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ABSTRACT

We examine the petrographical and mineralogical characteristics of
Iron-Titanium-Vanadium oxide mineralizations associated with the
doleritic dykes crosscutting the Téra-Ayorou pluton, located in the
north of the Niger Liptako, which corresponds to the northeastern
margin of the Léo-Man shield in the southern part of the West
African Craton. These mineralizations are part of mineral resources
discussed in this craton, but for which studies have been fragmentary
and not known particularly in the Niger Liptako basement. The main
of this study is to determine the metallogenic characteristics of these
mineralizations through data collected in the field and processed in
laboratory. Field data indicate that Fe-Ti-V oxide mineralizations of
the Téra-Ayorou pluton are associated with hematite, in the form of
iron oxides, and formed during surface weathering. Thin sections,
EDS and SEM maps demonstrated that these mineralizations occur as
Fe-Ti-V oxides in titanomagnetite with ilmenite exsolutions, in
titanomaghemite, and in metal sulfides and some silicate minerals
such as clinopyroxenes, hornblende, chlorite, and the emplacement
mechanism suggest formation essentially during magma evolution.
Electron microprobe analyses data indicate high concentrations in
TiO:2 (21.61-50.51 wt%), FeO (3.47-67.16 wt%), and low V:0Os
(0.001-0.005 wt%) for the oxidized minerals, and suggest several
sources, notably fractional crystallization, deuteric oxidation and
hydrothermal alteration. These mineralizations are associated with
high Ca and S content in titanomagnetite and sulfides respectively
and minor Mn and Cr contents in titanomaghemite and clinopyroxene
respectively. Its occur as disseminated in these dykes and originate
from lithospheric mantle and formed in magma chamber.

1. INTRODUCTION
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Fe-Ti-V oxide mineralizations are commonly
associated with opaque and sulfide minerals such as
hematite, sulfides, spinel, ilmenite, magnetite. These
types of mineralizations are the subject of extensive
research worldwide due to their economic importance
and their technological and infrastructure
applications. Its occur as disseminated oxides in
silicate rocks or as massive oxides in dykes, sills, or
lenses (Pang et al., 2010). Several metallogenic
studies have demonstrated that Fe-Ti-V

mineralizations can be associated with mafic-
ultramafic intrusions (e.g., Jiang et al., 2024; Latypov
et al., 2024), gabbroic/anorthositic complexes (e.g.,
Charlier et al., 2015; Khalil et al., 2023; Khedr et al.,
2022), ophiolitic complexes (Falaknazi and Karimi,
2014), gneissic complexes (Mohammad et al., 2022),
carbonatites (Uwamungu et al., 2023), and flood
basalts associated with Large Volcanic Provinces
(e.g., Song et al., 2013; Cao et al., 2019). These
mineralizations may have a magmatic origin (Karinen
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et al., 2022), ie., formed through magma
differentiation (Zhou et al., 2013; Jonsson et al.,
2013; Bai et al., 2019), post-magmatic process (such
as hydrothermal alteration, Li et al., 2014; Dare et al.,
2014) or supergene alteration (related to fluvial
weathering, Weibel, 2003). Most studies have shown
that Fe-Ti-V oxide mineralizations associated with
mafic-ultramafic intrusions and anorthosite/gabbro
complexes are the most widely studied worldwide.

In the West African Craton, earlier metallogenic
studies have compiled a regional inventory
demonstrating the spatial distribution of gold, sulfide,
iron, vanadium, rare earth, titanium, platinum group
elements (PGEs), phosphate, tungsten, nickel,
manganese, mercury, aluminum, gem, molybdenum,
chromium in this craton (Markwitz et al., 2016, Aifa,
2021; Baratoux et al., 2024); however, most of its
have focused on gold mineralizations and associated
substances (e.g., Béziat et al., 2008; White et al.,
2014; Sangaré et al., 2014; Ballo et al., 2015; Noura
et al., 2024). With the exception of studies carried out
on large ultramafic intrusion-hosted Fe-Ti-V deposits
in Guinea (Gluaguen et al., 2015), no study has
specifically focused on these mineralizations to date.
These types of mineralization, although associated
essentially with tholeiitic host rocks, which are
potential sources, remain little known or poorly
understood, even though a significant mafic-
ultramafic rocks associated with the greenstone belts
in this craton are tholeiitic in nature.

In the Niger Liptako region, and in the Téra-Ayorou
pluton in particular, research work on Fe-Ti-V
mineralizations are also not conducted to date. The
metallogenic studies are undertaken on gold, copper,
molybdenum, rare earth elements (Nb, Ta, Mo, Li),
manganese, and chromium (Machens, 1973;
Attourabi et al., 2024b; Garba Saley et al., 2024;
Noura et al., 2024). This work will attempt to provide
new data on these types of mineralization, especially
as the work of Noura et al. (2023a, 2025) have
demonstrated the presence of significant proportion of
oxyde minerals in the doleritic dykes of the Niger

Liptako region. The main of this publication is to
determine the metallogenic characteristics of Fe-Ti-V
oxide mineralizations associated with the doleritic
dykes crosscutting the Téra-Ayorou pluton, by using
petrographic and mineralogical approachs.

