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Abstract

The study area located in Mayo Kebbi belongs to the Northern domain of the
Pan-African Range of Central Africa. This work is a contribution to the geo-
logical and geochemical study of dolerites in Mayo Kebbi. The main objective
of our study is to carry out petrological and geochemical studies of dolerites
around Léré and to determine their geodynamic context of emplacement. The
methodology of this study is based on an integrated approach combining field
work, petrographic and geochemical analyses. The field work revealed that
dolerite dykes outcrop in the form of balls and blocks of light to dark gray
shades cutting the Pan-African basement. These dolerite dykes have thick-
nesses varying from 5 to 20 m and lengths of the order of decameters to kilo-
meters; and show main orientations of E-W and N-S. The petrographic study
identified three facies: pyrite and basement enclave dolerites, pyrite and calcite
dolerites, and amphibole and pyroxene dolerites, including doleritic and ophitic
textures. The primary mineral assemblage consists of plagioclases, pyroxenes,
oxides, hornblende, apatite and biotite, sometimes pyrite and calcite. Whole
rock geochemical analyses using ICP-MS and ICP-AES methods determined
the compositions of different facies of the dolerites: pyrite and basement en-
clave dolerites and pyrite and calcite dolerites are basic to intermediate
hypovolcanic rocks (SiO;: 45.2% - 58.2%), with alumina (ALO;: 14.65% -
17.85%). Amphibole and pyroxene dolerites (SiO: 60.3% - 65.1%) are classi-
fied in the acid rock field. Transition element concentrations vary (Ni: 4 - 68
ppm and V: 73 - 322 ppm) showing a fractionation of iron-titanium oxides.
The geodynamic context of emplacement of these rocks is typical of late to
post-orogenic (compressive to distensive) to orogenic (compressive) intracon-
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tinental zones.

Keywords

Dolerites, Léré, Pan-African Chain, Petrography, Geodynamics, Geochemistry

1. Introduction

Intrusive magmatism generally exploits synchronous fracturing systems and can
also follow regenerated pre-existing systems that exhibit network organizations
[1]. Doleritic magmatic intrusions are designated under two groups in Central
Africa: extensional basin dolerites and continental tholeiite dolerites. Extensional
basin dolerites have been identified in Anambra, Nigeria [2] and in northern Cam-
eroon, in the Mayo Oulo-Léré and Babouri-Figuil regions [3]. Large Igneous Prov-
inces (LIPs) result in the eruption of large quantities of basaltic magmas in a very
short geological time [4]. These large volcanic provinces representing vast areas
on Earth are made up essentially of mafic rocks of tholeiitic nature which appear
in the form of flows, sills and dykes [5] [6]. The emplacement of basic to interme-
diate intrusions, which very often outcrop in the form of dykes and sills, is con-
sidered a direct consequence of the tectonic events that affected the Pan-African
basement [7] [8]. Basalt or dolerite dykes of bimodal composition (basaltic to ul-
trabasaltic) have been studied in the African cratonic domains and the Pan-Afri-
can Range domain [9] [10]. In the Léré region of southwest Chad, hypovolcanic
formations cut the Pan-African basement. These basic magmatic formations out-
crop in the form of dykes cutting the Pan-African basement. This study focuses
on the dolerites of the Pan-African basement of eastern Léré. The emplacement
of basic to intermediate intrusions, which very often outcrop in the form of dykes
and sills, is considered to be a direct consequence of the tectonic events that af-
fected the Pan-African basement [7] [8]. Basalt or dolerite dykes of bimodal com-
position (basaltic to ultrabasaltic) have been studied in the African cratonic do-
mains and the Pan-African Range domain [9] [10]. The work on the dolerites of
Léré and Figuil is based on the petrographic, mineralogical and geochemical as-
pects [3] [11]-[14]. The petrographic and geochemical characteristics of these dol-
eritic intrusions have allowed us to specify the geodynamic context of their em-
placement. The dolerites of the Pan-African basement around Léré have not bene-
fited from in-depth petrographic and geochemical studies. The main objective is to
carry out petrological and geochemical studies of the dolerites of the Pan-African
basement. The specific objectives of this work are: 1) to gather as much information
as possible on the dolerites of the Pan-African basement around Léré; 2) to specify
the type and nature of these rocks by focusing on a microscopic study and geo-
chemical data; and 3) to determine the geodynamic context of the emplacement
of these dolerites of the Pan-African basement. The approach of this study is

therefore perfectly suited to provide new data on the geodynamic context of dyke
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emplacement and magmatic activity in the study area.

