Figure 1(c)) that outcrop as
slabs (Figure 4(a)) or windows (50 m). This granite is of light gray color, with
low ferromagnesian mineral content (less than 15 %), and rare mafic and sur-
micaceous enclaves that are ovoid or circumscribed in shape. It has a coarse-
grained porphyroid texture (Figure 4(b), Figure 4(c)), locally protomylonitized
by late brittle deformation. It is composed of quartz, K-feldspar megacrysts (4 - 6
cm), zoned plagioclase (Figure 4(d)), biotite, and accessory igneous sphene (Fig-
ure 3(c)), epidote, allanite, opaque minerals such as hematite (63.10% - 66.39%
Fe,0s) (Table 3, Figure 3(e)), zircon, and apatite. Chlorite, damourite, calcite
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Table 2. Chemical composition of major elements (wt%) and atom per formula unit (apfu) composition of biotite

and muscovite from porphyroid biotite granite and medium-grained biotite granite.
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Figure 4. Photographs of porphyroid biotite granite. (a) Slab outcrop; (b) Pegmatitic facies associated with porphy-
roid granite; (c) Protomylonitic facies of the porphyroid biotite granite; (d) Zoned plagioclase associated with biotite

and quartz. Abbreviations: Af: alkali feldspar; Bt: biotite; Pl: plagioclase; Qz: quartz.

(55.81% CaO, 0.03% FeOt), and ankerite (12.687% CaO, 12.79% FeOt) (Table 3,
Figure 3(f)) also occur as hydrothermal secondary alteration minerals. The phe-
nocrysts are represented by K-feldspars as microcline, orthose, and anorthose
types (Figure 3(a)). Plagioclase occurs in a heterogranular texture with variable
sizes from 0.2 to 3 mm, sometimes cracked and damouritized, with minor quartz
inclusions. Plagioclase is also found as inclusions in K-feldspar, developing a myr-
mekitic texture at its interface. It has an oligoclase composition (18.4% - 11.5%
An, 87.1% - 81.7% Ab, 1.4% - 0.5% Or) (Table 1) and rarely anorthoclase. Biotite
is ferroan (Figure 3(b)), varies between 10% and 15%, and contains inclusions of
zircon, sphene, apatite, opaque minerals, and zoned allanite. Mainly primary or
scarcely re-equilibrated by late hydrothermal fluids (Figure 3(d)), biotite is often
altered into chlorite and illite/muscovite. Potential uraniferous accessory minerals

may include allanite, sphene, zircon, and apatite [27].

4.1.4. Augen Granitic Orthogneiss

It has a fine-grained gneissic texture with frequent feldspar lenses. The texture is
grano-lepidoblastic, with fine grains (0.5 mm) of K-feldspar (orthoclase, micro-
cline), plagioclase, and quartz layers, alternating with dark, fine-grained beds dom-
inated by greenish and brownish-green biotite/chlorite. Major accessory minerals

include sphene and epidote.
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Table 3. Chemical composition in major elements (wt%) and atoms per formula unit (apfu) composition of sphene,

opaque, and carbonate from porphyroid biotite granite and medium-grained biotite granite.
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4.1.5. Leucogranite

The leucogranite occurs as elongated bands, more or less individualized, and as-
sociated with the porphyroid biotite granite. It exhibits two sub-facies: (i) a me-
dium-grained and heterogranular biotite-dominated with minor muscovite leu-
cogranite that accessorily contains allanite and opaque minerals, and (ii) a fine-

grained two-mica (biotite and muscovite) leucogranite.

4.1.6. Fine-Grained Biotite Granite
The fine-grained biotite occurs as elongated bands of metric extension, oriented
N60. It is intruded by parallel pegmatite veins of 10 cm to 1 m in thickness. Itis a

leucocratic granite with an isogranular texture and a discretely oriented structure.

4.1.7. Dyke and Vein Systems

The dyke and vein system intersecting the country rocks is composed of microdi-
orite and microgranite, granitic aplites, pegmatites, and quartz veinlets of centi-
metric to decimetric thickness (Figure 5(a)).

The microdiorite is associated with the microgranite; they form a dyke system
preferentially localized at the contact between the porphyroid biotite granite and
the fine-grained granite. Both are less common and richer in ferromagnesian min-
erals than the latter, and are recognized by their microgranular and porphyritic
textures.

The aplitic granite is frequently associated with pegmatite veins in the biotite
porphyroid granite (Figure 5(b)). It has a microgranular and sub-isogranular tex-
ture and is composed of abundant quartz, plagioclase, K-feldspar, and accessory
biotite, epidote, sphene, allanite, zircon, chlorite, muscovite, and secondary opaque
minerals. The rock is weakly affected by plastic to cataclastic deformation, which
is accompanied by hydrothermal alteration.

The pegmatite crosscuts all the granitic units as veins with thicknesses of metric
order. This rock is leucocratic with a very coarse-grained texture consisting of
subautomorphic to automorphic megacrysts of centimeter-sized feldspar (FK >

PL). The phases observed macroscopically are mainly potassium feldspars in

¥

Figure 5. Photographs of the vein system. (a) Porphyroid biotite granite crosscut by microdiorite, microgranite, and pegmatite
veins; (b) Porphyroid biotite granite associated with a leucogranite, both crosscut by aplite and pegmatite dykes.
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coarse crystals (0.8 to 1.4 cm x 1.4 to 1.9 cm) of a pinkish color, plagioclases,
abundant quartz, and, rarely, lamellae of more or less altered biotite. Under the
microscope, it contains cataclased or plastically deformed minerals, specifically
plagioclase, which frequently exhibits twisted twinning.

Quartz veinlets are rare and generally associated with medium-grained biotite

granite.

4.2. Accessory Minerals

In the Kindi granitoids, accessory minerals vary in nature, form, and quantity
(Table 4) and mainly include sphene, zircon, allanite, epidote, apatite, magnetite,
and/or hematite, among which allanite, sphene, and zircon may host a significant
amount of uranium that could be liberated into the rock through the metamicti-
zation process (Z.e., destruction of the mineral’s structure due to radiation effects)

and remobilized during post-crystallization hydrothermal alteration.

Table 4. Relative abundance of uranium-rich accessory minerals in the Kindi anomaly.

Medium-grained ~ Porphyroid biotite Aplitic

Mineral/Rock  Granodiorite biotite granite granite Orthogneiss Leucogranite granite Pegmatite
Opaques X X XX X XX XX X
Sphene X XX X XX XX X
Allanite X X X X XX XX
Zircon XX XX XX X X X X
Uranitite ? ? ? ? ? ?
Rutile X X X
apatite X X XX X
Epidote XX X XX XX

Heterometric rhombic sphene (Figure 6(a)) is found as an inclusion in the bi-
otite, or in interstitial form, sometimes filled with small inclusions of zircon or
opaque minerals, sometimes haloed, and very often with a metamict texture (Fig-
ure 6(b)); it is also one of the destabilisation products of the biotite. It is more
common in medium-grained granite, leucogranite, and aplitic granite (Table 4).