2. Geological setting

The West African Craton is a tectono-magmatic and
metamorphic structure that has undergone three
orogenic events, notably the Leonian (3.2-2.9 Ga,
e.g., Koumelan et al., 2018; Grenholm et al., 2019),
the Liberian (2.9-2.5 Ga, e.g., Thieblement et al.,
2004; Grenholm et al., 2019), and the Eburnean (2.3—
2.0 Ga, e.g., Soumaila et al., 2008; Vidal et al., 2009;
Baratoux et al., 2011; Parra-Avilaet al., 2017), which
allowed for the definition of its current configuration
following a stabilization period estimated between 1.8
and 1.6 Ga (Ennih and Liégeois, 2008; Lompo, 2009).
It consists of two shields: (i) the Réguibat shield to
the north and (ii) the Leo-Man shield to the south,
separated by the Taoudenni Basin in the center. The
two shield are similar and comprise an Archean
province to the west and a Birimian province to the
east. The Archean provinces consist of rocks typically
emplaced during the Leonian and Liberian orogenic
events, whereas the Birimian provinces are composed
of rocks formed during the Eburnean orogeny. The
Birimian rocks of the Leo-Man shield consist of
greenstone belts, intersecting by granitoid batholiths
(Figure 1). These two rocks were crosscut by mafic
sills and dykes, whose spatial distribution-spanning
less than 200 m in thickness over lengths ranging
from 300 to 1,000 km is shown on the aeromagnetic
map of Jessell et al. (2015), modified by Baratoux et
al. (2019) and Noura et al. (2023a). These authors
have highlighted the existence of more than 3,000
dykes grouped into 26 swarm types based on their
orientations, while radiometric studies have indicated
approximately 10 generations of mafic dykes in the
Birimian domain, which ages range from 1.79 to 0.55
Ga (e.g., Youbi et al., 2011; Jessell et al., 2015;
Baratoux et al., 2019; Noura et al., 2023a).
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Figure 1: Geological map of the Leo-Man Shield with associated sills and mafic dykes after Jessell et
al. (2015), modified by Baratoux et al. (2019), and Noura et al. (2023a).

The Niger Liptako corresponds to the NE end of the Baoulé-Mossi domain of the Leo-Man Ridge (Figure 2).
The basement of the Nigerien Liptako consists of alternating belts of greenstone, notably the Gorouol, Diagorou-
Darbani, Sirba, and Makalondi belts, and granitoid plutons, namely the Téra-Ayorou, Dargol-Gotheye, and
Torodi plutons, arranged spatially in a NE-SW direction. Several studies (e.g., Machens, 1973; Dupuis et al.,
1991; Pons et al., 1995; Ama Salah et al., 1996; Soumaila et al., 2016b; Hallarou et al., 2020b; Ahmed et al.,
2022; Attourabi et al., 2024b; Garba Saley et al., 2024; Noura et al., 2025) have noted that these two groups
consist of basic (basalts, gabbros, dolerites), intermediate (tonalites, trondhjemites, granodiorites, diorites,
dacites), and acidic (rhyolites, granites, syenites), as well as metamorphic (pyroxenites, amphibolo-pyroxenites,
serpentinites, schists, phyllites, gneisses, migmatites, grauwackes) and volcano-sedimentary (tuffs, cinerites)
rocks. All of these formations are cut by pegmatite, quartzite, and aplite veins, as well as doleritic dykes, running
in various directions (e.g., Pons et al., 1995; Attourabi et al., 2024b; Noura et al., 2025), with a concentration of
doleritic dykes north of the Téra-Ayorou pluton (Figure 3). Precambrian sedimentary sequences (carbonates,
sandstones, diamictites, e.g., Ibrahim Maharou et al., 2024a), Oligocene of Terminal Continental 3 (clayey
sandstone, oolites; e.g., Ousmane et al., 2020) and Quaternary (sand dunes) lie in major unconformity on the
basement formations.