2. Geological Framework

Chad is part of a vast domain called the Mobile Zone or the Central African Pan-
African Range (CPAC) [15]. The Central African Mobile Zone extends from the
northern edge of the Congo Craton to eastern Nigeria, encompassing Cameroon,
Chad, and the Central African Republic. It continues eastward to Sudan and
Uganda [16], and westward to Brazil (Sdo Francisco Craton, Trans-Amazonian
Belt) [17] [18]. The Mayo Kebbi, located in southwest Chad, where the study area
is located, is a geologically rich and complex region (Figure 1). This region is
characterized by a variety of Precambrian formations that testify to the geological
evolution of the Pan-African Range [11]-[13] [19]-[23]. The crystalline basement
of the Mayo Kebbi consists of several lithotectonic formations, which are distin-
guished by their composition and geological history. The main formations iden-
tified in this region include: 1) greenstone belts, 2) the Mayo-Kebbi batholith, and
3) post-tectonic intrusions. The Mayo Kebbi bedrock, which extends from Cam-
eroon to southwest Chad, is interpreted as a Neoproterozoic middle arc, stabilized
around 640 Ma [24]. The basement of the Mayo Kebbi region consists of granites
and gneisses, which were folded NNE-SSW by the Pan-African orogeny and
characterized by the presence of N-S to NNE-SSW oriented foliations carrying an
E-W stretching lineation with dips greater than 50° to the West [24]. In the Léré
region, the geological contacts are studied between the Zalbi metavolcano-sedi-
mentary series and the Mafic and Intermediate Complex, on the one hand, and
between the latter and the Léré batholith, on the other hand. The metavolcano-
sedimentary series is mainly composed of chloritoschists, with intercalations of
talcschists and some rare serpentinites. The rocks of the Mafic and Intermediate
Complex, represented by gabbros, gabbro-diorites and quartz diorites. The pres-

ence of vein appendages from the Léré batholith within the Mafic and Intermediate
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Figure 1. Geological and structural map of the study area [22].
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Complex indicates an intrusive character of the batholith in the latter, as suggested
by [22] (Figure 1).

The study area is part of the CPAC, dolerites outcrop on the Pan-African base-
ment. These dolerites are present in the form of dykes, they are abundant in vari-
able directions and of fairly significant extension, outcropping within the for-
mations of middle to upper Proterozoic age, covered by sediments of lower Cre-
taceous age [25]. The difference in incompatible elements (REE: La, Nd and Ce)
between the two groups of dolerites is explained by the degree of partial fusion of
the same source which becomes more important over time. The mode of emplace-
ment of these two groups of dolerites in the Pan-African basement seems to be a

direct consequence of the tectonic events which affected these regions [11]-[13].

3. Material and Methods
3.1. Material

Ten (10) fresh and representative dolerite samples were selected based on their
health and degree of alteration for petrographic and geochemical studies. Sample
was carefully cleaned and then sawn into two rock sugar cubes. Ten (10) rock
cubes were ground (pretreatment) at the laboratory of the Ministry of Mines and
Geology of Chad and then sent to the ALS laboratory (South Africa) for geochem-
ical analyses. The other ten (10) were sent to the thin-section laboratory of the
Department of Earth Sciences at the University of Yaoundé I (Cameroon) for

thin-section preparation.

3.2. Methods

Before proceeding with the analyses: 0.2 g of powder from each sample was first
melted with 1.5 g of Lithium meta-borate/tetra borate (LiBO,/Li,B,0,) and then
dissolved in 100 mm?® of 5% dilute nitric acid. The analytical uncertainties vary
from 0.1% to 0.04% for major elements; from 0.1% to 0.5% for trace elements; and
from 0.01 to 0.5 ppm for rare earths. The remaining trace elements were analyzed
by ICP-MME. Loss on ignition or LOI (Loss on ignition) for ICP-MS and ICP-
AES (Inductively Coupled Plasma Atomic Emission Spectrometry) analyses is
also known as calcination. Its determination is done by heating the powders to the
point that they release all their water bound to the particles.

Once in solution, the samples were analyzed by Inductively Coupled Plasma-
Atomic Emission Spectrometry (ICP-AES). The prepared samples were mixed
with the LiBO,/Li,B,O; flow. The samples were dissolved under a Teflon bomb
pressure, using a 1:1 mixture of HF and HCIO, at 180°C, and then taken up in an
HNO; solution with an international In-Re standard. After dissolution in HF-
HCIO,, the samples were taken into a mixture of HNO;, HCl and HF and diluted.
These solutions were measured within 24 hours of dilution to prevent HFSE ab-
sorption. For major elements, a comprehensive major element analysis was per-
formed by combining several methods in a single package. This package combines

the entire whole-rock analysis package (ME-ICP06) in addition to carbon and sul-
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fur, which are analyzed using a combustion furnace (ME-IR08). The elements
SiOz, Ales, Fe203, CaO, MgO, NaZO, Kzo, Cr203, TiOZ, MnO, PzOS, SI'O, and BaO
were analyzed by ICP-AES.