Fine to coarse zircon is present in all facies in varying quantities. It is sometimes
zoned or often found as inclusions in biotite and felsic minerals, regularly accom-
panied by an alteration halo.

Allanite occurs as fine or coarse crystals in automorphic form (Figure 6(c)). It
occurs in inclusions, sometimes zoned, with a discrete alteration halo (Figure
6(c)), or in a metamict texture characterized by a mineral destruction halo (Figure
6(d)). It is less frequent than the previous zircon and sphene. At the contact with
the plagioclase, an epidote halo develops.

The automorphic epidote (Figure 6(c)) is probably deuteric and contains in-

clusions of zircon or felsic minerals.
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Figure 6. Microphotographs of accessory phases in granites from the Kindi region under natural and polarised
light. (a) Rhombic sphenes, sometimes included in the biotite of porphyroid biotite granite; (b) Metamict sphene
in medium-grained biotite granite; (c) Zoned allanite included in the biotite of porphyroid biotite granite; (d)
Metamict allanite included in the biotite of porphyroid biotite granite. Aln: allanite, Bt: biotite, Ep: epidote, Hem:

hematite, Tnt: sphene.

Opaque crystals represented by magnetite and hematite are sometimes subau-
tomorphic, isolated, in clusters, or as inclusions in felsic minerals, or in the form
of interstitial xenomorphs or honeycomb crystals trapping carbonates. These
opaques also result from the alteration of biotite, sometimes associated with mus-
covite. Some crystals exhibit halos of epidote, carbonate, or symplectic quartz in
contact with biotite or plagioclase.

4.3. Secondary Minerals

The secondary mineral assemblage (Table 5) is composed of a first generation of
secondary alteration phases developed in situ from the major silicates of the gran-
itoids, and a second alteration phase, which is controlled by the circulation of hy-
drothermal fluids along the fracturing system of the rocks, is superimposed on the
first.

Plagioclase was replaced by sericite + clay or muscovite and epidote + car-
bonate, or symplectite epidote and quartz. Orthoclase often alters into muscovite
and secondary quartz, while biotite changes to chlorite or muscovite. Sericite al-

teration locally affects the plagioclase, as does clay or carbonate alteration.
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Table 5. Index of hydrothermal alteration phases in the granites of the Kindi anomaly.

Mineral/Rock Granodiorite Me.dil.lm—grai.ned .PO?thrOifi Orthogneiss Leucogranite AphFiC Pegmatite
biotite granite biotite granite granite
Muscoviste X X X
Sericite X X X
Clay X X X
Chlorite X X X X X
Biotite X X X
Epidote X X X X X
Carbonates X X X
Seconda
quartzry X X
Oxides X X X X

The medium-grained granite is frequently fractured, with infilling of secondary
quartz and muscovite displaying greisenization [28]. The cracks of the potassic
feldspars, which seem like adularia, are filled by crystallization of secondary
brown biotite, sometimes replacing the chloritized biotite (Figure 7(a)), revealing
potassic alteration [29]. This alteration sometimes involves the digestion of cer-
tain portions of the large patches of these feldspars and biotite (Figure 7(b)).

Figure 7. Microphotographs of hydrothermal alteration phases from biotite medium-grained granite: (a) microperthitic orthoclase;
(b) feldspar and biotite digestion. Bt: Biotite; Af: Orthoclase; Chl: Chlorite; Pl: Plagioclase; Qz: Quartz.

Cracks and brecciated zones in porphyroid biotite granite are filled with phyl-
lites dominated by muscovite and chlorite, associated with epidote and car-
bonates (Figure 8(a)), recorded as propylitic alteration [29]. This alteration is
pointed out by the changes of biotite in this rock to chlorite, epidote, carbonate,
and Fe-oxides (Figure 8(b)) in the porphyroid biotite granite and granodio-
rite/trondhjemite facies.
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Figure 8. Microphotographs of secondary phases resulting from hydrothermal alteration of porphyroid biotite granite: (a) a mi-

crocrack filled with phyllites and carbonates, and (b) destabilisation of biotite into chlorite-epidote-opaque and plagioclase into

myrmekites. Cb: carbonate; Bt: biotite; Myk: myrmekite; Chl: chlorite; Op: opaque; Pl: plagioclase; Qz: quartz.

4.4. Whole-Rock Geochemistry

Classification and Geochemical Characteristics of the Kindi Igneous
Rocks
Geochemical data on major, trace, and rare-earth elements of granitoids from the

Kindi radiometric anomaly are reported in Table 6 and Table 7.

Table 6. Major elements of granitoids in the Kindi area.