Cartographic studies have shown that the doleritic dikes of the Liptako are oriented arbitrarily along four major
directions, notably N-S, WNW-ESE, NW-SE, and E-W (Noura et al., 2023a; Noura et al., 2025). Geochemical
studies have demonstrated a continental basalt affinity for all these dikes, but divided into two distinct basaltic
series, notably oceanic plateau basalts for the WNW-ESE to NW-SE-trending dykes (Noura et al., 2023a), and
calc-alkaline basalts for the N-S-trending dykes (Noura et al., 2025). The dykes of WNW-ESE, NW-SE, and E-
W-trending are the focus of this study and account for approximately 80% of the intrusive dykes, and located in
the northern part of the Liptako region. Radiometric studies have dated one N135°-trending dyke at 896 Ma
(K/Ar age, Ama Salah, 1991), which is considered as their emplacement age. In contrast, the N-S dykes yielded
three K/Ar ages ranging from 1.37 to 1.01 Ga (Ama Salah, 1991) and a U/Pb age of 1.79 Ga (Baratoux et al.,
2019).

Metallogenic studies have shown that the mineralizations studied in the Niger Liptako are predominantly
associated with greenstone belts and are represented by gold (Machens, 1973; Abass Saley et al., 2021; Noura et
al., 2024); copper and molybdenum (Machens, 1973; Hallarou et al., 2020b); chromium and manganese
(Machens, 1973; Garba Saley et al., 2024), and rare earth elements (Machens, 1973; Attourabi et al., 2024b).
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The mechanism and setting for the formation of these mineralizations proposed these authors consist of
circulation of hydrothermal fluids rich in metallic substances, which deposit it in fractures and brittle shear
zones.
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Figure 2: Extrated from the geological map of the Niger Liptako basement (Machens, 1973).

2.1. Geological setting of the Téra-Ayorou pluton

The Téra-Ayorou pluton (Figure 3) is located in the north-central part of the Niger Liptako. This pluton consists
of foliated granodiorite, which accounts for more than 70% of the total volume of granitoids in the pluton (Pons
etal., 1995), single- and two-mica granites, and migmatites (Machens, 1973; Pons et al., 1995; Attourabi et al.,
2024b). Foliated granodiorite is characterized by circular foliation in the center of the pluton and generally NE-
SW-trending foliation at the pluton margins (Soumaila and Konaté, 2005; Ahmed et al., 2022; Noura et al.,
2023b). Foliated granodiorite is crosscuted by porphyritic granodiorite and quartzite diorites and syenites (Pons
et al., 1995; Ahmed et al., 2022; Attourabi et al., 2024b; Noura et al., 2023b) in the form of intrusive bodies of
varying sizes. Dykes oriented WNW-ESE, NW-SE, and E-W outcrop as aligned blocks stained by a reddish or
blackish surface layer formed during the surface weathering. Crystal size in the doleritic dykes varies between
the cores, where grains are fine to medium, and the chilled margins, where grains are fine. The structural
classification used by Noura et al. (2023a) indicated that the WNW-ESE dykes are oriented between N110° and
N120°, the NW-SE dykes between N130° and N140° and the E-W between N90° and N100°. These dykes
account for approximately 80% of the intrusive dykes in the Liptako and consist of an assemblage of mafic
minerals (augite, ferroedenite, biotite), oxidized minerals (titanomagnetite), and plagioclase, apatite, and chlorite
(Noura et al., 2023a). They are affected by deuteric alteration, which cause the transformation of pyroxene into
ferroedenite, biotite into chlorite, and plagioclase into sericite (Noura et al., 2023a). The geochemical study
demonstrated that they have an asthenospheric origin and these magma was formed by partial melting of a
spinel-bearing lherzolite containing residual garnet (Noura et al., 2023a). From a structural perspective (Tourba
et al., 2024), the doleritic dykes of the Téra-Ayorou pluton are characterized by a brittle deformation phase,
subdivided into two episodes. Episode D1, responsible for normal faults and fractures N70° to N110°-trending,
is linked to N-S extension, whereas episode D2, responsible for brittle shear zones and fractures oriented
between N150° and N170°, is associated with ENE-WSW extension.
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Figure 3: Geological map of the Téra-Ayorou pluton (extrated from Figure 2, Machens, 1973).

3. Methodology

The methodology employed in this study consisted of collecting samples in the field and their processing in the
laboratory. During sampling, fresh and weathered samples were collected from the cores and chilled margins of
doleritic dykes to understand the effects of supergene weathering and magma différenciation. Laboratory work
included microprobe analysis, energy-dispersive spectroscopy (EDS), and chemical cartography. Microprobe
analysis, energy-dispersive spectroscopy and chemical mapping were performed at the GET Laboratory at the
University of Toulouse in France. Microprobe analysis and chemical mapping focused on oxides, while energy-
dispersive spectroscopy additionally focused on sulfides. More than 10 points were analyzed and mapped on
each crystal to know possible chemical variations and to map the texture of the oxide and sulfide minerals.
Energy-dispersive spectroscopy was performed on the DAF1 dyke sampled at Ayorou and oriented N90° and the
KD3 dyke sampled at Kandadji and oriented N120°. Microprobe analysis and chemical mapping were conducted
on three samples, represented by DAN3, collected at Ayorou from a N120°-trending dykes, DSA3, sampled at
Ayorou from a N130° -trending dykes, and KD4, collected at Kandadji from a N110°-trending dykes. The
characteristics (symbols, orientations, sampling coordinates) of these sampled dykes in our study area are listed
in Table 1. The petrographic and mineralogical characterizations will focus essentially on oxidized and sulfide
minerals, the main hosts of Fe-Ti-V mineralization and given that the silicate minerals have been sufficiently
studied in Noura et al. (2023a).