4. Results
4.1. Petrography

The dolerite dykes covered by this study are rarely more than twenty meters thick
and vary in length. The petrographic study revealed three dolerite facies based on
color and mineralogical composition. These are pyrite and basement enclave dol-
erites rich in alkali feldspars, pyrite and calcite dolerites, and amphibole and py-
roxene dolerites, with doleritic, granophyre intergranular, and ophitic textures re-
spectively. The primary mineralogical assemblage of these rocks is often com-
pletely or partially transformed. Plagioclase and pyroxene are the dominant min-

eral phases.

4.1.1. Pyrite Dolerites and Basement Enclaves Rich in Alkali Feldspars
The pyrite and enclave dolerites of the Léré basement are observed at Berliang,
Ganli, Tréné and Moutching. They crop out in the form of rectilinear dykes with
ENE-WSW, N-S directions in Berliang; ENE-WSW, NNE-SSW to Ganli; from N-
S to Tréné; from ENE-WSW, NNE-SSW to Moutching. These dolerite dikes form
centimeter-sized balls (20 to 60 cm) and metric blocks (1 to 2 m) (Figures 2(a)-
(e)). They have powers varying from 7 to 18m over metric to kilometric lengths.
Under the microscope, dolerites have a doleritic texture. They are made up of
phenocrysts and microcrystals of clinopyroxene oxides, alkali feldspars, plagio-
clase, amphibole, iron oxides. Plagioclases are more abundant and appear in the
form of laths and often in microlites and generally automorphic phenocrysts. Sec-
ondary minerals such as microcline, epidote and chlorite were also observed in
the thin sections (Figures 2(b)-(f)).

4.1.2. Pyrite and Calcite Dolerites

The pyrite and calcite dolerites crop out in the form of dikes made up of metric
blocks (around 1 m) and centimeter-sized balls (20 to 50 cm) intersecting the base
following the NE-SW to ENE-WSW direction at Tefoultréné and ENE-WSW to
N-S to Lampagame (Figure 2(c)). These dark gray dolerite dykes have thicknesses
varying from 7 to 15 m over kilometer lengths. Contact with the base is clear. At
the fresh break, the rocks are hard, dark, massive, with a porphyry microlitic struc-
ture and present a brown weathering patina (2 mm). The matrix is composed of
feldspar, pyroxene, opaque crystals and pyrite crystals (Figure 2(d)). Under the
microscope, the dolerites show an intergranular to granophyre texture. These dol-
erites are composed of phenocrysts of plagioclase, clinopyroxene, iron oxide, al-
kali feldspars, calcite with corrosion gulfs and their microcrystals, thus plagioclase
microlites are observed. Secondary minerals observed in the thin sections are ep-

idote, pyrite and chlorite (Figure 2(d)).
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Figure 2. Some samples and photomicrograph showing structural and textural characteristics of dolerites. (a) Representative sample
of pyrite and enclave dolerites taken from Berliang; (b) Crystals of plagioclase, clinopyroxene and alkali feldspars in the doleritic
texture in LPA(BM1); (c) Outcrop in the form of blocks of dolerite dykes with pyrite and calcite at Lampagame; (d) Calcite crystals

with corrosion gulfs in dolerite with pyrite and calcite in LPA; (e) sample with porphyritic dolerite structure of dolerite with pyrite
and enclaves rich in alkali feldspars from eastern Léré; (f) Classic doleritic texture of dark dolerite with pyrite and alkali feldspars in
LPA (BeM3); (g) Outcrop of a dolerite dyke in the form of balls and blocks at Léré; (h) Crystals of plagioclase, clinopyroxene, oxide
and amphibole in the ophitic texture in LPA (MaM4).

4.1.3. Amphibole and Pyroxene Dolerites

Amphibole and pyroxene dolerites crop out in the form of rectilinear dikes made
up of centimetric (15 to 60 cm) to metric (more than 1 m in diameter) balls and
blocks. These dykes vary in size from 5 to 15m over a few kilometers in length and
intersect the basement following the ENE-WSW direction at Tekoiby; N-S to
Mabadjin and from ENE-WSW to Poudoué. The rocks are hard, freshly broken,
massive, gray and with a doleritic structure. The rocks are made up of crystals of
alkali feldspars, pyroxene, oxides and fine, elongated microcrystals. They present
a thin (less than 3 mm) brown to reddish weathering patina (Figure 2(g)). Under
the microscope, dolerites have an ophitic texture typical of dolerites. They are
made up of clinopyroxene phenocrysts surrounding the plagioclase laths. Pheno-
crysts of clinopyroxene, plagioclase, amphibole, and oxides were observed. These
phenocrysts are distributed in a matrix composed of plagioclase microlites, clino-
pyroxene and iron-titanium oxide microcrystals. Secondary minerals such as
iron-titanite oxides, apatite and chlorite were observed in some sections of the

phenocrysts in the thin sections (Figure 2(h)).