Medium-grained

Orthogneiss Leuco- Aplitic

Lithology Granodiorite biotite granite Porphyroid biotite granite granite  granite granite Pegmatite
Sample
PC0334 JM0372 PC0335A PC0343 PIOSC PI15 PI04B PC0457A PIO4A PI07B PC0335B PIOSA  PIO7C
Majors elements (%)
SiO: 65.03  68.94 69.39 69.27 7215 71.97 73.81 7291 74.39 72.60 73.70 75.66 70.32
TiO: 0.72 0.31 0.48 0.68 0.26 0.25 0.21 0.22 0.18 0.18 0.13 0.07 0.01
ALOs 15.67  15.27 14.47 14.41 14.20 14.26 13.75 14.12 14.34 14.66 14.16 13.65 15.94
Fe;Os 4.18 2.90 2.90 2.81 1.96 198 1.65 1.35 1.44 1.39 1.05 0.85 0.45
MnO 0.09 0.06 0.04 0.04 0.04 0.03 0.03 0.02 0.02 0.03 0.02 0.05 <0.01
MgO 2.19 1.52 1.11 0.80 0.62 0.67 0.39 0.41 0.33 0.38 0.16 0.08 0.05
CaO 3.87 3.04 2.23 2.06 1.76  1.83 1.40 1.27 1.40 1.41 1.26 0.92 0.19
Na;O 5.10 4.41 4.05 3.59 396 396 3.84 3.56 3.52 4.64 4.31 4.33 2.78
K0 2.04 2.63 4.14 4.99 4.15 4.06 4.25 5.21 5.21 3.80 4.16 4.42 9.79
P20s 0.21 0.09 0.17 0.15 0.10 0.06 0.07 0.07 0.07 0.06 0.02 0.02 0.01
LOI 0.60 0.40 0.60 0.80 0.50 0.70 0.40 0.30 0.80 0.40 0.50 0.00 0.30
NaO + K:0 7.14 7.04 8.19 8.58 8.11 8.02 8.09 8.77 8.73 8.44 8.47 8.75 12.57
Norm CIPW (%)
Q 17.46  24.79 24.23 2428 28.83 28.65 31.83 29.14  30.69 27.66 29.84 31.53 16.24
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Continued
C 0.00 0.00 0.00 0.00 0.23 0.17 0.46 0.48 0.53 0.49 0.32 0.12 0.45
Or 12.06  15.54 24.47 29.49 2453 2399 2512  30.79  30.79 22.46 24.58 26.12 57.86
Ab 43.16  37.32 34.27 30.38 33.51 33.51 3249 30.12 29.79 39.26 36.47 36.64 23.52
An 13.84 14.10 9.08 8.47 8.08 8.69 6.49 5.84 6.49 6.60 6.12 4.43 0.88
Di 1.43 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hy 4.79 3.79 2.77 1.99 1.54 1.67 0.97 1.02 0.82 0.95 0.40 0.20 0.13
11 0.19 0.13 0.09 0.09 0.09 0.06 0.06 0.04 0.04 0.06 0.04 0.11 0.01
Hm 4.18 2.90 2.90 2.81 1.96 198 1.65 1.35 1.44 1.39 1.05 0.85 0.45
Tn 1.52 0.28 0.62 0.55 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ru 0.00 0.13 0.18 0.41 0.22 022 0.18 0.20 0.16 0.15 0.11 0.01 0.00
Ap 0.50 0.21 0.40 0.36 024 0.14 0.17 0.17 0.17 0.14 0.05 0.05 0.02
Sum 99.12  99.18 99.00 98.82 99.21 99.08 99.41 99.15 100.91 99.16 98.98  100.06 99.55
Table 7. Trace and rare earth element composition of granitoids from the Kindi area.
Petrography Granodiorite N{,eiiiti?;;i;:d Porphyroid biotite granite Or:;:ngirziss ;:;:i(:; 21;1;3: Pegmatite
Sample
PC0334JM0372PC0335A PC0343 PIOSC PI15 PI04B PC0457A PI04A  PI0O7B  PC0335B PIOSA  PI07C
Traces elements (ppm)
Cs 8.00 1.20 7.50 1.90 8.00 890 3.50 2.80 7.00 4.30 3.30 11.80 12.80
Rb 131.20 95.60 132.40 211.80 184.10 199.50 150.00 138.20 178.70  142.20 117.80 364.20 415.70
Ba 560.00 698.00 1522.00 1232.00 1012.00 922.00 608.00 1185.00 1216.00 992.00 705.00 118.00 846.00
Sr 573.50 738.30 865.80 246.40 429.90 423.50 270.00 408.50 411.40 852.40 402.60 55.00 287.20
Th 4.60 9.30 10.70 13.90 12,70 12.20 8.10 850 11.50 7.50 10.00  24.00 2.40
U 4.80 2.40 4.90 2.80 6.10 340 1.90 0.80 3.20 5.80 8.30 10.90 1.60
Th/U 0.95 3.87 2.18 4.96 2.08 358 4.26 10.62 3.83 1.29 1.20 2.20 1.50
Ta 0.40 0.40 0.60 0.70 1.50 1.10  1.00 0.30 1.00 1.10 0.80 1.50 0.60
Nb 530 5.50 6.80 9.10 9.20 720 6.10 3.10 5.10 5.80 5.90 9.60 2.40
Hf 2.80 4.00 4.00 10.60 3.70 340 3.60 4.00 4.10 3.10 4.10 6.80 0.30
Zr 106.10 136.60 145.70 416.90 121.60 119.90 125.20 127.70 136.50 102.00 130.80 112.40 5.00
Y 11.00 7.60 6.70 7.10 6.40 27.40 2.90
74.00 46.00 43.00 29.00  23.00 25.00 14.00 15.00 15.00 16.00 8.00 <8 <8.00
Sc 5.00 4.50 3.50 3.60 3.00 4.00 2.00 1.00 2.00 2.00 1.70 3.00 <1.00
Co 12.20  0.00 6.00 4.90 54.00 38.70 71.50 2.50 4290 103.00 1.00 55.50 50.20
Cr 20.00 17.00 18.00 8.00 2.00
Ni 23.60 19.50 11.90 6.80 450 4.10 270 2.70 2.10 3.50 0.80 1.00 1.50
Ag 32.00 16.00 29.00 32.00 <0.10 <0.10 <0.10 21.00 <0.10 <0.10 16.00 <0.10 <0.10
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As 2.00 1.00 2.00 2.00 <0.50 <0.50 <0.50 1.00 <0.50 <0.50 1.00 <0.50 <0.50
B 1.00  0.00 1.00 2.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Be 2.00 1.00 2.00 3.00 2.00 2.00 1.00 1.00 2.00 2.00 3.00 3.00 1.00
Bi 0.09 0.03 0.13 0.06 450 0.20 <0.10 0.00 <0.10 <0.10 0.10 0.20 0.40
Br 48.00 27.00 39.00 130.00 13.00

Cd 0.15 0.02 0.10 0.15 <0.10 <0.10 <0.10 0.08 <0.10 <0.10 0.12 <0.10 <0.10
Cl 4.00 5.00 2.00 4.00 0.00 0.00 0.00 14.00 0.00 0.00 1.00 0.00 0.00

Cu 14.05 20.89 18.37 11.90 12.40 10.70 8.20 1.76 2.90 11.00 1.80 2.40 2.40

Ga 19.10 3.70 19.10 22.30 18.40 18.90 16.20 18.40 16.00 19.10 17.80 20.70 18.20

Ge 0.20  0.00 0.20 0.20 0.00 0.00 0.00 0.10 0.00 0.00 0.10 0.00 0.00
Hg 5.00 5.00 0.00 0.00 <0.01 <0.01 <0.01 5.00 <0.01 <0.01 0.00 <0.01 <0.01
Li 113.30 29.80 103.80  79.30 31.70 48.70

Mo 032 0.71 0.47 0.54 0.60 0.60 0.40 0.29 0.40 0.40 0.17 0.30 0.50
Pb 13.86 2391 29.58 24.92 6.80 6.70 4.90 18.54  8.50 4.20 37.57 7.40 9.70
Sb 0.00 0.04 0.02 0.00 <0.10 <0.10 <0.10 0.00 <0.10 <0.10 0.00 <0.10 <0.10
Se 0.10  0.00 0.00 0.00 <0.50 <0.50 <0.50 0.00 <0.50 <0.50 0.00 <0.50 <0.50
Sn 2.00 0.00 1.00 3.00 2.00 1.00 <1.00 0.00 <1.00 <1.00 0.00 2.00 <1.00
Tl 0.00  0.00 0.00 0.00 0.60 070 0.30 0.00 0.20 0.40 0.00 0.10 <0.10

Zn 66.80 34.50 58.70 75.80  49.00 47.00 39.00 38.20 30.00 41.00 26.90 31.00 4.00
Th/Ta 11.50 23.25 17.83 19.86 8.47 11.09 8.10 2833 11.50 6.82 12.50 16.00 4.00
La/Nb 543  5.49 6.37 8.73 3.66 431 4.13 10.61  7.88 6.31 3.36 1.30 1.21

Rare earth elements (ppm)