The instrument used for the mineralogical analysis and chemical mapping is a Tescan Vega 4 LMU scanning
electron microscope, coupled with a Bruker Quantax 30 mm? SDD EDX detector. The operating voltage is 15
kV. The working distance and pixel size range from 10 to 16 mm and 50 to 70 pum, respectively, while the
magnification ranges from 5 to 1000x.

Tableau 1: Characteristics of doleritic dykes sampled in the Téra-Ayorou pluton.

Symbols of dykes Specific trends Majors arbitrary trends Lat. N Long. E

DAFA4 N110° 14.729 | 0914
DNA2 N115° 14712 0923
KD4 N110° WNW-ESE 14.602 | 1.015
DNA3 N120° 14751 | 0.984
DNAS N140°- 14.744| 0910
DAF2 N140° NW-SE 14505 | 0911
DSA3 N130° 14719 0917
DAFI N090° e 14750 | 0.908
DSA2 N100° 14718 | 0.9191
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4. Results

4.1. Petrographic characteristics of Fe-Ti oxide minerals

The field petrographic study conducted in boths sectors indicate that the dikes outcrops as fragmented blocks in
the dyke centers and locally in contact with the host rocks at the chilled margins. The identified minerals are
superficiel oxides and sulfides. Oxides are observed everywhere, on the fragmented blocks at the centers of the
dikes (Figure 4c), on their chilled margins (Figure 4b), and on centimeter-thick veins of dolerites (Figures 4a,
4d), in the form of a weathering patina. This patina forms during superficiel weathering and consists of hematite.
The patina is characterized by a rust-colored hue in the center of the dykes and a slightly blackish one at their
chilled margins (Figure 4). It is formed by the action of water on the ferro-magnesian minerals during the
oxidation of Fe contained in the clinopyroxenes. It is massive and exhibits a metallic luster with irregular
fractures at the chilled margins (Figure 4d). Sulfides occur locally in the fresh parts as small, sub-morphic

Superficial
. Fe-Ti oxide minerals ©
of the dyke chilled

Superficial

] s Fe-Ti oxide
Superficial minerals

Fe-Ti oxide minerals g - of the dyke
in doleritic layver . centers

Figure 4: Photographs showing surface-oxidized minerals on outcrops of doleritic dykes in the Téra-
Ayorou pluton.

Analysis of thin sections under polarized light revealed the physical characteristics of the oxidized and sulfide
minerals hosting Fe-Ti-V mineralization. The oxidized minerals are characterized in all thin sections by
brownish xenomorphic crystals in the form of granular aggregates of titanomagnetite, intergrown with fine
grains of ulvospinel and/or bands of ilmenite (Figure 5). These features are typical of the lattice texture of
titanomagnetite (Figure 5c, e). Fine spinel inclusions occur locally, while lamellae and granules are present in all
thin sections. Titanomagnetite granules account for approximately 60% and measure no less than 400 pm in all
dykes, while fine granular inclusions of ulvospinel and ilmenite lamellae account for less than 5% and 30%,
respectively, with dimensions smaller than 400 pm. The titanomagnetite crystals stand out in relief against the
deeply altered clinopyroxene and plagioclase crystals and the fibrous crystals of late- to post-magmatic minerals,
notably hornblende and chlorite, which are identified at the margins of the clinopyroxene. The lamellae appear
as hexagonal bands that are more or less parallel or intersecting with one another, thus forming the ilmenite
spearhead twinning (Figure 5c). This texture is related to the separation of iron and titanium during the
recrystallization of ilmenite from titanomagnetite. In some thin sections, a transformation of titanomagnetite into
titanomaghemite is observed (Figures 5d, Se, 5f). The latter is characterized by xenomorphic crystals, often
discolored, within which a few remnants of ilmenite still persist.
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Figure 5: Mlcrophotographs showing the altered texture by deuterlc oxydatlon or alteration and
mineralogical composition of oxidized minerals present in the doleritic dykes of the Téra-Ayorou
pluton. Cpx: clinopyroxene, Pl: plagioclase. Chl: chlorite, Ti-Mt: titanomagnetite, Ti-Mg:
titanomaghemite, Op: opaque, Ilm: ilmenite.