4.2. Geochemical Characterization

Chemical analyses on whole rocks are carried out on the different petrographic

types representative of the dolerites of the surroundings of Léré. The results are
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compiled in Table 1. The mafic hypovolcanic rocks are rocks of basaltic and ho-
mogeneous composition (45.2% SiO; 65.1%; 4.24 Fe,O; 15.85%; 2.05 MgO 4.89%;
0.58 TiO; 3.47%; 14.65 Al,0; 17.85 and 4.5 Na,O + K,0 7.5). Such a composition,
typical of tholeiitic magmas [26] [27], reflects a crystallization of oxides as sug-
gested by the textural relationships. The behavior of trace and major elements is
consistent with the crystallization of clinopyroxenes and plagioclases which are
the most important mineral phase. In detail, the progressive decrease in TiO, and
Fe,O; contents is related to the continuous fractionation of ferro-titanium oxides.
The pyrite-enclave basement dolerites and the pyrite-calcite dolerites show varied
geochemical characteristics indicating their classification as basic to intermediate
(Si0,: 45.2% - 58.2% and Al,Os: 14.65% - 17.85%). The amphibole-pyroxene dol-
erites show higher SiO, contents, between 60.3% and 65.1%, classifying them as
acidic rocks. The concentrations of transition elements, such as nickel (4 to 68
ppm) and vanadium (73 to 322 ppm), suggest some degree of fractionation of the

iron-titanium oxides.

Table 1. Whole rock analyzes of dolerite dikes outcropping on the basement.

(%) TrM1 BM2 MoM1 GaM1 GaM3 TtM1 LaM1 TEM2 MaM4 POM1
SiO2 45.4 58.2 45.2 49.6 47.4 45.9 45 65.1 63.3 60.3
TiO: 2.57 1.14 3.47 2.8 2 2.39 2.39 0.58 0.61 0.97
AlLOs 15.6 16.35 14.65 14.95 17.85 15.9 15.6 15.8 15.75 15.65
Fe;Os 14.05 7.46 15.85 13.45 11.65 13.3 13.7 4.24 4.44 5.77
MnO 0.17 0.13 0.19 0.17 0.15 0.17 0.16 0.07 0.09 0.1
MgO 4.65 2.05 4.45 3.27 4.51 5.1 4.89 2.83 2.92 3.65
CaO 7.33 5.51 7.05 5.63 7.14 7.21 7.09 3.69 3.86 4.04
Na,O 3.58 4.23 2.85 4.13 3.59 3.2 3.59 4.77 4.55 4.58
KO 1.2 1.52 2.12 2.37 1.4 1.3 1.32 2.73 2.66 2.71
P20Os 0.52 0.41 0.69 1 0.35 0.44 0.45 0.16 0.16 0.21

Cr2COs3 0.005 0.011 0.005 0.004 0.006 0.006 0.004 0.036 0.033 0.025
SrO 0.06 0.05 0.05 0.07 0.06 0.06 0.07 0.06 0.08 0.05
BaO 0.04 0.06 0.08 0.13 0.08 0.06 0.05 0.07 0.07 0.06
LOI(PF) 5.96 1.98 2.03 3.07 3.35 4.15 5.3 1.56 1.42 1.86
Total 101.14 99.1 98.69 100.64 99.54 99.19 99.61 101.7 99.94 99.98
ppm
Sc 16 13 18 13 15 16 16 8 8 10
\% 208 101 322 169 186 203 210 73 81 121