La 28.80 30.20 43.30 79.40 33.70 31.00 25.20 3290 40.20 36.60 19.80 12.50 2.90

Ce 59.50 59.70 92.00 15250 73.20 56.50 53.60 57.60 70.70 54.40 50.30  28.80 3.70

Pr 7.40 7.53 10.30 16.63 7.15 539 449 5.49 7.01 6.95 5.09 3.41 0.52

Nd 28.80 29.60 39.10 57.10 22.20 16.70 12.80 18.00 20.40 21.10 18.30 13.20 1.70

Sm 440 4.40 6.20 7.30 436 2.89 207 2.00 3.10 3.59 2.40 4.35 0.39
Eu 1.44 1.00 1.45 1.26 0.83 0.61 043 0.54 0.57 0.95 0.50 0.24 0.15
Gg 2.59 256 2.72 3.35 3.15 204 132 0.89 2.17 2.42 1.27 4.77 0.36
Tb 0.28 0.38 0.34 0.43 045 029 0.19 0.06 0.28 0.29 0.14 0.82 0.05
Dy 1.43  1.48 1.82 1.96 2.00 136 0.76 0.52 1.25 0.99 0.81 4.23 0.21
Ho 0.21  0.26 0.24 0.31 0.39 024 0.19 0.07 0.24 0.19 0.19 0.94 0.06
Er 0.61 0.71 0.67 0.76 .12 075 043 0.22 0.77 0.53 0.56 2.67 0.19
Tm 0.08 0.10 0.07 0.09 0.15 0.11  0.08 0.00 0.10 0.07 0.09 0.38 0.04
Yb 0.60 0.70 0.63 0.64 1.05 0.81 047 0.20 0.76 0.39 0.72 2.58 0.18
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Continued
Lu 0.07  0.08 0.08 0.09 0.15 0.1.0 0.07 0.04 0.09 0.07 0.12 0.36 0.03
Sum_REE 136.21 138.70 198.92 321.82 149.90 118.69 102.10 118.78 147.64 128.54 100.29  79.25 10.30
Eu/Eu* 1.30 091 1.08 0.78 0.68 0.77 0.79 1.24 0.67 0.98 0.87 0.16 1.22
LaN/SmN 4.10 4.30 4.38 6.81 4.84 6.72 7.63 10.31 8.12 6.39 5.17 1.80 4.66
LaN/YbN 32.67 29.36 46.77 84.43  21.84 26.05 36.49 111.95 36.00 63.87 18.72 3.30

1) Granodiorite

The granodiorite is slightly siliceous (65.03 - 68.94 wt% SiO,) and potassic (2.04
- 2.63 wt% K,0). It exhibits high contents of Fe,O; (2.9 - 4.18 wt%), MgO (1.52 -
2.19 wt%), and Na,O (4.41 - 5.1 wt%). The petrographic nature of the samples is
confirmed as granodiorite in the SiO, - Na,O + K,O diagram of [30] (Figure 9(a)),
but sample PC0334 is similar to a trondhjemite in the classification (An-Ab-Or)
of [31] (Figure 9(b)). The granodiorite is metaluminous (A/CNK < 1) (Figure
9(c)) [32] and belongs to the calc-alkaline magmatic series (Figure 9(d)) [33].
This rock is characterized by a sum of ZREE ranging from 136.21 to 138.7 ppm.
It is more enriched in LREE than in HREE, with (La/Yb)N and (La/Sm)N ratios
ranging from 29.36 to 32.67 and from 4.1 to 4.3, respectively. The typical granodi-
orite facies shows a low fractionation rate marked by an Eu anomaly (Eu/Eu* =
0.91), while the trondhjemite facies shows a positive Eu anomaly (Eu/Eu* = 1.3)
(Figure 10(a)). The multi-element spectrum normalized to the primitive mantle
of [34] (Figure 10(b)) shows negative anomalies in Cs, Ba, Nb, Ta, Ce, Pr, P, Zr,
Ti, Yb, and Lu, and positive anomalies that are sometimes very pronounced in Rb,
U, La, Pb, and Sr.

2) Medium-grained biotite granite

Two medium-grained biotite granite samples were selected. They have an SiO,
content of 69.32 wt% and an average normative quartz (CIPW norm) of 24.24%
(Table 6). They contain high contents of Fe,Os (2.81 - 2.90 wt%) and MgO (0.8 -
1.11 wt%) (Table 6). Alkalis (Na,O + K,O) range from 7.09 to 7.14 wt%. The trace
chemical composition of significant incompatible elements shows low Th (10.70
- 13.90 ppm) and U (2.80 - 4.90 ppm), with a Th/U ratio ranging from 2.18 to 4.96,
close to the mean crust value (Th/U = 4) (Figure 11). The sum of the rare earth
elements (XREE) ranges from 198.9 to 321.82 ppm (Table 7). The rare earth spectra
normalized to the primitive mantle show an enrichment in light rare earth elements
(LREE) and a depletion in heavy rare earth elements (HREE). This granite displays
relatively high fractionation, with (La/Yb)N ranging from 46.77 to 84.43 and a
negative Eu anomaly (Eu/Eu* = 0.78 - 1.08) (Figure 10(a)). It is enriched in incom-
patible elements (Cs, Rb, U, Pb, La), with negative anomalies in Nb, Ta, Ce, Sr, P,
Ti, and Tm (Figure 10(b)). These samples plot in the granite field of the SiO, -
Na,O + K;O diagram of [30] and the An-Ab-Or diagram of [31] (Figure 9(a) and
Figure 9(b)). This granite has a metaluminous character (A/CNK = 0.8 - 1.0) and
a strongly potassic calc-alkaline composition (Figure 9(d)). One of the two samples
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Figure 9. Classification and geochemical affinities of the Kindi granitoids. (a) (K:O + Na:O) vs. SiO: diagram of [30]; (b) An-Ab-
Or ternary diagram of [31]; (c) geochemical affinities in the (A/NK-A/CNK) diagram of [32]; (d) SiO2 vs. K»O diagram of [33].

shows a shoshonitic affinity.

3) Porphyroid biotite granite

Five representative and non-altered samples of the porphyroid biotite granite

were analyzed to determine its geochemical composition. This granite is enriched

in silica, with normative quartz ranging between 28.65 and 31.83 % (Table 6). Its

major-element chemical composition ranges from 8.02 to 8.77 wt% of alkali ele-
ments (Na,O + K,0); 13.75 to 14.26 wt% of Al,Os; 1.27 - 1.83 wt% of CaO; 1.35 -
1.98 wt% of Fe,Os; and 0.33 - 0.67 wt% of MgO. The trace chemical composition
of significant incompatible elements displays low to moderate Th (8.10 - 12.7
wt%) and U (0.8 - 6.1 ppm) with a low to high Th/U ratio of 2.1 - 10.6, suggesting
that part of the U may have been leached and remobilized out of the granite [35]
(Figure 11), and relatively low Ta, Nb, and Y concentrations (Table 7). The ZREE
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Figure 11. Log (U)-Log (Th) diagram from [35] showing the evolution of U, Th, and Th/U during magmatic fractionation in the

Kindi granites.