4.2. Mineralogical characteristics of Fe-Ti-V oxide mineralizations

Analysis of SEM images and observation EDS spectra from dyke DAF1 (Figure 6a, b) provide additional details
on the petrographic characteristics of the Fe-Ti-V oxide mineralizations in our study area. The observations
indicate the same types of minerals (titanomagnetite, plagioclase, clinopyroxene) and the additional presence of
pyrite (Figure 6a). The spectra are characterized by high peaks of sulfur (derived from pyrite and detectable up
to approximately 400 counts/eV) and silicon (derived from silicate minerals and detectable up to approximately
140 counts). Other elements (Ca, Ti, Fe, Al), present in all minerals described above, are detectable between 70
and 170 counts/eV and characterized by moderate to weak peaks of these elements. The results demonstrate that
these mineralizations are associated with sulfur (S) and calcium (Ca). The results obtained for the KD4 dyke
(Figure 6¢, d) differ in part from those of the DAF1 dyke, due to the presence of chalcopyrite, titanomaghemite,
and significant peaks in S and Ti. Similarly, the titanomagnetite crystals are characterized by a typical lamellar
texture with banded intergrowth of ilmenite and partial transformation into titanomaghemite. In addition, new
chemical elements appear, notably Cu (detectable up to approximately 100 counts/eV and present in
chalcopyrite, Figure 6¢) and Mn (detectable up to approximately 40 counts/eV and present in ilmenite and/or
titanomaghemite, Figure 6d). The presence of these minerals confirms that the Fe-Ti-V oxide mineralizations of
our study area are also associated with metal sulfides.
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Figure 6: SEM maps and EDS spectra of the KD4 (a and b) and DAF1 (c and d) dykes. In (a)
chalcopyrite is visible, in (b and d) titanomagnetite, and in (c) pyrite. Cpy: chalcopyrite, Py: pyrite,
Ti-Mg: titanomagnetite, Cpx: clinopyroxene, Pl: plagioclase, Ti-Mt: titanomagnetite.

To examine the physical characteristics and distribution of Fe-Ti-V and other associated elements within the
crystals observed earlier, chemical maps and SEM images of certain elements (Ca, Ti, Fe, Mn, Si) were used
(Figure 7). The distribution of elements within the crystals allows for more identification of the texture and
nature of the minerals and even for estimating the percentage of each element. Based on the colors assigned to
the elements, ilmenite is characterized by a high concentration (over 45%) of Fe and Ti and distinct lamellar
intergrowth within the titanomagnetite, which contains less than 35% of these elements. The presence of Ca is
observed in approximately 20% of the titanomagnetite, demonstrating that it is vanadiferous in nature, unlike
ilmenite, which does not show the presence of this element (Figure 7b). The intensity of Mn (Figure 7e)
compared to Fe or Ti (Figure 7g) demonstrates that it is present in trace amounts in ilmenite and
titanomaghemite. Based on the Mg—Fe—Ti association, it is evident that ilmenite-banded titanomagnetite is the
primary mineral hosting Fe—Ti—V oxide mineralization and is transformed into titanomaghemite in some dykes.
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The silicate minerals, identified by the distribution of Si on chemical maps (Figure 7f) or the Ca-Mg
combination on SEM images (Figure 7g, h), correspond to clinopyroxene and plagioclase. The distribution of
chemical elements demonstrates that the predominant mineralizations in titanomagnetite are Fe—Ti—V associated
with Ca (Figure 7). It is noted that Fe-Ti oxides are slightly associated with traces such as Mn in ilmenite,
compared to titanomagnetite (Figure 7g, h). Furthermore, a relatively high concentration of Fe is observed at the
margins of clinopyroxene crystals bordering chlorite or hornblende. Titanomaghemite contains the same
elements (Fe, Ti) as titanomagnetite, in addition to Mn in titanomaghemite (Figure 8g). The presence of Fe, Ti,
and Mn in hornblende, chlorite, and titanomagnetite indicates a contribution of weathering to the formation of
these mineralizations. Thus, the Fe-Ti—V oxide mineralization in our study area occurs in a primary stage in
titanomagnetite and sulfides, in a late-magmatic stage in titanomaghemite and hornblende; and in a post-
magmatic stage in chlorite.
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Figure 7: (b, c, d, e, f). Chemical maps showing the spatial dlstrlbutlon of (b) calc1um, (c) iron, (d)
titanium, (e) manganese, and (f) silicium in the oxyde minerals. (a, g, h) show SEM images illustrating
the combination of chemical elements. Cpx: clinopyroxene, Pl: plagioclase. Chl: chlorite, Ti-Mt:
titanomagnetite. Ilm: ilmenite, Ulv: ulvospinel.
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The electron microprobe analysis made it possible to determine the nature of the oxidized minerals more
precisely and to ascertain the percentages of Fe-Ti-V oxides (Table 2). The results show that these
mineralizations are characterized by high contents of TiO2 (21.61-50.51 wt%), and FeO (3.47-67.16 wt%),
moderate contents of CaO (0.020-24.96 wt%) and Si0O: (26.36-29.69 wt%), and relatively low contents of Cr20s
(0.020-0.070 wt%) and MnO (0.04-3.71 wt%). The relatively high TiO: (21.61-50.51 wt%) and FeO (43.10-
67.16 wt%) and low MnO (0.04-3.71 wt%) contents are represented by ilmenite and ulvospinel.
Titanomagnetite is characterized by high TiO: (31.08-33.22 wt%), FeO (10.03—12.92 wt%) and CaO (23.98-
24.04 wt%) and low in MnO (0.04-0.50 wt%) contents, unlike titanomaghemite, which shows a decrease in FeO
(3.47 wt%) and a relative increase in the proportions of TiO2 (35.10 wt%) and MnO (3.002 wt%). The relatively
high contents of Ca (23.980-24.960 wt%) are related to the vanadiferous nature of titanomagnetite. Magnetite is
commun analyzedminerld mineral based on two oxides observed in plagioclase laths, contains high FeO contents
(61.31-61.32 wt%) out of a total well below 100, and low V contents (V20s: 0.001-0.005 wt%). However,
geochemical analyses of bulk rocks (Noura et al., 2023a) indicate that the V contents of these dykes range from
316 to 505 ppm. The plotting of the electron microprobe analysis results for the oxides analyzed in the dykes of
this study on the FeO — Fe.Os — TiO: diagram (Deer et al., 1969) demonstrates the positioning of samples above
the solvus of three oxide series: (i) the pseudobrookite series (ferropseudobrookite—pseudobrookite), (ii) the
titanohematite series (ilmenite-hematite), and (iii) the titanomagnetite series (ulvospinel-magnetite). The
proximity of the samples to the stability lines defining the three oxide series can be explained by the evolution of
the magma during deuteric oxidation. For example, samples projected above the titanomagnetite solvus also
share the stability field of titanomaghemite, which is a product of deuteric oxidation alteration of titanomagnetite
(Figure 8). These observations indicate the presence of Fe-Ti-V oxide mineralizations in the dykes of our study
area in various stages, notably (i) the primary origin, (ii) the late magmatic stage, and (iii) the post-magmatic
remobilisation. These process could include fractional crystallization, deuteric alteration and oxidation,
hydrothermal alteration, or post-magmatic metamorphism alteration.