Co 44 15 50 31 41 49 44 13 13 19

Ni 45 4 37 10 52 61 53 33 34 68

Ga 24.6 22.5 27.2 26.9 23.9 24.8 25.5 22.9 24.1 25.1
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Continued
Rb 23 21.2 43.7 36 39 19.4 19.6 66.7 68.7 76.6
Sr 563 486 575 655 611 658 682 565 761 509
Y 28.7 36 38 42.7 22.8 26.1 27.3 9.6 9 11.8
Zr 250 433 330 422 200 225 232 146 148 166
Nb 253 13.55 35.6 42.6 18.05 22.4 22.4 6.91 7.24 8.95
Sn 2.2 1.3 2.6 2.7 1.2 1.8 1.9 1.1 1.7 2.3
Cs 2.57 0.5 1.78 1.38 1.17 2.44 0.96 1.28 1.57 2.8
Ba 390 550 768 1160 670 531 462 593 594 556
La 29.1 33.7 43.1 55.8 19.8 25.1 26.3 23.8 24.1 26.4
Ce 66.1 71.9 97.5 124.5 44.5 58 60.2 45.9 47.8 52.7
Pr 8.44 8.63 12.6 16.3 5.94 7.6 7.67 5.4 5.51 6.2
Nd 36.2 37 52.3 67.7 25.2 32,5 33.9 20.3 20.4 23
Sm 8.08 7.24 10.75 13.7 5.64 7.27 7.78 3.42 3.88 4.75
Eu 2.36 2.16 3.01 3.75 1.87 1.99 2.28 1.08 0.99 1.17
Gd 7.92 8.1 10.3 11.7 5.34 6.56 7.15 2.49 2.77 3.32
Tb 1.09 1.24 1.32 1.64 0.84 0.91 0.99 0.32 0.37 0.42
Dy 6.02 7.1 8.05 9.1 4.85 5.5 5.77 1.8 1.82 2.29
Ho 1.08 1.42 1.34 1.63 0.89 0.98 1.04 0.35 0.31 0.5
Er 2.96 4.03 3.6 3.92 2.25 2.49 2.86 1.05 0.9 1.27
Tm 0.4 0.51 0.49 0.55 0.34 0.31 0.4 0.13 0.12 0.16
Yb 2.3 3.21 2.7 2.86 1.76 2.02 2.13 0.73 0.99 0.95
Lu 0.3 0.52 0.45 0.44 0.33 0.31 0.34 0.14 0.14 0.19
Hf 6.24 9.45 7.37 10.3 4.95 5.33 5.73 4.16 4.07 4.22
Ta 1.2 0.7 1.7 2.3 1 0.9 1 0.5 0.5 0.6
W 0.7 <0.5 0.6 0.5 <0.5 0.9 0.5 <0.5 0.6 0.7
Th 2.27 4.03 3.01 3.8 1.63 1.95 2.01 9.77 9.33 11.75
U 0.58 0.59 0.64 0.93 0.44 0.52 0.55 3.94 3.94 4.58

In the TAS classification diagram, the sum of alkali (Na,O+ K,O) versus SiO,
[28] (Figure 3) of igneous rocks reveals that some studied dolerites fall into the
basalt, trachy-basalt field except amphibole and pyroxene dolerites which are plot-
ted in trachy-andesite and trachyte domains. Only one sample of pyrite and base-
ment enclave dolerites is found in the andesite range.

The AFM diagram [29] (Figure 4) shows that the studied dolerite samples are
distributed along a boundary line. The pyrite-basement enclave dolerite facies
and the pyrite-calcite dolerites are found in the area corresponding to the tholeiitic

series, indicating that they are rich in FeOt and poor in MgO. This suggests an
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Figure 3. TAS classification diagram (Na»O + KO versus SiO2) [28]. Figured blue: dolerites
with pyrite and basement enclave (DPyEvS); Figured red: dolerites with pyrite and calcite
(DPyCal) and Figured black: dolerites with amphibole and pyroxene (DAmpPx).

Tholeitic
Series

0®
TH+CA
*e

Calco-alkaline

@DPYEVS | serjes
@ DPyCal
A ‘ DlAlmp Px i 1 M
75 50 25

Figure 4. Position of the dolerites from eastern Léré in the AFM diagram [26], the red curve
indicates the limit of the tholeiitic and calc-alkaline domains.

origin in environments such as oceanic ridges. The amphibole-pyroxene dolerite
facies are located in the area of the calc-alkaline series, where they show higher
Na,O + K,O contents and reduced FeOt levels. They suggest a formation in sub-
duction environments, typical of volcanic arcs.

Harker diagrams highlight the evolution of major elements expressed as weight
percentage of oxides as a function of SiO,. Harker diagrams for major elements
show a decreasing trend for TiO,, Fe,O;, MnO, MgO, CaO, and P,O:s as SiO; in-
creases. ALO; shows a constant profile. This suggests a fractionation of mafic min-
erals such as clinopyroxenes and opaques. For K;O, Na,0O, and Cr,CO;, they show
an increasing trend with increasing SiO, (Figure 5).

Chondrite-normalized rare earth element spectra [30] (Figure 6(a)) of dolerites
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Figure 5. Harker diagrams of evolutions of major elements as a function of SiO: of mafic magmatic rocks in the study area. Figured
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Figure 6. Rare earth spectra and multi-element diagrams of basement dolerites east of Léré normalized to chondrites [30] and
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show enrichment in light rare earth elements (LREE) relative to heavy rare earth
elements (HREE), with a slight negative Eu anomaly. Multi-element trace element
spectra of dolerites normalized to the primitive mantle of [30] (Figure 6(b)) are
characterized by negative anomalies in Th, Ta, Nd, and Tb, positive anomalies in
Ba, Nb, La, Zr, and enrichment in incompatible LILE elements (Rb, Ba, Th) rela-
tive to incompatible HFSE elements (Dy, Y, Yb). These features are associated
with calc-alkaline magmas formed in subduction zones. They result from the en-

richment of the source mantle of these magmas by fluids.

4.3. Discussion

Petrographic and geochemical data are used in this part of the work to categorize,

determine the nature and geodynamic context and the origin of the rocks studied.