ranges from 102.1 to 149.9 ppm. The REE spectra normalized to the primitive
mantle of [34] (Figure 10(a)) exhibit strong enrichment in light rare earth ele-
ments (LREE) relative to heavy rare earth elements (HREE) (46.77 < (La/Yb)N <
111.95) and a weakly to moderately fractionated pattern, highlighted by a slight
negative Eu anomaly (Eu/Eu* = 0.68 - 0.80), which likely characterizes the frac-
tionation of plagioclase, except for one sample that shows a tendency towards ac-
cumulation (Eu/Eu* = 1.24). The multi-element diagram (Figure 10(b)) also
shows negative anomalies in Ba, Nb, Ta, Ce, P, Ti, Y, Pr, and Tm and enrichment
in Cs, Rb, Sr, U, and Pb, except for sample PC0457A, which may have experienced
post-crystallization alteration (Th/U > 10). The granitic composition of the por-
phyroid biotite granite is confirmed by the (K,O + Na,O) vs SiO, diagram of [30]
and further corroborated by the An-Ab-Or diagram of [31] (Figure 9(a) & Figure
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9(b)). Therefore, this porphyroid biotite granite is metaluminous to slightly per-
aluminous (1.0 < A/CNK < 1.2; Figure 9(c); [32]) and belongs to a moderately
fractionated high-K calc-alkaline to shoshonitic magmatic series (4.06 < K;O <
5.21 wt%; Figure 9(d); [33]), corresponding with an A2-type granite affinity [36].

4) Augen granitic orthogneiss

Augen granitic orthogneiss has a very similar geochemical signature compared
with the porphyroid biotite granite. Their respective REE spectra are concordant,
and the cumulative REE (XREE) is 128.54 ppm. These spectra show an enrichment
in LREEs of around 5 to 60 times the content of the primitive mantle, with
(La/Sm)N = 6.39 and (La/Yb)N = 63.87. It shows a low fractionation rate marked
by a very slight Eu anomaly (Eu/Eu* = 0.98). There is an enrichment in incom-
patible elements (U, Rb, Sr, La) and a series of significant negative anomalies in
Th, Nb, P, Ti, Y, Ce, and Pr.

5) Leucogranite

The leucogranite sample displays a granite composition within standard classi-
fication diagrams (Figure 9(a), Figure 9(b)). The major and trace element com-
position is similar to that of porphyroid biotite granite. It is characterized by rel-
atively low contents of MgO (0.16 wt%), Fe;O; (1.05 wt%), and CaO (1.26 wt%)
and high contents of Na,0O (4.31 wt%), K,O (4.16 wt%), and U (8.3 ppm) (Table
6 and Table 7). The total sum of rare earth elements (ZREE) is 100.29 ppm (Table
7). The REE spectra indicate an enrichment in light rare earth elements ranging
from 5 to 60 times the content of REE in the primitive mantle as reported by [34].
They have an overall depletion in heavy rare earth elements (HREE). The degree
of fractionation is moderate, with (La/Sm)N = 5.17, (La/Yb)N = 18.72, and a neg-
ative anomaly in Eu (Eu/Eu* = 0.87). The multi-element spectrum reveals a series
of negative anomalies in Th, Nb, P, Ti, and Y, and positive anomalies in Rb, U, La,
Sr, Nd, and Dy.

6) Dyke and vein systems

The vein facies, represented by aplitic granite and pegmatite, both have the
composition of granite in the two classification diagrams used. Their major and
trace-element contents approximate those of porphyroid biotite granite, with
some slight variations.

Aplitic granite is more siliceous (75.66 wt% SiO.) and slightly richer in alkalis,
with 8.75 wt% Na,O + K;O. It has remarkable contents of Th (24 ppm) and U
(10.9 ppm). However, it has low contents of Al,O; (13.65 wt%), Fe,Os (0.85 wt%),
MgO (0.08 wt%), and CaO (0.92 wt%). The aplitic granite differs in that the REE
spectrum is consistent with that of the primitive mantle [34]. It shows a sum of
REE (ZREE) = 79.25 ppm, ratios of (La/Sm)N = 3.3 and (La/Yb)N = 1.5, a well-
pronounced negative Eu anomaly (Eu/Eu* = 0.16), negative anomalies of Ba, Nb,
Ce, Pr, Sr, P, and Ti, and positive anomalies of Rb, Th, U, Ta, La, and Pb.

The pegmatite stands for its low content of SiO, (70.32 wt%), Fe,Os (0.45 wt%),
MgO (0.05 wt%), CaO (0.19 wt%), Th (2.4 ppm), U (1.6 ppm), and Zr (5 ppm).
However, it has a high content of alkalis (Na,O+K,0) (12.57 wt%) and ALOs;
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(15.94 wt%), and shows a REE spectrum similar to that of the primitive mantle.
The sum of the REE (XREE) is 10.3 ppm, and the ratio (La/Sm)N is 4.66, with a
positive Eu anomaly (Eu/Eu* = 1.22). The multi-element spectrum normalized
to the primitive mantle of [34] shows a sawtooth pattern with more or less neg-
ative anomalies in Zr, P, Ti, and Y, and positive anomalies in Cs, Rb, U, Ta, Pb,
and Sr.

5. Discussion

5.1. Geotectonic Context of the Kindi Granitoid Emplacement

The granitoids in the study area are associated with a volcanic arc context on the
Yb-Ta diagrams of [37] (Figure 12(a)). In addition to the pegmatite and, to a
lesser extent, the aplitic granite (Th/Ta = 16 and La/Nb = 1.30), the orogenic sig-
nature marked by values of Th/Ta > 5 and La/Nb > 2.5 [38] [39] for all the granites
is also confirmed. The less fractionated terms represented by granodiorite and
trondhjemite belong to a pre-collisional domain in the R1 - R2 diagram of [40]
(Figure 12(b)). The medium-grained biotite granite may have been emplaced in
a late-orogenic setting, while the porphyroid biotite granite, granitic orthogneiss,
and leucogranite are late orogenic to syncollisional, and the aplitic granite and
pegmatite were likely emplaced in a post-orogenic to anorogenic context accord-

ing to the same diagram.
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Figure 12. Geotectonic affinities of the Kindi granites in the diagrams (a) Yb-Ta by [37] and (b) R1-R2 by [40].

5.2. Petrogeochemical Characteristics

In the Kindi anomalous area, the studied igneous rocks present signatures of vol-
canic-arc to syncollisional granitoids (Figure 12(a)) and can be defined as calc-
alkaline-potassic A2-type granite according to the Villasseca A-B chemico-min-
eralogical diagram, modified by [18] (Figure 13(a)). These rocks consist of two
massifs corresponding to two distinct suites.

The first group is represented by medium-grained biotite granite. This rock is
a metaluminous, high-K, calc-alkaline to shoshonitic granite, typical of the frac-
tionated terms from the enriched mantle of [41] (Figure 13(b)).
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The second group is represented by the porphyroid biotite granite massif. To-
gether with trondhjemite, granodiorite, augen granitic orthogneiss, leucogranite,
and aplitic granite, they form a suite that seems like the TTG/Adakites of [42]
(Figure 13(c)) fractionated or partially melted [41] (Figure 13(b)) to adamelites
(Figure 13(d)). The less fractionated terms in this group have a metaluminous
and calc-alkaline composition. They are similar to granites derived from fraction-
ation of the depleted mantle (Figure 13(b)).