Table 2: Representative electron microprobe analysis resultats of Fe-Ti-V oxides minerals (wt. %) of
Ayorou and Kandadji sectors. Mt: Magnétite, Ti-Mt: Titanomagnetite, Ti-Mg: Titanomaghémite,
Ilm: Ilménite, Ulspl: Ulvospinelle. Analysis results of samples KD4a and DSA3c are from Noura et al.
(2023a).

Samples KD4a KD4bu§ DSA3a DSA32b DSA3c DNA3a DNA3b

Minerals Ilm IIm Ti-Mt  Ti-Mt  Ulspl Ilm Ti-Mg
MgO 0.020 0.000 0.000 0.690 0.030 | 0.000 1.160

AlLO; 0.000 0.000 1.250 2.760 1.380 | 0.050 2.220
SiO2 0.010 0.020 | 26.360 | 27.810 | 0.720 | 0.050 | 29.690
CaO 0.030 0.240 | 24.040 | 23.980 | 0.710 | 0.370 | 24.960
TiOs 50.450 | 50.050 | 33.220 | 31.080 | 21.610 | 50.510 | 35.100

Cr05 0.020 0.000 0.050 0.070 0.050 | 0.030 0.060
V205 0.005 0.003 0.000 0.002 0.002 | 0.009 0.000
MnO 3.560 3.710 0.040 0.050 0.040 | 2.950 3.802
FeO 43.590 | 43.060 | 12.920 | 10.030 | 67.160 | 43.100 | 3.470

Fex0O3 47.555 | 46.966 | 14.359 | 11.147 | 74.638 | 48.010 | 3.856
Sum 100.700 | 100.019 | 99.319 | 97.589 | 99.180 | 100.979 | 100.888

Mg 0.001 0.000 0.000 0.021 0.001 0.000 0.035
Al 0.000 0.000 0.030 0.067 0.040 | 0.001 0.053
Si 0.000 0.000 0.538 0.569 0.018 0.001 0.598
Ca 0.001 0.006 0.526 0.525 0.019 | 0.009 0.538
Fe* 0.962 0.956 0.229 0.177 1.803 0.954 0.059
Ti 0.978 0.977 0.530 0.492 0.522 | 0.983 0.537
Cr 0.000 0.000 0.001 0.001 0.001 0.001 0.001
V3* 0.000 0.000 0.000 0.000 0.000 | 0.000 0.000

Mn?* 0.067 0.070 0.001 0.001 0.001 0.056 0.000
Fe*t 0.829 0.825 0.221 0.172 1.386 | 0.823 0.058
Sum 2.838 2.834 2.075 2.024 3.791 2.827 1.878
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Figure 8: Mineralogical composition of Fe-Ti oxides from the doleritic dykes in the Ayorou and
Kandadji areas, plotted on the FeO-Fe:0:-TiO: diagram (Deer et al., 1969).