4.3.1. Macroscopic Characteristics

Field observations have highlighted the presence of three (3) facies, namely, pyrite
and basement enclave dolerites, pyrite and calcite dolerites and dark grey amphi-
bole and pyroxene dolerites intersecting the Pan-African basement aged 640 Ma
[24] to 630 + 1 Ma [22], this outcrop mode, later than the Pan-African basement,
shows the post-tectonic character. The absence of macroscopic deformation struc-
tures may reflect their post-tectonic character. The existence of weathering patina
on the dolerites is the result of water percolation through various fractures. The
dolerite dykes of the study area and those of Léré and Figuil [11]-[13] are wider
than the basaltic dykes of Bangangté, Dschang and Manjo (0.2 to 1.2 m wide) [31]
and the doleritic dykes of Likok (10 to 15 m wide) [32].

Dyke widths appear to be related to crustal extension. Dyke size may also pro-
vide some information about the emplacement mechanism. [33] suggested that
the primitive magma flows that generated continental dykes with widths greater
than 3 m would be turbulent rather than laminar. Turbulent magma flows feeding
wide dykes may have promoted some crustal contamination, because the magma
rising to the surface would have eroded the dyke walls. In contrast, the laminar
flow of the thin Biden [34], Bangangté, Dschang, and Manjo [31] dykes could not

have promoted crustal contamination.

4.3.2. Microscopic Characteristics

Microscopic observations of the studied rocks have highlighted the different tex-
tures such as doleritic, intergranular granophyre, and ophitic textures. Textural
relationships may suggest two phases of magma crystallization with the first phase
characterized by the crystallization of ferromagnesian mineral phenocrysts (such
as clinopyroxene, amphibole, and opaques) and the second phase marked by the
crystallization of titanite microcrystals and microliths. These textural relation-
ships imply two modes of mineral growth: simultaneous crystallization and early
crystallization of minerals. For example, ophitic texture is the mineral growth
mode due to simultaneous crystallization of ferromagnesian crystals (clinopyrox-

ene) and alkali feldspars or plagioclases, while subophitic texture is the mineral
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growth mode suggesting early crystallization of ferromagnesian minerals and late
crystallization of feldspars.

Following hydrothermal alteration accompanying the emplacement of these in-
trusions, the primary minerals of these magmatic rocks underwent more or less
significant and very heterogeneous post-magmatic transformations, both at the
mineral scale and that of the different magmatic facies. Thus, a secondary para-
genesis with chlorite, albite, sphene, epidote, sericite, calcite, pyrite and quartz
developed, at the expense of the primary minerals. The established order of crys-
tallization is as follows: titanites would have crystallized first, clinopyroxene crys-
tals second, amphiboles, biotite and finally those of plagioclases and alkali feld-
spars. Automorphic titanites can result from the alteration of clinopyroxene phe-
nocrysts and xenomorphic titanites are frequently grouped into two or more in-

dividuals by the edges.

4.3.3. Geochemical Characteristics

1) Rock Petrogenesis

Undersaturated alkaline magmas rich in volatile elements are markers of the
important role of fluids in the mantle and of fluid-rock and magma-rock interac-
tions, key processes for understanding convective mantle dynamics and astheno-
sphere-lithosphere interactions in the intracontinental domain [35]. If we con-
sider the possible variations in all the characteristics (chemical and mineralogical
composition) of a mantle source and the melting conditions (temperature, pres-
sure, melting rate), it becomes theoretically possible to design a large number of
models that can reproduce the rare earth element (REE) spectrum of any single
magma.

REEs were chosen because their behavior during melting processes produces
smooth spectra on chondrite-normalized diagrams. These variations are directly
related to their fractionation between minerals and silicate liquid during melting
[36]. The spectra provide information on partial melting rates, with REE enrich-
ment being inversely proportional to the melting rate [37].

Compared to primitive mantle magmas, the highly variable contents of MgO,
Mg # (35.5 - 43.39) and transition elements (Ni, Cr, Co and Sc) in mafic hypovol-
canic rocks suggest that some degree of fractional crystallization occurred during
the emplacement of mafic hypovolcanic rocks [37]. This hypothesis is corrobo-
rated by the presence of spinel-rich magmas which suggests an ascent from depths
greater than 30 km, at a significant speed not allowing the opportunity to react
with the crust, and therefore to modify the composition of the magma [37].

In the diagrams of trace element variation as a function of La, Zr and Rb of the
dolerites from the vicinity of Léré [38] (Figure 7), the La/Sm ratio tends to de-
crease with increasing La, which indicates fractional crystallization, while higher
ratios are related to partial melting. The collinearities of trace element variations
shown by the different diagrams (Figure 7) also indicate the probable develop-
ment of fractional crystallization processes operating in more or less enriched

and/or contaminated mantello-derived magmas. These processes would be more
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developed for dolerites that could derive by fractional crystallization [39]. The
correlation between the very incompatible elements (La and Nb) is linear and
shows the existence of a genetic link between all these rocks (fractional crystalli-
zation or mixing of cogenetic magmas). This convention is verified by the fact that

this line passes through the origin.
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Figure 7. Diagram illustrating partial melting and fractional crystallization. Indicating the
variation of trace elements as a function of La, Zr and Rb (a)-(f) in dolerites [38].