The medium-grained biotite granite group is represented by syn- to late-oro-
genic terms dated between 2143 + 4 Ma and 2150 Ma by [21], with signatures of
Eu/Eu* = 0.78 - 1.08 and XREE = 198.9 - 321.82 ppm, reflecting plagioclase frac-
tionation. This facies is relatively rich in ferromagnesian, accessory, and second-
ary minerals, mainly represented by ferriferous biotite frequently altered to mus-
covite and chlorite; metamorphic sphene; zoned allanite, apatite, damourite, cal-
cite, pistachite-type epidote, and haematite. This granite is depleted in the trace
elements Sr, Nb, Ta, Ce, P, Ti, Tm + Pr, and enriched in incompatible elements
such as Cs, Rb, U, Pb, and La.

The second massif, represented by late-orogenic to syn-collisional porphyroid

biotite granite, is younger, at around 2110 + 8 Ma to 2099 + 10 Ma, according to
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the same author. It is the major facies of the second potassic calc-alkaline sub-series
of type A2 of Villasseca’s A-B chemico-mineralogical diagram, modified after [18].
Fairly peraluminous to peraluminous, it is more fractionated (Eu/Eu* = 0.68 - 1.24
and XREE between 100.29 and 149.9 ppm) than the medium-grained biotite granite.
Both granites contain very similar mineral assemblages. However, the proportions of
ferromagnesian, accessory, and secondary minerals are lower in the porphyroid bio-
tite granite, although an apparent enrichment in ankerite-type carbonate, zircon, and
apatite is observed. These mineralogical associations are supported by chemical sig-
natures marked by a depletion in Ba, Y, Nb, Ta, Ce, P, Ti, Tm, and Pr and an enrich-
ment in Sr, Cs, Rb, U, and Pb. The early terms of the series, represented here by the
granodiorite and the pre-collisional trondhjemite (Figure 8(a)), are less fractionated,
with Eu/Eu = 0.91 - 1.3 and ZREE between 136.21 and 138.7 ppm. They are less sili-
ceous, less potassic, and depleted in Ba, Cs, Zr, Nb, Ta, Ce, Pr, P, Ti, Yb, and Lu.
They are, however, enriched in Na-Sr-Rb-U-Pb-La.

5.3. Deformation of Granitoids

The Kindi anomaly is overlaid on a porphyroid biotite granite intruded into a me-
dium-grained biotite granite along a northeast (N50°E) trending sinistral shear zone.
This shear zone corresponds to one of the relay structures of the N-S-oriented Wa-
Laura-Jirapa translithospheric shear [6] [21], which, at the scale of the Koudougou
sheet, defines a system of large sinistral shears marked by the verticalization of the
volcano-sedimentary strata and the rotation of the structural directions associated
with variably oriented planar structures represented by sub-vertically dipping schis-
tosity, varying in strike direction from N5° to N40°E in the south and from N70°E to
N90°E in the northeast of the map sheet where the Kindi anomaly is located.

This N50E corridor affecting the Kindi anomaly is highlighted by a granitic or-
thogneiss with a protomylonite structure superimposed by brittle deformation. It
is characterized by the presence of almond-shaped feldspars and ribbons of or-
thoclase and microcline.

The porphyroid biotite granite bordering the N50E corridor has a fusiform ap-
pearance and a deformed edge marked by a very clear planar orientation of the
feldspars. These feldspars, sometimes zoned, are sigmoidal in shape as a result of
shearing deformation. It is also cut by bands of syn-collisional leucogranite and
post-orogenic aplitic granite, both affected by cataclastic and mylonitic defor-
mation, as well as by veins of anorogenic pegmatite, sometimes individualised in
the form of puffs with pegmatitic megacrysts.

The medium-grained biotite granite is affected by a large network of fractures
and by relatively more cataclastic deformation, which locally lead to zones of in-
tense fracturing marked by numerous diaclases, often injected with pegmatite and

quartz veinlets.

5.4. Hydrothermal Alteration

The lithostructural context defined in the Kindi area is associated with hydrother-
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mal alteration. Supported by mineralogical assemblage descriptions, many types
of hydrothermal alteration have been pointed out through secondary mineral stud-
ies. Discrimination of biotite in the Kindi granites, based on the ternary diagram
of [25], shows that they are essentially derived from a re-equilibrated environment
in which subsequent hydrothermal fluids were involved in their formation (Fig-
ure 3(d)).

The less fractionated terms, such as granodiorite and trondhjemite, in the series
display sodium propylitic alteration, illustrated by chlorite-epidote-calcite-Fe-ox-
ide assemblages filling a dense network of microfractures. This rock is character-
ised by a depletion in Cs, Sr, and Yb, and an enrichment in CaO and Na,O, as well
as in the incompatible elements Rb (95.6 to 131.2 ppm), U (2.4 to 4.8 ppm), Pb
(13.86 to 23.91 ppm), and Yb (0.6 to 0.7 ppm), and trends toward carbonatation
alteration in the modified diagram of Debon and LeFort [18] (Figure 13(b)).

The medium-grained biotite granite displays greisenization and potassic alter-
ation mineral assemblages. It contains abundant phases of microperthitic and
poecilitic microcline and orthoclase, often altered into muscovite (Figure 7(a))
and are frequently fractured with infilling of secondary quartz. The perthitisation
of the phases is very often associated with tectonics and/or fluid circulation [43]
resulting from dequartzification combined with the loss of volatile substances
from the system, which enriched it in silica, carbonate and hematite [44]. This
alteration sometimes involves the digestion of certain portions of the large patches
of these feldspars and biotite (Figure 7(b)), as well as the filling of cracks in the
potassic feldspars by crystallization of secondary brown biotite, which sometimes
replaces the chloritized biotite, according to petrographic observations. The geo-
chemical data revealed a depletion in Sr (865.8 to 246.4 ppm) and an enrichment
in Ba (1522 to 1232 ppm), Cs (7.5 to 1.9 ppm), Rb (211.8 to 132.4 ppm), U (4.9 to
2.8 ppm), and Pb (29.6 to 24.9 ppm). The signature of a potential hydrothermal
alteration by adularisation defined by the modified P-Q diagram of Debon and
Lefort [18] (Figure 13(b)), which corresponds to potassic alteration by the circu-
lation of hot fluids under pressure rich in dissolved elements [45], corroborates
the previous observations.