S. Discussion

5.1. Petrography and alteration process of Fe-Ti-V oxide mineralizations

Field observations show that the Fe-Ti-V oxide mineralizations of our study area occur at outcrop as alteration
patinas of Fe-Mg minerals along the chilled margins and fragmented blocks at the centers of doleritic dykes. In
thin sections, these mineralization appear in a crystallized oxides, as granular aggregates of titanomagnetites
containing bands of ilmenite. This lattice texture is characteristic of high-temperature deuteric oxidation, during
which ilmenite exsolutions crystallized into titanomagnetites under the influence of aqueous magmatic fluids.
The process continued at low temperatures, leading to the transformation of the crystals margins of
titanomagnetites into titanomaghemites, with the partial disappearance of the ilmenite bands. This high-
temperature deuteric oxidation is associated with deuteric alteration during which ferroedenite recrystallized at
the margins of augite crystals, in according with the hypothesis formulated by Noura et al. (2023a) to explain the
evolution of mineral phases in these dykes. The transformation of titanomagnetites into titanomagnetites was
explained by Pivot et al. (1968), who supposed that it involves a decrease in Fe content and an increase in Mn
and Ti concentrations during its formation. For other authors (e.g., Ondrejka et al., 2015), this transformation
occurs during the maghemite formation mechanism, which results from deuteric oxidation at low temperatures,
generally below 150°C (Ozdemir and Moskowitz, 1992). This temperature is relatively higher in the results
highlighted in this study, reaching 200°C as shown in Figure 10b. During this mechanism, the aqueous fluids at
the end of crystallization acted on the margins of titamagnetite crystals by transforming Fe?" into Fe3* ion, with a
slight enrichment in Mn and Ti (Figure 9a). According to Xu et al. (1997), the maghemite formation mechanism
consists of Fe?" ion migration through solid diffusion toward the surface or exterior of the titanomagnetite
crystal, without the addition of oxygen. Based on the alteration, it is noted that these mineralizations are
associated with silicate minerals such as hornblende and chlorite, within which the amount of Fe can be
relatively significant, but also with titanomaghemites that are enriched in Mn and Ti from the titanomagnetites
(Table 2).

The lattice and granular textures identified in this study, which are typical of high-temperature titanomagnetite
oxidation, are similar to the ilmenite lamellae included in titanomagnetite described in the Panzhihua mafic
intrusion in China (Dankali, 2016) and in the Fedorivka layered intrusion (Duchesne et al., 2006), and were
interpreted by Charlier et al. (2015) as ilmenite exsolutions from magnetite during the oxidation of ulvospinel
component, producing ilmenite lamellae above the magnetite-ulvospinel solvus.

5.2. Origin and formation conditions of Fe-Ti-V oxide mineralizations

Fe-Ti-V oxide mineralizations may have a primary origin directly linked to syn- to late-magmatic processes or a
secondary origin linked to post-magmatic processes. Several hypotheses have been proposed to explain the
origin and formation conditions of Fe-Ti-V oxide mineralizations, ranging from magmatic crystallization (e.g.,
Karinen et al., 2022) to hydrothermalism (e.g., Li et al., 2014; Dare et al., 2015), to deuteric oxidation (Ondrejka
et al., 2015) and/or supergene alteration (e.g., Weibel, 2003). Other authors propose alternative mechanisms,
notably liquid immiscibility (Reynolds et al., 1985; Bachari, 2004; Charlier et al., 2015) and magma mixing or
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contamination (Harney et al., 1990). Most of these processes and mechanisms have been reported by Noura et al.
(2023a), who demonstrated an asthenospheric origin for the doleritic dykes of the Téra-Ayorou pluton, whose
magma underwent various degree of crystallization between the margins and centers of the dykes, accompanied
by deuteric alteration responsible for the recrystallization of ferro-edenite and hydrothermal alteration forming
chlorite. The physical characteristics of the oxidized minerals in thin sections and the sample projection in oxide
diagrams (Figures 8 and 9) suggest that at least two mechanisms contributed to the formation of Fe-Ti-V
mineralizations observed in high-resolution SEM images or through the electron microprobe analysis results of
titanomagnetite, sulfides, titanomaghemite and ilmenite. Thus, these mineralizations formed in the form of: (i)
Fe during surface fluvial weathering, (ii) Fe-Ti during fractional crystallization of clinopyroxenes,
recrystallization of hornblende during deuteric alteration, and Fe-Ti-V during: (iii) fractional crystallization of
titanomagnetite-ilmenite-ulvospinel and (iv) low-temperature recrystallization of titanomaghemite. The deuteric
nature of the oxidation is shown by the presence of titanomaghemite, as demonstrated some samples projection
in the FeO-Fe.0:-TiO: diagram (Ondrejka et al., 2015), within the titanomaghemite field during deuteric
oxidation (Figure 10). Electron microprobe analyses (Table 2), chemical maps (Figure 7a, b, c, d, e, f), and SEM
images (Figure 7g, h) results, appear that the potential sources of these mineralizations are oxidized minerals
(titanomagnetite, ilmenite and titanomaghemite) and, to a lesser extent, ferric silicate minerals (chlorite, augite,
hornblende) and metal sulfides (pyrite, chalcopyrite). In order to understand the minor contribution of
hydrothermal alteration affecting plagioclase and hornblende in this study, Charlier et al. (2015) proposed that
this process reduces the Fe and Ti contents in oxides, by integrating plagioclase elements (i.e., Ca in this study)
in their crystal structure.