The fractional crystallization process was probably coupled with slight crustal
contamination, as indicated by the Th/Yb enrichment of the studied dolerites.
This has been observed in other continental tholeiites worldwide [1] [40]-[46].
The low content of transition elements refers to evolved parental magmas.

2) Source characterization

La bonne corrélation des éléments incompatibles LILE (Rb, Ba, K et Th) avec
les éléments réputés immobiles comme les terres rares et le fait qu’ils ne suggérent
pas de corrélation avec la perte au feu (LOI) démontrent bien que la composition
chimique des dolérites du socle panafricain n’est pas trés affectée par les phéno-
meénes secondaires d’altération et que leur richesse en ces éléments est une carac-
téristique primaire. High LREE contents are characteristic of alkaline magmas,
whereas low concentrations are evident in tholeiitic magmas. The low TiO, content
(1.28% - 3.44%) classifies the studied rocks in the continental tholeiite series with
a low proportion of titanite oxides, such as that described in West Africa [47].
Dolerites with a low TiO, content would mainly result from the partial melting of
a contaminated lithospheric mantle during subduction linked to the Pan-African
orogeny of the chain [8]. Partial melting could therefore be associated with crustal
contamination. The more or less high ratios (Zr/Hf: 35.09 - 45.82) of the studied
dolerites compared to the primitive mantle (Zr/Hf: 36) demonstrate the participa-
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tion of the metasomatized lithospheric mantle in the genesis of the studied rocks.
The enrichment in LILE and LREE, characteristic of continental tholeiite, is inter-
preted either as the effect of a crustal contamination process [40] [48] [49], or as
characteristic of the mantle source [50]-[52]. In the case of continental tholeiites
in the study area, incompatible element ratios support their derivation from an
enriched source such as enriched MORB (E-MORB) and OIB. High LREE con-
tents are characteristic of alkaline magmas, while low contents are evidenced by
tholeiitic magmas. Inferentially, alkaline rocks originate from a magma resulting
from partial melting, unlike tholeiitic basalts. The studied dolerites are plotted in
the ranges of uncontaminated lavas, further from the Pan-African basement gran-
itoid domain. They appear to have a similar positive correlation to the uncontam-
inated lavas (Figure 8(b)).

2Ta @ DPyEvS DPyCal 100 M P8 * ¢
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1:5 S ? FePan-Aftican granitoids E
“Re  FC .0 =
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*x * X
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Figure 8. Diagrams illustrating the crustal contamination of the hypovolcanic rocks of
Eastern Léré. (a) Nb/Y-Rb/Y diagram according to [49] and [55] showing the position of
dolerites in relation to that of Pan-African granitoids. Data for Pan-African granitoids are
from [20] [22] and [56]. CF: fractional crystallization; ACF: fractional assimilation-crystal-
lization, (b) Position of the Figuil and Léré rocks in the Th/Ta vs La/Yb diagram [54]; OIB,
E-MORB, N-MORB and PM according to Sun and [57], C. C: continental crust, according
to Taylor and [58] crustal contamination, intraplate fractionation and fractional crystalli-
zation respectively according to Pearce.

3) Crustal contamination

The low content of transition elements refers to evolved parental magmas. The
ratios (Y/Nb: 1.056 - 2.65) appear to characterize continental tholeiite. However,
such a source is not clearly indicated in standardized HREE models. The different
incompatible trace element ratios can be used to gain insight into the influence of
the continental crust on magmatic composition. [53] demonstrated that crustal
rocks and their derived fluids are characterized by high Rb/Nb ratios, whereas
alkaline mafic magmas are enriched in Nb (hence, they will have a relatively low
Rb/Nb ratio). The enrichment in LILE and LREE compared to enriched MORB
(E-MORB) and OIB would result from the effect of crustal contamination [40]
[48]. The analogy of the dolerites of the study area with the dolerites studied in
other localities and the intervention of the crustal contamination process are also
well illustrated by the Th/Ta vs La/Yb diagram of [54] (Figure 8(b)). The enrich-
ment in LILE and LREE compared to enriched MORB (E-MORB) and OIB would
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result from the effect of crustal contamination [49] [55]. The representative points
of the rocks spread between the E-MORB and the OIB.

The studied dolerites are plotted in the ranges of uncontaminated lavas, further
from the Pan-African basement granitoid domain. They appear to have a similar
positive correlation to the uncontaminated lavas (Figure 8(b)).