The major constituents of the porphyroid biotite granite show phase exsolution,
probably associated with an increase in volatile elements [46] [47]. This exsolution
is materialised, on the one hand, by the myrmekitisation of plagioclases observed
in thin sections (Figure 8(b)) and their alteration into sericite-ankerite-calcite-
quartz, and, on the other hand, by the destabilisation of biotites into chlorite-epi-
dote-hematite-muscovite. Some of these altered minerals are overlain by poecilitic
potassic feldspars, characteristic of the evolution of a residual alkaline-rich fluid
phase from an almost consolidated igneous body defined by [48]. Stress alteration
is probably associated with the circulation of hot potassic oxidising fluids (pres-
ence of haematite) carried to the chlorite-epidote isograde (temperature > 300 °C)
[49] and highlighted by a depletion in Ba (1216 to 608 ppm), tin Y, and an en-
richment in Sr (852.4 to 270 ppm), Cs (12.8 to 2.8 ppm), Rb (415.7 to 117.8 ppm),
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U (8.3 to 0.8 ppm), Pb (18.54 to 4.2 ppm), La (40.2 to 2.9 ppm), Dy (2 to 0.21
ppm), and Yb (1.05 to 0.18 ppm). The depletion or enrichment of these chemical
elements beyond the magmatic fractionation process is essentially linked to min-
eralogical and geochemical changes that occur during the fluid/rock alteration
process [50]. The paragenesis described corresponds to potassic and propyllitic
alteration, overlain by the episyenitisation-type signature of the modified P-Q di-
agram of [18] (Figure 13(b)), characterised by carbonation and silicification,
probably linked to the circulation of potassium-rich fluids. The leucogranite, de-
pleted in Zr, P, Ti, and Y and enriched in Sr (402.6 ppm), Cs (3.30 ppm), Rb (117.8
ppm), U (8.3 ppm), Ta (0.8 ppm) and Pb (37.5 ppm), and the aplitic granite, de-
pleted in Ba-Sr-P-Ti and enriched in U (10.9 ppm), Ta (1.5 ppm), Pb (7.4 ppm)
and La (12.5 ppm), which represent the more advanced terms in this series, are
both affected by potassic and propyllitic alteration.

Pegmatite is a late-crystallisation or hydrothermal-transition facies, rich in K-
feldspars and secondary muscovite, very often associated with potassic metaso-
matism [51] [52]. It is intruded into porphyroid granite and emplaced along a
shear corridor, a structural pathway that facilitated the ascent of magma and the
circulation of hydrothermal fluids [53]. Its emplacement in the system likely con-
tributed to providing magmatically derived fluids and their induced hydrothermal

alteration of the host rocks.

5.5. Lithological Fertility

The petrogeochemical characteristics show that granitoids of the Kindi anomaly,
which extend to the other anomalies in the Koudougou region, have potential for
granite-related hydrothermal uranium mineralisation, such as that defined by
[29] and [54] in the Nanling metallogenic belt in southern China.

The pre-orogenic granodiorite/trondhjemite facies is not considered a potential
fertile source of uranium for a granite-related hydrothermal system, as it repre-
sents a poorly differentiated granitoid of low-K calc-alkaline affinity and poorly
enriched in U, as shown by sample JM0372 (U = 2.4 ppm; Th/U = 3.9), even
though it may host post-magmatic hydrothermal U concentrations in altered
zones characterized by propylitic alteration, as shown in sample PC0334 (U = 4.8
ppm; Th/U =0.9).

The medium-grained biotite granite of the Kindi anomaly has U contents of 2.8
to 4.9 ppm and a Th/U ratio between 2.2 and 4.9 (Figure 11). This late-orogenic
granite, rich in biotite and metamorphosed accessory minerals, is fractured and
affected by potassic hydrothermal alteration, as demonstrated by the dissolution
of magmatic K-feldspar and the precipitation of secondary muscovite and quartz,
suggesting greisenization of this granitic pluton. Sample PC0335A may have been
slightly enriched in U (4.9 ppm) during late- to post-magmatic hydrothermal al-
teration, as shown by a Th/U of 2.2, while the U content of 2.8 ppm in sample
PC0343 likely reflects the primary magmatic U concentration in the medium-

grained biotite granite characterized by a Th/U value of 4.9, which is close to the
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mean crustal value (Ze, Th/U = 4). Although the medium-grained biotite granite
contains potentially U-bearing accessory minerals such as sphene and allanite that
may have released part of their U contents, supported by the observation of met-
amictization textures, this granitoid would, however, hardly provide a significant
amount of U to a potential hydrothermal system due to its relatively low magmatic
U concentration (ie., ~3 ppm).

In contrast, the syn- to late orogenic porphyroid biotite granite, although pre-
senting a similar major and accessory mineral assemblage to the medium-grained
biotite granite, is a more fractionated granite with peraluminous high-K calc-al-
kaline to shoshonitic affinity and a much lower ferromagnesian mineral content,
also characterized by a continuous enrichment of U and Th during magmatic frac-
tionation (Figure 11). It is intruded within less evolved lithofacies (e.g., granodi-
orite, throndhjemite) of the Kindi anomaly, along a NE-SW shear corridor, and is
affected by late- to post-magmatic potassic and propylitic hydrothermal alteration
characterized by secondary mineral assemblages of muscovite-quartz and chlo-
rite-epidote-carbonate, respectively. Its variable U content, ranging from 0.8 to
6.1 ppm, is likely hosted by accessory minerals such as allanite and sphene, both
showing characteristic destruction halos of metamictization texture, indicating
that part of their U content has been released into the rock. While sample PI15
may reflect the initial U concentration within this granite (U = 3.4 ppm; Th/U =
3.6), Th/U values up to 10.6 in sample PC0457A, associated with U depletion
down to 0.8 ppm, indicate that part of its U content has been leached by fluids in
altered zones, which may have been transported and trapped along fractures, faults,
and shear zones. Slight U enrichment (U = 5.8 ppm; Th/U = 1.3) in gneissified
parts of the porphyroid biotite granite (e.g., orthogneiss sample PI07B) tends to
corroborate this hypothesis and thus could validate the local potential for granite-
related hydrothermal mineralization.

In addition, the Villy anomaly, located some twenty km from the Kindi anom-
aly, is confined to a medium-grained biotite granite hosting a migmatitic biotite
leucogranite with a cataclastic texture, which lies along the axis of the shear corri-
dor. It is cut by a younger dolerite dyke, probably of Mesoproterozoic age. The
emplacement of these dykes is generally accompanied by the circulation of mag-
matically derived hydrothermal fluids. The dyke-leucogranite-medium-grained
granite-biotite intersection would constitute an additional enrichment factor likely
to facilitate the concentration of uranium, following the example of the work by
[55] and [56] in the Xiazhuang mining district in southern China.

Finally, late intrusions of 2-micas leucogranite and granitic aplite, which cross-
cut both the medium-grained and porphyroid biotite granites, present moderately
to strongly fractionated peraluminous signatures and have the highest primary U
concentrations within the Kindi anomalous area, at 8.3 ppm and 10.9 ppm, re-
spectively, with Th/U values of 1.2 and 2.2, which are consistent with the leu-
cogranite geochemical signature (Figure 11). It should be noted that granitic ap-

lites are often associated with pegmatite veins and have a similar mineral compo-
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sition to that of the porphyroid biotite granite, and thus could represent a late,
highly fractionated term of this granitic magma.