Through studies of magma evolution during fractional cristallisazation, several works on mineral migration
within magma chamber have concluded that oxidized minerals, due to their high density, tend to migrate toward
the bottom of the magma chamber, and that the crystallization and precipitation of minerals such as
titanomagnetite and ilmenite are largely controlled by oxygen fugacity (Charlier et al., 2015), magma
temperature (Hill and Roedder, 1974), the Fe, Ti, V contents of magma (Bachari, 2004 ), and pressure variations
(Cawthorn et al., 1985). It is accepted that during magma crystallization, ilmenite coexists with magnetite, and
the two oxides are linked through a cation exchange between Fe2'Ti** and Fe3*, during which magnetite gets Fe3"
and ilmenite obtains Fe?'Ti** (Duchesne, 1972; Charlier et al., 2015), to form titanomagnetite with internal
growth of ilmenite bands and ulvospinelle grains. These process are accompanied by the addition of Mn at low
temperature, from the residual liquid, in addition to the acquisition of Fe>*Ti** through the chemical reaction
3Fe;TiO4 + 1/202 — 3FeTiOs + Fes0s, to form titanomaghemite. These hypothesis explain essentially the
condition formation of oxide minerales and Fe-Ti-V oxide ores of our study area.

The presence of relatively high contents of Ca in these mineralizations is linked to the vanadium-bearing nature
of titanomagnetite and could be explained by several mechanisms as demonstrated: (i) the incorporation of Cain
titanomagnetite from silicate minerals such as clinopyroxene or ca plagioclase, (ii) the crystallization of Ca at the
margins of titanomagnetite crystals from magmatic fluids resulting from deuteric alteration, (iii) the presence of
fine perovskite intergrowths within titanomagnetite formed from a magma Ca-rich, or (iv) through very slight
isomorphic substitution of Ca in the interstitial space or defects in the spinel crystal lattice. All of these process,
with the exception of the first and last one (because Ca cannot substitute for Fe), could explain the presence and
abundance of Ca content in these mineralizations.
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Figure 10: FeO-Fe:0:-TiO: ternary diagram (Ondrejka et al., 2015).
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6. Conclusion

The Fe-Ti-V oxide mineralizations of the Téra-
Ayorou pluton origenated from asthenospheric and
formed during fractional crystallization in the
titanomagnetite, sulfides and clinopyroxenes, deuteric
alteration in titanomagnetite and hornblende, and
hydrothermal alteration in chlorite. Among these
elements, Ti and Fe concentrations are predominant
and occur in all minerals, unlike V, which is found in
trace amounts and is predominantly present in
titanomagnetite, ilmenite, and titanomaghemite. The
evolution of mineral phases from titanomagnetite to
titanomagnetite is accompanied by a slight
enrichment in Ti and Mn at the margins and the
disappearance of ilmenite bands, reflecting low-
temperature deuteric oxidation. The high TiO-
contents in ilmenite, titanomagnetite, and
titanomaghemite compared to clinopyroxenes is
explained by their late crystallization and the low
fractionation of Ti during the early formed crystals
such as clinopyroxenes. The presence of Ca in
vanadiferous titanomagnetite and in its residual
product (titanomaghemite), reflects the incorporation
of Ca into their crystal structure during high-
temperature deuteric alteration or oxidation. It would
be important to develop this work by integrating
fluide inclusion, thermobarometry and U-Pb
geochronological analyses, in order to determine the
age of these mineralizations, the P-T emplacement
conditions, to assess their petrogenetic model.
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