4) Geodynamic context

In the Y/15-La/10-Nb/8 diagram (Figure 9(a)) of [27] the dolerites around Léré
are located in two (2) domains namely: the pyrite and basement enclave dolerites
and the pyrite and calcite dolerites are found in the late to post-orogenic intracon-
tinental domain (compressive to distensive), except for a sample of pyrite and
basement enclave dolerite facies which falls in the orogenic (compressive) do-
main; the amphibole and pyroxene dolerites are found in the orogenic (compres-
sive) domain.

In the diagram (Figure 9(b)) TiO,-MnO*10-P,05*10 of [59], the majority of
studied dolerites are found in the Oceanic Island Alkali Basalt (OIA) field, except
for a sample of pyrite and basement enclave dolerites which are found in the Calc-
Alkaline Basalt (CAB) field and the amphibole and pyroxene dolerites fall in the
Island Arc Tholeiite (IAT) field. This diagram is used to differentiate the different
magmatic series and geodynamic environments, Ze. it allows to place the mag-

matic series in the different geodynamic contexts.

TiO,

50 35 Nb/§  Ma*T0 75 50 25 BO,*10

Figure 9. Diagrams illustrating the geodynamic context. (a) Diagram Y/15-La/10-Nb/8 of [27], BAB: back-
arc basin basalts, CCI: lower continental crust, CCS: upper continental crust, A: orogenic domain ( compres-

sive), B: late to post-orogenic intracontinental domain (compressive to distensive), or intermediate domain

of continental tholeiites (TC) and basin basalts back-arc (BAB), C: non-orogenic (distensive) domain of ridge
tholeiites and intra-plate alkaline basalts. (b) Position of the East Léré rocks in Muller’s TiO,-MnO-P.Os
diagram [59], IOT: tholeiites from oceanic islands, OIA: alkaline basalts from oceanic islands, CAB: calc-
alkaline basalts, IAT: island arc tholeiites and MORB: mid-oceanic ridge basalts.

The Zr/4-Y-2Nb diagram of [60] (Figure 10) shows that most of the dolerite sam-
ples studied are found in the intraplate alkali basalt zone. It is noteworthy that all
amphibole and pyroxene dolerites are located outside the standard fields adequately

defined by the diagram, including one sample of pyrite and enclave dolerite (BM2).
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Figure 10. Zr/4-2Nb-Y tectonomagmatic diagram from Meschede [60] showing the geo-
tectonic context of the mafic magmatic rocks of the eastern Léré basement. Al intraplate
alkaline basalts (WPA); AIL: intraplate tholeiitic basalts (WPT); B: P-type mid-ocean ridge
basalts (P-MORB), C: Volcanic arc basalts (VAB), D: N-type mid-ocean ridge basalts (N-
MORB).

We can further note that the difference in the field distribution of these rocks
does not necessarily suggest the emplacement of a distinct magmatic suite. Indeed,
these variations may be due to differences in the emplacement environment. For
example, injection into the Pan-African basement will be influenced, among other
things, by the presence of fracture and fault networks, while injection into Creta-
ceous sedimentary basins may be favored by anisotropies linked to the presence

of different stratigraphic contacts.

5. Conclusions

Field results show that the dolerite dykes around Léré, with widths ranging from
5 to 20 meters and lengths up to several kilometers, are oriented primarily E-W
and N-S, with secondary directions SE-NW and N30E. These dolerites were em-
placed as dykes across the Pan-African basement.

The structural features, combined with varied textures such as doleritic, inter-
granular granophyre, and ophitic, reflect the dynamic magmatic history and sig-
nificant tectonic events that influenced the region. The presence of basement en-
claves and minerals such as pyrite, calcite, and amphibole in the dolerites suggests
magmatic contamination processes and interesting mineralogical potential.

For the rocks studied, the ALO;, TiO, contents, and the fractionation of LREEs
relative to HREEs, in addition to their differences in the geochemical diagrams
used, all lead to the same results: the basic magmatic rocks studied are comparable
to continental tholeiitic rocks generated in orogenic and intermediate contexts.
The presence of continental tholeiites in Léré generally reflects a period of disten-
sion in this part of the Pan-African Range. This phase of continental extension

would be contemporary with the oceanic opening in the Pan-African Range area.
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The mode of emplacement of these doleritic intrusions of the Pan-African base-
ment seems to be controlled by the major tectonic events that affected this study
area. These dolerites, classified among the differentiated continental and oceanic
tholeiites, were formed in a late- to post-orogenic (compressive to distensive) or
compressive orogenic intracontinental geodynamic context.

These elements open promising perspectives for future studies, particularly re-
garding the magnetic characterization of the Léré dolerite dykes which could 1)
determine pure multi-domain magnetite as the main mineral carrying magnetic
susceptibility, 2) detect magnetic anomalies which will indicate the potential pres-
ence of mineral deposits and 3) understand how tectonic processes affected the
formation and concentration of mineral resources. One can envisage, for the Léré
magmatism, a process of fractional crystallization of a transitional basaltic magma,
which would produce the basic to intermediate series, coupled with an assimila-

tion of continental crust.
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