Therefore, the porphyroid biotite granite, and more particularly the granitic
aplite and leucogranite within the Kindi anomalous area, showed significant U
concentrations that could characterize them as fertile source rocks, and textural
evidence for U release from U-bearing accessory minerals, as well as footprints of
U remobilization and local enrichment in structural corridors affected by late-to
post-magmatic hydrothermal alteration, which could define this area as prospec-
tive for granite-related U mineralization.

Several generations of potassic calc-alkaline granites similar to the granites of
the Kindi anomaly have produced vein-type uranium deposits associated with
these granites. This is the case for the Maofeng pluton in the Nanling metallogenic
belt [29] in southern China, which is reputed to be fertile and hosts several depos-
its of uranium and rare and precious minerals. This pluton is composed of biotite
granites, medium- and coarse-grained two-mica granites, and leucogranite [57]
[58]. The granites of this pluton contain mainly biotite, muscovite, quartz, and
alkali and calcic feldspars, and secondarily minerals such as adularia, epidote, flu-
orapatite, titanite, and various sulphides. Unlike the Kindi granites, they have U
contents very often > 10 ppm and marked evidence of alteration corridors along
extensive post-orogenic structures that are not clearly identified in the Kindi zone.
In north-west China, in the Baiyanghe deposit, the same type of biotite granite,
associated with the Yangzhuang pluton, has been defined as a secondary source
of U mobilised along fractures after the rhyolitic tuffs, which constitute the pri-
mary source. Like the medium-grained biotite granite at Kindji, this granite has U
contents of between 2.3 and 4.3 ppm (mean U content = 2.9 ppm) and a Th/U
ratio close to the average content of the continental crust (2.4 to 6.1) [59]. It shows
a release and remobilisation of U from accessory minerals containing U in a met-
amict state.

The most fractionated terms of the Maofeng pluton, represented by the leu-
cogranite, are excellent fertile sources for hydrothermal U mineralisation [57]
[58], as are the uraninite-bearing leucogranites of the French Massif Central [60].
These facies, associated with the biotite granite at Maofeng, are highly enriched in
U, with concentrations ranging from 11.1 to 32.7 ppm and a Th/U ratio ranging
from 0.4 to 2.0.

Further investigation of the medium-grained biotite granite massif at Kindi
could reveal similar leucogranites, which would correspond to the evolved terms
of the suite for which the least-differentiated terms described have the same char-
acteristics.

At Saraya, in south-eastern Senegal, in the Kédougou-Kéniéba buttonhole,
Paleoproterozoic (~2079 Ma) peraluminous two-mica leucogranites associated
with a granitic complex host metasomatic uranium mineralisation affected by al-
bitisation and episyenitisation processes. This major sodic metasomatic event as-

sociated with uranium mineralisation has been documented in the Palaeoprote-
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rozoic and Mesoproterozoic [20].

In the Reguibat Shield, Mauritania, Palaecoproterozoic granitoids similar to the
Kindi biotite porphyritic granite massifs were good reservoirs for the mobilisation
of hydrothermal uranium under oxidising and evaporitic conditions at the surface
to supply large second calcrete-type U deposits [19]. The granite formations that
host this mineralisation are peraluminous, calc-alkaline to shoshonitic granites
composed of a porphyritic pink granite with a mylonitic texture, syncollisional,
weakly evolved, and a more evolved grey granite with a massive to locally oriented
medium grain, postorogenic. The pink granite has U contents > 17 ppm and Th/U
ratios of 0.4 to 2.0, and U contents (=13 - 16 ppm) for the grey granite and Th/U
ratios < 1.5. The postorogenic Kindi aplitic granite with 10.9 ppm U and a Th/U
ratio of 2.2, also described locally as a grey granite, is similar in every respect to
the grey granite of Mauritania.

U-fertile facies have now been identified in the Kindi zone, but it remains to be
seen whether these facies are sufficient to generate economic mineralisation. Fur-
ther investigation will enable us to carry out an in-depth characterisation to better

assess the zone’s uranium potential.

6. Conclusions

The granitoid fertility assessment as a potential source rock for granite-related
hydrothermal uranium mineralisation focused on the petro-geochemical charac-
terisation of the main granitic facies from the Kindi radiometric anomalous area
and helped to define the major geological context of these anomalies in Burkina
Faso. The main granitoids that were studied in the Kindi area include TTG (To-
nalites-Trondhjemite-Granodiorites) and medium-grained biotite granite, which
were intruded by porphyroid biotite granite, leucogranite, and aplo-pegmatitic
dykes in this region.

Early Birrimian TTG are poorly fractionated, rich in biotite and amphibole, and
present a metaluminous, calc-alkaline magmatic affinity. They are enriched in Na,
Ca, Fe, and Mg but display low K, U, and Th concentrations. Although they ex-
hibit post-magmatic hydrothermal U concentrations locally in altered zones char-
acterized by propylitic alteration, they are not considered a potential fertile source
of uranium for a granite-related hydrothermal system.

Similarly, the medium-grained biotite granite represents metaluminous, potas-
sic calc-alkaline terms of late-orogenic granite, rich in biotite and uraniferous ac-
cessory minerals and enriched in Cs-Rb-U-Pb-REE. It is cataclased and affected
by potassic hydrothermal alteration and greisenization. This type of granite has a
low magmatic U concentration and could provide minor amounts of U to a po-
tential hydrothermal system.

In contrast, fertile sources of uranium for a granite-related hydrothermal sys-
tem in the Kindi area would correspond to the porphyroid biotite granite, its
gneissified parts, the leucogranite, and the associated network of aplo-pegmatitic

dykes. They belong to weakly peraluminous, high-K calc-alkaline to shoshonitic
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magmatic series emplaced during syn- to late-orogenic and post-orogenic peri-
ods. They are less rich in biotite but present a similar uraniferous accessory min-
eral assemblage to the medium-grained biotite granite. They are characterised by
low Na-Ca, Fe, and Mg contents but higher concentrations of incompatible ele-
ments such as K (up to 5.21 wt% oxide), U (up to 6.10 ppm), and Th (up to 12.70
ppm). The porphyroid biotite granite is affected by a shear corridor highlighted
by potassic and propylitic hydrothermal alterations. Metamictization texture, char-
acterised by destruction halos surrounding uraniferous accessory minerals (allan-
ite and sphene), indicates that part of their U content has been released into the
rock. This U may then have been leached by oxidizing fluids and remobilized
along structural corridors affected by late- to post-magmatic hydrothermal alter-
ation to potentially form uranium mineralisation. Similar contexts have been doc-
umented as favourable for granite-related hydrothermal uranium mineralisation,
extended to rare and precious metal mineralisation, in other parts of the West
African Craton, such as in the Saraya Batholith in Senegal and in the Regibat Shield
in Mauritania. Therefore, the fracturing and alteration zones affecting these fertile
granitic rocks should be mapped in detail to further identify favourable targets for

regional uranium exploration.
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